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Construction of the working surfaces of the tillage screw body
from the compartments of the developable helicoid

Abstract. Improvement of the screw working bodies for surface tillage is important for increasing the efficiency and
quality of agricultural work. The purpose of the work was to calculate the design of the screw a working body for the surface
cultivation of the soil from the compartment of the developable helicoid, which would perform the technological process
with minimal resistance to plunging in the soil. The surface theory, analytical, and differential geometry were used to design
the working body. It is shown in the paper that through a given spiral line, which is the cutting edge of the surface (blade),
it is possible to draw developable helicoids with different inclinations of rectilinear generators. Designing the surface
for the best plunging into the soil is important. It is established that the proposed working body is an alternative to the
existing disc-type tools. It has been proven that for a long time, spherical discs for surface cultivation of the soil were fixed
on a common shaft, which was installed on the unit with a certain angle between its axis and the direction of movement
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Construction of the working surfaces of the tillage screw body...

of the unit, which contributed to the plunging of the discs in the soil. It is confirmed that the disc-type tillage implements
were improved, but this complicated the design of the unit since each disc received an individual axis of rotation. Studies
have shown that this made it possible to additionally set the roll angle, that is, the deviation of the plane of the disc blade
from the vertical direction, which improved the plunging of the disc in the soil and ensured more effective turning and
mixing of plant residues. The proposed screw working body combines the simplicity of the design of the common shaft
and the presence of the angle of attack and roll, which confirms its effectiveness in comparison with existing analogs. The
necessary calculations were made, and the surfaces of the right and left courses were constructed with the designation of the
necessary structural parameters. The application of the obtained results can simplify the design of the soil processing unit

Keywords: attack angle; sharpening angle; surface step; screw parameter; ridges; soil profile

INTRODUCTION

Improvement of the tillage screw body can significantly
increase the efficiency and quality of surface tillage. Tra-
ditional disc tools have their limitations, while screw-type
working bodies, in particular developable helicoids, offer an
alternative that allows for a more uniform finish with char-
acteristic crests and troughs. The developable helicoid has a
shape that contributes to easier plunging in the soil, which
reduces resistance and facilitates work. In addition, the pre-
cise calculation of the flat workpiece for the manufacture of
coils ensures high accuracy and efficiency in the production
of these tools. All these factors contribute to increasing the
productivity and quality of agricultural work, which is key
to ensuring stable and efficient agricultural production.

The influence of operational factors of agricultural ma-
chinery on its technical condition was studied in detail by
L. Semenenko et al. (2021). The authors established that in
90% of cases, increasing the durability and wear resistance
of the working bodies of tillage machines is implemented
by technological methods. S. Mudarisov et al. (2019) noted
that there is a global trend toward the formation of a new
agricultural strategy, the basis of which is the implementa-
tion of modern innovative soil cultivation technologies us-
ing the latest combined units. K. Aikins et al. (2020) applied
the discrete element method to the design and optimiza-
tion of tillage implements. The dependence of the soil till-
age efficiency on the geometric and structural characteris-
tics of the working bodies and their setting was established.
The approach proposed by the authors makes it possible to
improve existing soil cultivation technologies, including
by reducing the energy intensity of the process, which cor-
responds to modern principles of sustainable agriculture.

Existing methods of processing the surface of the
field before sowing, as noted by E. Zykin et al. (2022), are
implemented by various agricultural machines, which
are equipped with working bodies in the form of rotating
spherical disks. But the problem of high-quality soil culti-
vation by such working bodies that meet the quality crite-
ria remains unsolved.

R. Abdrakhmanov et al. (2023) give a detailed analysis
of the structures of the disk working organs. The authors
note that the main disadvantage of all structures is slippage
when interacting with the soil, which significantly reduces
the quality of soil cultivation. To eliminate this shortcom-
ing, the authors propose a new design of the tillage disc.

V. Zubko et al. (2021) claim that field cultivation al-
lows to solve important agrotechnical tasks: destruction of
weeds, pests, and pathogens of plant diseases; preservation
and increase of moisture reserves in the soil; activation of
microorganisms; application of plant residues and mineral
fertilizers to the soil; ensuring the necessary conditions for
high-quality subsequent tillage of the soil. The analysis of
the received data made it possible to determine the param-
eters of the movement speed of the soil tillage unit of the
existing design, the depth of cultivation, and the direction
of movement on the field, which allows performing disk
tillage in compliance with agrotechnical requirements.

The relative movement of particles on the inner rough
surface of the concave tillage disk, which rotates around
its axis under the action of the soil reaction force, is con-
sidered T. Volina et al. (2021). The expediency of equipping
such a disk with vertical radially mounted vanes has been
investigated. As noted by M. Amantayev et al. (2018) and
E. Zykin et al. (2020), the factors that significantly affect
the quality of disk tillage are the shape and size of the
disks, their placement on the frame and orientation in the
soil, the weight of the machine.

Spherical tillage discs for surface tillage have been
used for a long time. If earlier they were mounted on a
common shaft in the form of a battery, now each disk has
its own rotation node and individual attachment of the axis
of rotation to the frame (Rashidov et al., 2022). This allows
setting not only the angle of attack but also the angle of in-
clination concerning the vertical plane. This contributes to
a better movement of the soil along the surface of the disc
and improves its mixing, but complicates the construction
of the unit. The use of a screw surface can combine the ful-
fillment of the agrotechnical requirements of soil cultiva-
tion, the characteristic of units with individual fastening
of discs, and the simplicity of design characteristic of bat-
tery-type implements (Hevko et al., 2021). Therefore, screw
working bodies are an alternative to disc tools.

The work of S. Pylypaka et al. (2021) is the closest to
the conducted research. It considers the design of a screw
working body when using which the profile of the treated
soil has ridges and depressions, as well as when working
with the disk working bodies. In this article, theoretical cal-
culations were performed, the helical surface of the work-
ing body was constructed, and on their basis, the profile

Machinery & Energetics. Vol. 15, No. 3

4



of the treated soil was obtained concerning structural and
technological parameters. It left out of consideration the
important issue of plunging the working body into the soil.
This issue has been studied for disc working bodies and
consists of the fact that when the tillage disc is buried in
the soil, it is necessary to eliminate the contact of its rear
surface with the soil environment. Otherwise, the disk will
try to roll to the surface, that is, its plunging will be un-
satisfactory. The same applies to screw working bodies. To
prevent such a possibility, there were conducted research
in this article. The purpose of the work was to calculate the
helical working surface of the working body for surface cul-
tivation of the soil with the available back angle to reduce
the resistance of plunging in the soil.

MATERIALS AND METHODS
Research methods were based on the theory of surfaces of
differential geometry. According to it, only helical ruled
surfaces are classified according to the position of the
rectilinear generator in relation to the axis of the surface
(intersecting or oblique, what is the angle between them).
The paper examined the compartment of the developable
helicoid (torso-helicoid) as the surface that is most suitable
both in terms of structural parameters and the technolo-
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gy of manufacturing turns. They were obtained by bending
and stretching the sweep in the form of a flat ring along
the axis of the cylindrical shaft. The developable helicoid is
formed by a set of rectilinear generators tangent to the hel-
ical line, which for the formed surface is called the turning
edge. Based on the method of formation, the parametriza-
tion of the surface with a vertical axis has the form:

- p . . p
X=pcosa+u-—=——=sina;Y =psinatu cosa;
P Vp?+h? ! p —  Jp?+h? !

Z=hat uﬁ (1)
where q, u are variable parameters of the surface, « is the
angle of rotation of the point around the axis of the surface
during its movement to the current point on the helical
line, which is located on the cylinder of radius p; u is the
length of the rectilinear generator from the current point
on the helical line to the point on the surface; h is a con-
stant value (screw parameter) through which the step H of
the surface is determined: H=2 mh. The helical parameter
h is a constant value and does not depend on the radius r
of an arbitrary helical line on the surface. In Figures 1a, 1b,
frontal projections of the surface of the developable hel-
icoid were constructed according to equations (1) for the
upper and lower sign, respectively.

Figure 1. Developable helicoids formed by a set of rectilinear generators tangent to the helical line
Note: a, b) based on the right helical line with the upper and lower arrangement of rectilinear generators; c) based on the
left helical line with the arrangement of straight-line generators extended in opposite directions from the helical line; d)
surface with design parameters; R is the radius of the cylinder on which the helical line is located - the edge of the surface;
ris the radius of the cylinder on which an arbitrary helical line is located; H is the pitch of the surface; p is the radius of
the cylinder, on which the helical line is located - the turning point of the surface; ¢,, ¢, and ¢, are the elevation angle of
the helical line, which is the edge of the surface, an arbitrary helical surface line and the turning edge

Source: developed by the authors based on equations (1), (2)

The left part of the equations (1) of the surface of the
helicoid is the parametrization of the helical line (reverse
edge) located on the cylinder of radius p. The right parts in
front of the variable u are the projections of the unit base
vector of the generator. They are obtained by differenti-
ation of the left parts followed by their normalization to
a unit vector. The upper sign corresponds to the count of
the generator from the point on the spiral line up (Fig. 1a),
and the lower one — down (Fig. 1b). As the angle « in equa-
tions (1) increases, a helical line is formed as a trajectory
of a point in two movements: translational along the OZ
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axis upwards and rotational around the counterclockwise
axis (right-hand helical line). If the direction of rotation
is changed to the opposite, then the helical line will be
left-handed. The parametrization of the surface based on
it had the form:

X =pcosa$u\lﬁsina; Y=—psina$u\/ﬁcosa;
h
ZzhaiuW. (2)

The two surfaces corresponding to the upper and low-
er signs in equations (2) are shown in Figure 1c. Since the
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Construction of the working surfaces of the tillage screw body...

rectilinear generators going up and down from the point of
contact have a common direction, two surface cavities are
formed. Despite the similarity of the surfaces for the right
and left helical lines, there is a difference between them:
the visible side of one surface is invisible for the other and
vice versa.

The helical line (edge of return) is given by two con-
stant values: the radius p of the cylinder on which the edge
of return is located, and the step H=2mh. Through p and h,
the angle ¢, of the rise of the turning edge is determined:

teby = . 3)

A section of the helicoid was cut out by coaxial cylin-
ders at a certain distance from the return edge. The lines of
intersection of these cylinders with the helicoid were also
helical lines of the same pitch H but with a different an-
gle of elevation. It was determined by the formula (3) when
substituting the radius of the corresponding cylinder into
the denominator. As the radius of the cylinder increases,
the angle of elevation of the helical line decreases (Fig. 1d),
but the angle of inclination of the generating helicoid re-
mains constant and equal to the angle of elevation of the
return edge.

In equations (1), (2), the guiding curve was a spiral line
on a cylinder of radius p, which is a turning edge for the
surface. The surface of the helicoid torso passed through
other helical lines, including those with the radius of the

a)

cylinder R (Fig. 1d). Taking the helical line, which is the
outer edge of the compartment, as a base curve, the para-
metrization of the surface has changed slightly. The index
“R” was used to indicate the right spiral line in the equa-
tions, and the index “L” was used for the left one:

X, =R cosa+ul; X, =R cosa+ul;
Y, =Rsina+um;Y,=-R sino.-um,
Z,=ha+un; Z =ha+un, 4)

where [=1(a), m=m(a), n=n(e) are direction cosines of the
rectilinear generating surface. They had to be such as to
ensure the contact of rectilinear generators with the edge
of the turn.

The set of rectilinear generators, drawn through a giv-
en helical line at an angle ¢ , had to be tangent to the turn-
ing edge — a helical line on a cylinder of radius p (Fig. 1d).
This means that on the horizontal projection, these gener-
ators were tangent to the circle of radius p. This approach
of surface formation was applied in the work of S. Pylypa-
ka et al. (2021). This research is its continuation.

RESULTS
Figure 2a shows a horizontal projection on which helical
lines are depicted by circles of radii R and p. At the current
value of the angle a, point A is taken on the given spiral line
through which straight lines tangent to the circle of radius
p are drawn. There are two such lines (Fig. 2a).

Figure 2. Graphical illustrations for determining the direction
of rectilinear generators of a helicoid that pass through a given helical line
Note: a) horizontal projection of a given helical line with rectilinear generators of a helicoid; b) axonometric image of
fragments of a given helical line and generating helicoid with its reverse edge; R is the radius of the cylinder on which the
helical line is located - the edge of the surface; p is the radius of the cylinder, on which the helical line is located - the
turning point of the surface; « is the current value of the angle, which is an independent variable; a,and a are values of
the angles a for the corresponding points; ¢ - the angle of elevation of the return rib; AB, and AB are projections of seg-
ment AB; y is the angle between the radial direction and segment AB; A, B, C, D, O are points; I — a fragment of a helical

line — the edge of the surface; 2 - a fragment of the reverse rib

Source: developed by the authors based on conducted research

To find their direction, it was necessary to know the
coordinates of points A, B, and C. They were recorded
through the current value of the corresponding angle:
A {Rcosa, Rsina}, B {pcosa,, psina,}, C {pcosa. psina}.
The angle y has a constant value: y = Arcsin(p/R). Using

the connections between the angles of right triangles, ex-
pressions for the required angles could be found: aB=a -
Arcsin(p/R) +11/2, o C=a + Arcsin(p/R) — /2. After that, the
coordinates of points B and C could be written as a function
of the current value of the angle a: B{pcos(Arccos(p/R) + a),
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psin(Arccos(p/R) + o)}, C {psin(Arcsin(p/R) + @), —pcos(Arc-
sin(p/R) + @)}. Having the coordinates of points A, B, and
C, the lengths of the segments AB and AC can be found as
the distance between the coordinates of their endpoints.
The projections of these segments on the axis OX and OY
are the projections AB,, AB and AC,, AC (Fig. 2b shows the
projections for the segment AB):

AB, = %[(R2 —p*cosa+ pmsina]:
AB, = %[(R2 —p?)sina — p\/RZ — p? cos a];
AC, = %[(R2 —p?) cos a — py/RZ — p? sin a];
AC, = %[(R2 —p?)sina + pm cos a]. (5)

Segments AB and AC are equal, and their length can be
found by their projections:

AB = AC = \/;13,3 +AB2 = JAcg +ACZ = JRZ= 2. (6)

In Figure 2b the axonometry shows fragments of the
given helical line (marked with the number 1) and the edges
of the helicoid return (marked with the number 2), through
points A and D of which the generating surface passes. The
angle of inclination 9, of the rectilinear generator (segment
AD) can be determined from the right triangle ACD:

cD CcD

tgpp = ac Ny )

From expression (7), the length of the segment CD can
be found, which is also the projection of the base vector
of the rectilinear generating helicoid onto the axis OZ, i.e.
CD=CD,. According to the known projections of the seg-
ment AD {AC,, AC,, CD }, one can find the projections [, m,
n of the unit base vector of the rectilinear generating heli-
coid, parallel to the segment AD (Fig. 2b):
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1= ”"i#(ipsina - JRZ—p? cosa);
m= %(ipcosa —JR% —p? sina);

n=tsing,. 8)

The two signs in expressions (8) correspond to the two
opposite directions of the rectilinear generator, the count
of which starts from a point on the given helical line. It
should be borne in mind that the radius p and the angle ¢,
are connected by the dependence (3), namely: p = hctgp,.
Taking this into account, the direction cosines (8) will be
finally written:

cos @
1=2%

— (?hctngp sina — |R? — h2ctg?g, cos a);

m= w;#(ihctg% cosa — fRZ — h2ctg?g, sin a) ;

n=zxsing,. C)]

i

The expressions of the direction cosines (9) include
three constant values: R and h, which specify the base
spiral line and the angle ¢ of the slope of the rectilinear
generators. It can be changed within certain limits, which
means that a set of developable helicoids can be drawn
through a given helical line. The maximum value of the
radius p can be equal to the radius r of the limiting shaft
(the case when the internal helical line is the turning edge),
and the minimum value can be greater than zero. For the
case when p=r from dependence (3): ¢, = Arctg(h/r). Thus,
Arctg(h/r)<p,<90°.

Figure 3 shows the frontal projections of the surfac-
es constructed according to equations (4) taking into ac-
count (9). Through the helical line of right-hand movement
(Fig. 3a, 3b, 3c), surfaces with different set angles of incli-
nation of the generators pass. Figure 3d is the same, but the
helical line is a left-hand line.

Figure 3. Helicoid torsos passing through a given helical line of the same right-hand and left-hand pitch
Note: a) right-hand course, rectilinear generators are directed downward, ¢, =17°; b) right-hand course, rectilinear gen-
erators are directed downward, ¢, =40°; c) right-hand course, rectilinear generators are directed upwards, ¢, =30°; d) left-
hand course, rectilinear generators are directed down and up, ¢, =17° and ¢, =40° H - pitch of helical lines, which is the

pitch of the surface

Source: developed by the authors based on conducted research

In Figure 3 compartments of helicoid torsos are lim-
ited by outer and inner helical lines. The external helical
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line can be obtained from equations (4) at u=0. At another
constant value of the length of the rectilinear generator
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Construction of the working surfaces of the tillage screw body...

u = const, an internal helical line will be obtained for the
value of the radius r. It is obvious that for all four compart-
ments of surfaces (Fig. 3) the value of parameter u will be
the same. On the horizontal projection, all four spiral lines

are projected by a circle of radius r, that is, it can be writ-
ten: Xz +YZ = r% By substituting the expressions X, and
Y, or X, and Y, into this equation, a quadratic equation is
obtained. Its solution concerning u gives the result:

—R(lcosa+msina) + \/Rz(l cosa+msina) — (12 + m?)(R? —m?)
u =
12 4+m? )

Substitution from (8) of the expressions of the base
vectors [ and m in (10) and further simplifications make it
possible to obtain a simple formula for finding u:

L S

cos g

(11)

The substitution in (11) of the dependence p = hctgp,
gives the final result:

JRz—hzctgz ¢p—Jr2—h2ctg2 bp
u= . (12)

cos pp

When r=R according to (12), u=0 will be obtained.
For other values of r, the value u will be obtained from the
interval r=p...R, at which the spiral line will correspond
to the value of the radius r. Disc working bodies are used
for surface tillage. For the disk to plunge into the soil, it is
placed at an angle of attack to the direction of movement
of the unit. If the surface of the helicoid is placed so that its
axis is horizontal, then under certain conditions it can also
be considered as a tillage body. In Figure 4a, the projections
show a developable helicoid with a cylindrical shaft, which

(10)

lies on the surface of the soil. The points of contact of the
external helical line with the soil surface are marked with
circles. The shaft is not shown on the horizontal projection
so that the angle ¢, at the points of contact can be marked.
By analogy with the disk working body, this angle can be
considered the angle of attack. If the surface of the heli-
coid is rolled across the field, its intensive plunging into
the soil will obstruct the back side of the surface, which in
Figure 4a is painted in light gray. To avoid this, the helicoid
should be turned by the angle , as shown in Figure 4b. If
the angle f was equal to the angle ¢ of the slope of the gen-
erators, then the angle ¢ (Fig. 4b) would be equal to zero.
However, to prevent the soil from being crushed by the
back side of the working surface, this angle (or back angle)
for disc working bodies, taking into account the angle of
sharpening the blade, should be equal to 3°-5° (Pylypaka et
al., 2021). In this study, a surface of zero thickness is con-
sidered, therefore it is assumed that ¢ > 5°. It can be more
accurately determined by taking into account the thickness
of the surface of the helicoid and the sharpening angle of
the cutting edge. Therefore, the angle of attack will be de-
termined by the sum of two angles: f=¢ +e.

Figure 4. Developable helicoid with a horizontal axis of rotation
Note: a) the horizontal axis of the helicoid is perpendicular to the direction of rolling; b) the horizontal axis of the hel-
icoid forms an angle of 90°- $ with the direction V of the aggregate movement; ¢, is the angle of elevation of the helical
line, which is the edge of the surface; R is the radius of the cylinder on which the helical line is located - the edge of the
surface; f is the angle between the axis of the helicoid and the direction perpendicular to the direction of movement of the
unit; V - direction of movement of the unit; ¢ — rear angle; b is the distance between ridges; c is the height of the ridges
Source: developed by the authors based on research
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With this orientation of the helicoid, the back side of
the surface is not visible on the frontal projection, unlike
the frontal projection in Figure 4a. This means that it will
not interfere with the plunging of the surface into the soil.
The surface was assumed to plunge into the soil until the
cylindrical shaft touched the field surface. The profile at the
border of treated and untreated soil (Fig. 4b) will be similar
to the profile after passing the disk working bodies. If it is
necessary to treat the soil to a depth of 0.1 m at R=0.25 m,
the radius of the cylindrical shaft should be r=0.15 m.

If one pulls the screw working body shown in Figure 4b
in the direction V of the unit’s movement, then it will be
plunging into the soil. As a result of the interaction with
the soil, a reaction force will arise, which will put pressure
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on the working surface of the coil. The component of this
force will try to move the working body to the side perpen-
dicular to the direction of its movement. To balance this
moment of force, it is advisable to make the unit in the
form of two working bodies, as shown in Figure 5. The sur-
face of the second working body should have a turning edge
with the opposite direction of winding and the direction of
rectilinear generators, as shown in Figure 5. The cylindrical
shaft for the tool was chosen taking into account the spec-
ified depth and tillage of the soil. Also, with this option,
the height of the ridges ¢ and the distance b between the
ridges could be reduced. (Fig. 5, frontal projection). For the
ridges to be of the same height, the position of both helical
working bodies must be correctly coordinated.

———

TN

Figure 5. Soil tillage tool in projections, which consists of two screw working bodies
Note: horizontal and frontal projections; A is the angle between the axis of the helicoid and the direction perpendicular
to the direction of movement of the unit; V - direction of movement of the unit; ¢ — rear angle; a — depth of processing; b

is the distance between ridges; c is the height of the ridges
Source: developed by the authors based on research

Earlier it was said that the rotation angle g is deter-
mined from the expression: f=¢ +¢. The angle ¢ should be
as small as possible, but as noted, it cannot be less than 5°.
The question arises about the value of the angle ¢, since
the compactness of the tillage tool depends on the value
of the angle S. For this, the angle ¢, should also be taken
as small as possible, but such that the surface plunges into
the soil. It can be seen from formula (3) that the value of
the angle ¢, depends on the pitch of the helical line (edge
of the turn) and the radius p of the cylinder on which it
is located. At a constant step, the angle ¢, can be changed
by changing the radius p. The section of the surface locat-
ed between two coaxial cylinders will have the same pitch
as the turning edge, and the angle ¢ of the slope of the

generators will depend on the value of the radius p. There-
fore, through the given helical line, which was considered
the outer edge (blade) of the working helical surface, it is
possible to draw a whole set of helicoids with a different
angle ¢ of the inclination of the generators, which was
considered in the previous subsection.

Based on the obtained results, it is possible to proceed
with the construction of the working turns of the screw till-
age body with different angle ¢ of the inclination of the
rectilinear generating helicoid. For this, the original spiral
line — the cutting edge of the working surface - must be
specified. Let R=0.25 m. Step H was chosen taking into ac-
count the desired distance b between ridges. For one work-
ing surface at =0, H=b. When the surface is rotated by
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Construction of the working surfaces of the tillage screw body...

an angle g, the distance b will be slightly smaller than the
step H, namely: b=Hcosp =2 mhcosp (Fig. 6a). From here,
the helical parameter h of the helical line could have been
determined, but for this, the angle 8 needed to be known.
Since it is the sum of two angles f=¢ +¢, of which ¢, is still
unknown, in the first approximation it was assumed that
H=b. Considering that there will be two surfaces (Fig. 6),
the step can be doubled, i.e. H=2b. It was assumed that
b=0.2 m, then h=0.06 m. The depth of tillage was assumed
to be a=0.1 m. Then the radius r of the internal helical line
was determined as r=Ra=0.15 m. The angle of inclination
of the generating ¢, was taken as a minimum - ¢ = Arctg

q

(h/r)=22°. For this case = p,te= 27°. To construct the sur-
face according to equations (4), it is necessary to know the
limits of the change of the u parameter. It can be found
from expression (12): u=0.21 m. Therefore, the parame-
ter u varies within u=0...0.21, and the angle « depends on
the number of turns (for one turn «=0...360°). In Figure 6a,
based on the given data, the working turns of the surface
are constructed according to equations (4), in which one
output screw line is right-hand, and the other is left-hand.
The choice of the sign in expressions (9) — lower or upper —
determined the desired reference direction of the rectilin-
ear surface.

0

[REEE
Ll
Lo

N oNi

-

05¢

-0.5¢

b)

Figure 6. Working surfaces of helicoids passing through right-hand

and left-hand helical lines with parameters R=0.25 m and h=0.06 m
Note: a) p =22°; 4=27°b=0.17m; b) ¢, =22°; f=35°; b=0.14 m; a — depth of processing; b is the distance between ridges;
c - ridge height; g is the angle between the axis of the helicoid and the direction perpendicular to the direction of move-
ment of the unit; V - direction of movement of the unit; ¢ - rear angle; H is the pitch of the surface

Source: developed by the authors based on research

Since the angle f is already known (8= 27°), the refined
value of the distance b between the ridges became known:
b=H/2=2 mthcosf/2=0.17 m. The construction of the im-
ages took place according to the specified dimensions in
scale; therefore, it is possible to estimate the lower profile
of the treated soil from the frontal projection in Figure 6a.
There are quite a lot of options for the received tillage tool.
For example, simply increase the angle of attack g without
changing other parameters. Figure 6b shows the diagram
of the tillage unit for the angle of attack g=35°. At the
same time, the distance between the ridges decreased to
b=0.14 m, but the height of the ridges did not change. The
length of the unit has increased somewhat. The angle ¢ also
increased from 5° to 13°, which is a positive consequence
of the increase in the angle of attack. The fact is that the
back side of the surface needs to be sharpened, as men-
tioned earlier. As a result, a narrow strip of the new surface

appeared. For a spherical disk, such a surface is a cone, for
a helicoid — another helicoid. This is also the rear surface,
which should not disturb the soil. To fulfill this condition,
an angle margin ¢ is required. However, it is possible to in-
crease the angle ¢ by increasing the angle g up to a certain
limit. An excessive increase in the angle of attack # can lead
to a decrease in the angular speed of rotation due to the
drag of the helical surface. The unit can be adjusted. The
range of changing the angle of attack g is quite wide - it can
reach up to 40° in disc peelers.

If at an angle of inclination of the generators 9,= 22°,
the plunging of the surface into the soil and its process-
ing occurs normally, then it can be preserved while main-
taining the angle of attack p=40°, while reducing the step
H. Accordingly, the helical parameter h and the minimum
value of the angle ¢, will decrease. However, the required
value of ¢ =22° was taken, not the minimum. At the same
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time, the value of the angle ¢ will not change either. There-
fore, the three parameters could be left unchanged, while
step H could be reduced (the distance b between the ridges
would also decrease). However, the decrease in step H led
to a decrease in the space between the turns, which can in-
terfere with the passage of soil lumps between them to the
point of jamming the inter-turn space with the soil. In ad-
dition, jamming can be facilitated by the solid structure of
the shaft, so it is necessary to make it lattice (Fig. 7). In this
case, the shaft will perform an additional rolling function.

Figure 7. Lattice shape of the shaft
Note: an axonometric image; a — depth of processing; b —
the distance between ridges; c is the height of the ridges
Source: developed by the authors based on conducted
research

An increase in the angle ¢, leads to a decrease in the
angle of elevation of the soil on the surface of the helicoid.
According to agrotechnical requirements, it is necessary to
ensure the mixing of the soil with harvest residues, which
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cannot be done without raising the soil to a great height.
This requirement can be provided by a decrease in the an-
gle of elevation of the soil, that is an increase in the an-
gle ¢, which makes it easier for the cut strip of soil to rise
along the surface of the helicoid. Of course, the increase in
the angle ¢ also has its limit and its rational value can be
found during the experiment.

Figure 8a shows the diagram of the tillage unit, which
differs from the unit in Figure 6b by the fact that the angle
¢,is increased to 35°. As a result, the angle ¢ became equal
to zero. In principle, such an option is possible if the edge is
sharpened not from the outer (back) side of the surface, but
from the inner (working) side, but this method of sharp-
ening is not practiced in disc-working bodies. The angle
could be increased from 35° to 40°, then the angle ¢=5°
would appear. Such a scheme of the unit is shown in Fig-
ure 8b. In addition, step H has also been increased. At the
same time, the angle between the edge of the surface and
the direction of entry V of the particle on the surface in-
creases (Fig. 8b). This contributes to a better plunging of
the surface into the soil. The best plunge would be if this
angle were straight, that is, the particle entered the surface
perpendicular to the blade (this applies to the lowest point
of the blade, as it approaches the surface of the field, this
angle will no longer be straight). For this, it is necessary
to increase the angle f: f=90° - ¢, = 90° - Arctg(h/R). For
example, for the unit, the scheme of which is shown in Fig-
ure 8b, the angle 8 should be 72°. It is obvious that at this
value of the angle p, the rotation of the helicoid around its
axis will become difficult or impossible.

Figure 8. Working surfaces of helicoids of different steps
with the same angle ¢ =35° of the inclination of rectilinear generators
Note: a) h=0.06 m; f=35°;¢=0; b=0.14 m; b) h=0.08 m; f=40°; ¢=5°;b=0.19 m
Source: developed by the authors based on conducted research
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On all diagrams of the tillage unit (Fig. 6, 8), the height
c of the ridges is practically the same, only the distance b
between the ridges differs. In general, the shape of the pro-
file of the cultivated soil is determined by the parameters
h and R of the external helical line (cutting edge) and the
angle  of its axis.

DISCUSSION

The experience of industrialized countries over the past
century in the issue of weed control has shown that the
main criteria for the decisions of manufacturers of till-
age machines are simplicity and convenience (Syromyat-
nikov, 2017). It is important to develop new non-chemical
methods of weed control due to the impact of herbicides
on human health and increasing the resistance of weeds
(Syromyatnikov, 2018). The European Union Commission
encourages member states to develop low-pesticide agri-
culture (Busari et al., 2015). The basis of this process is the
improvement of weed control machines. In this sense, re-
search on the improvement of working bodies for surface
treatment corresponds to modern trends in the develop-
ment of agricultural machines. The basis for the design of
tillage working bodies is the availability of their simple an-
alytical physical and mathematical models (Gheres, 2014;
Tesliuk et al., 2019), the development of which scientists
pay a lot of attention. Experimental studies play an im-
portant role in bringing the working bodies to the optimal
form so that agrotechnological requirements are met dur-
ing their work. However, analytical calculations play a big
role, which is demonstrated in the proposed article on the
provision of a back angle.

Tillage units are used for soil treatment. Working bod-
ies in contact with the ground can be those that are rigidly
attached to the frame (loosening paws, spring teeth) and
those that rotate around an axis (rolls, disk working bod-
ies). Tillage discs are used to grind and mix plant residues
with soil. Previously, they were mounted on a common
shaft, the axis of which made a certain angle to the direc-
tion of movement of the unit, that is the angle of attack.
Under the action of the unit’s weight, the discs plunged
into the ground and rotated under the action of reaction
forces from the side of the ground. Their common axis of
rotation remained parallel to the field surface during op-
eration. Recently, for better operation of discs, they are
arranged so that the axis of rotation of the disc additional-
ly makes a certain angle with the surface of the field, that
is, the roll angle. This requires an individual rotation unit
for each disk, which complicates the design. Research on
improving the performance of discs and improving their
shape is mainly conducted experimentally.

M. Klendii & O. Klendii (2016) developed an analyti-
cal model of a concave spherical disk placed in a three-di-
mensional coordinate system with a given direction of
movement of the unit. The model includes the design pa-
rameters of the disk and the depth of tillage. In addition,
the authors established a relationship between the angle
of attack and the roll of the disc for a given value of the

rear angle at the level of the field surface. In this work, for
the first time, calculations were made on how to combine
the angles of attack and roll and at the same time ensure
the presence of the rear angle. This is the similarity of the
research conducted in this article. The difference is that
instead of disc working bodies, a screw working body is
offered, which is fundamentally different from the disc
working body, but performs the same work. The profile of
cultivated soil is also similar: it consists of ridges and de-
pressions. It is also necessary to ensure the presence of a
back angle to prevent the working body from rolling out
onto the field surface, i.e. for better plunging in the soil.
However, the calculations are fundamentally different be-
cause the working bodies have different shapes.

Disc coulters are widely used for crushing plant resi-
dues on the surface of the field. There are four main types
of these discs: smooth, toothed, undulating, and wavy.
R. Magalhaes et al. (2007) emphasize the problems in the
operation of the existing designs of discs and the low ef-
ficiency of crushing plant residues. In the case of dry soil,
they require a high vertical load to penetrate it. In the case
of high soil moisture, the remains are pressed into the soil
without crushing them. R. Magalhaes et al. (2007) proposed
anew geometry of angled disc coulters, which allows crush-
ing plant residues on the field surface in any soil condition,
avoiding clogging and reducing traction force.

Analytical calculations also play a big role in this.
S. Krivoshapko & M. Rynkovskaya (2017) considered in
detail the types of helical ruled surfaces, including devel-
opable ones, for their practical application. The article
does not talk about working bodies for soil cultivation, al-
though the use of the surface of the developable helicoid
as a drill for digging pits is shown. This article is designed
to show the possibilities of designing helical surfaces and
the features of their shape. It lists five types of helical ruled
surfaces. It states that engineers know about straight and
oblique helicoids, which are non-developable. One of the
helicoids listed in this article is the developable one, which
was considered in current study for the design of a screw
tillage body.

The application of the developable helicoid as an al-
ternative to tillage discs is considered by S. Pylypaka et
al. (2021). It shows the use of the developable helicoid sur-
face as the working surface of the tillage tool. At the same
time, the profile of the treated soil will consist of ridges
and depressions, similar to disk working bodies. The size
of the distance between the ridges and the size of the de-
pressions depend on the direction of the spiral line, which
is the cutting edge of the working surface, that is, the blade.
The profile is also affected by the angle of attack and the
depth of plunging of the working surface into the soil. In
this paper, it is stated that through a given spiral base line,
which is the edge of the surface, it is possible to draw many
developable helicoids, which will differ among themselves
by the angle of inclination of the rectilinear generators
concerning the surface axis. This angle affects the great ef-
fort of plunging into the ground of the working surface and
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the quality of turning over the ground and mixing it with
plant residues. Hence, it is assumed that this angle can play
the role of roll angle for disc guns. In the work, a compara-
tive analysis of two working organs — disk and screw — was
carried out, and it was concluded that the screw organ can
be an alternative to the disk. However, at the same time, an
important issue was not considered - avoiding contact of
the back side of the screw working surface with the soil en-
vironment. This issue is discussed in detail in the proposed
article, the material of which develops and complements
previously conducted research.

CONCLUSIONS

The soil tillage unit, equipped with screw working surfaces
in the form of turns of a developable helicoid, is a promis-
ing solution for surface soil tillage, which can replace tradi-
tional disk tools. This alternative offers not only efficiency
but also simplicity of construction, which allows the reduc-
tion of costs of production and maintenance of units. The
analytical description of the design parameters of turns,
developed in this paper, opens up opportunities for opti-
mizing these parameters taking into account various agro-
technical requirements. It is important to note that the de-
sign of the unit allowed for variation in the parameters of
the working bodies while maintaining key characteristics of
soil cultivation, such as continuity of cultivation, the speci-
fied depth, the appropriate distance between the ridges, and

Kresan et al.

into account the thickness of the helicoid coil, is 13°. This
is an important aspect, because the reduction of the angle ¢
due to the sharpening of the blade can reduce the efficien-
cy of the plunging of the working body into the soil, but a
positive angle provides sufficient plunging, which is critical
for quality processing. Thus, the unit with screw working
bodies provides not only a similar processing profile to disk
tools, but also better control over processing parameters.

Prospects for further research are aimed at improving
the design of the screw unit. One of the directions is the
detailed consideration of the thickness of the helical work-
ing surface, which will improve processing efficiency, re-
duce energy consumption and increase the reliability of the
working bodies. Another important direction is the study
of the influence of various agrotechnical conditions, such
as the type of soil, humidity and the speed of movement of
the unit, on the operation of screw organs. This will make it
possible to develop universal recommendations for the use
of such units in various conditions, which will contribute to
their wider implementation in agriculture.

Thus, the development and implementation of screw
tillage units has a significant potential for increasing the
efficiency and cost-effectiveness of surface tillage. This
opens up new opportunities for improving agricultural
technologies and reducing the impact on the environment,
which are important factors in modern agriculture.

minimal disturbance of the soil structure on the back side. ACKNOWLEDGEMENTS
One of the key advantages of the screw working bodyis  None.
the ability to adjust the angle of attack and the angle of roll.
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KOHCTpYloBaHHS po604YMX NOBEPXOHb FPYHTOOBPO6GHOIro rBUHTOBOIO OpraHy
i3 BiacikiB po3ropTHoro renikoiga

AHoTauia. YI0CKOHa/lIeHHS TBUHTOBUX POOOUYMX OPraHiB /Jisl TOBEPXHEBOTO 06POBITKY I'PYHTY € BasKIMBUM JJIsI
nigBuiLeHHST e(PeKTUBHOCTI Ta SIKOCTI CITbCHbKOTOCIOAaPChKUX POO6IT. MeTo po60TH 6yB pO3paxyHOK KOHCTPYKILii
IBMHTOBOTO POOGOYOTO OpraHy [Jisl TOBEepXHeBOro 06pobiTKYy I'PYHTY i3 BiCiKy pO3TOPTHOTrO Tenikoina, skuit 6u
BMKOHYBAaB TE€XHOJIOTiYHNIT TIPOlLieC 3 MiHIMaaAbHMM OMOPOM 3aHYPEHHS Y I'PYHT. [IJIs KOHCTPYIOBaHHSI pO60YOro Oprany
3aCTOCOBAHO MEeTOAM Teopii MOBepXOHb, aHATITUYHOI Ta AudepeHiaabHOi reoMeTpii. B poboTi mokasaHo, 110 yepes
3aJjaHy TBMHTOBY JIiHil0, sIKa € PKyU0l0 KpaiiKkol NOBepXHi (Jie30M), MO>XKHA IIPOBOLUTY PO3TOPTHI relikoign i3 pisHUM
HaXWIOM NPSIMOMiHIiHMX TBipHMX. Lle BaXk/IMBO /1151 KOHCTPYIOBaHHS MOBEPXHi J151 HaliKpal[oro 3aHypeHHs y I'PYHT.
BcTaHOBIIEHO, IO 3aMTPOTIOHOBAHMIT pO6OUMIT OPraH € aabTePHATMUBOIO iCHYIOUMX 3HAPSIAb IMCKOBOTO TUIly. [loBeJjeHo,
10 TpUBanuit yac chepuyHi AVCKM 7151 IOBEPXHEBOTO 06PO6ITKY I'PYHTY 3aKPITUIIOBAIMCS HA CIIIIbHOMY Baily, SIKUIi
BCTAHOBJIIOBABCS Ha arperari 3 MeBHMM KyTOM MiX Ji0ro BicCIO i HAaIIpSIMOM pyXy arperary, [0 CIpUsIO 3aHYPEeHHIO
IUCKIB y I'PYHT. ITinTBepIKeHO, 10 I'PYHTOOOPOOHI 3HAPS LIS AMCKOBOTO TUITY Oy BOOCKOHAJIEHI, aJle 1je YCKIaTHWIO
KOHCTPYKIIil0 arperary, OCKiJibKu KOskeH JUCK OTPMMAaB iHAMBigyaabHy Bich 06epTaHHs. JOCTiyKeHHS TToKa3asiu, 1o 1ie
J03BOJIMJIO JOLATKOBO BCTAHOBJIIOBATHM KYT KPEHY, TOOTO BiIXMIeHHS IUIOLIMHY ie3a I1CKa Bii BepTUKaIbHOTO HAIPSIMY,
1110 TTOKPAIIYBaIo 3aHYPEeHHSI IMCKa B IPYHT i 3a6e3meuyBano edeKkTUBHillle TepeBepTaHHS Ta IepeMilllyBaHHSI POCTMHHUX
3a/IMIIKiB. 3aITPOTIOHOBAHMIT TBUHTOBUI pOOOUMIT OpTaH MOENHYE MPOCTOTY KOHCTPYKIIii CITiIbHOTO Baly i HAsIBHICTh
KyTa aTaky Ta KpeHy, 1[0 MiJTBepAKYe i10ro eeKTUBHICTD Y MOPiBHSIHHI 3 icHYI0UMMM aHayoraMu. 3pobaeHo HeobxinHi
PpO3paxyHKHU, ITOOYIOBaHO ITOBEPXHi ITPABOTO i JIIBOTO X0y i3 TO3HAUEHHSIM HEeOOXiTHMX KOHCTPYKTUBHMUX MapaMeTpiB.
3acTocyBaHHSI OTPUMAaHMX Pe3yIbTaTiB MOXe CIIOCTUTM KOHCTPYKIIil0 I'PYHTOOOGPOOHOrO arperaTy
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Renewable energy sources in Kyrgyzstan
and energy supply to rural consumers

Abstract. The study assesses the potential of renewable energy sources in Kyrgyzstan and explores their application
to provide energy to rural consumers. This study used an approximation of the parabolic function of solar radiation
change, statistical processing of data on the average annual water flow of small rivers, as well as calculation of the
volume of manure produced and its processing into biogas and bio fertilisers to assess their potential in agriculture
and environmental impact. Kyrgyzstan, located between 40 and 68° north latitude, has evenly distributed solar
radiation, small rivers and biomass, which have significant renewable resources. The distribution of solar radiation
on the territory corresponds to the normal law of the monthly average mathematical expectation of 175.79 kWh/
(m?smonth) and a standard deviation of 92.44 kWh/(m?+*month). On average, each square metre of a solar power plant
can produce 0.451 kWh of energy. The intervals of average water discharge between the small rivers of Kyrgyzstan
follow a power law distribution with a mathematical expectation of 3.112 m3/s and a standard deviation of 2.46 m3/s.
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With a natural water flow rate of 0.652 m?3/s, a low-pressure micro-hydroelectric power plant (with a water head of
1 to 2 m) can generate up to 8.95 kW of power. The total consumption of biogas by an average farm in Kyrgyzstan
and its consumption for heating raw materials in a bioreactor during the cold season ranges from 16.34 to 18.93 kg/
hour. This demand for biogas is met by producing domestic feedstock (animal manure) using compact biogas plants
with reactors of up to 20 m3. These facts indicate that the use of the above-mentioned renewable energy sources
in Kyrgyzstan can provide autonomous power supply to remote rural consumers and contribute to solving existing

environmental problems, as well as energy-saving

Keywords: solar energy sources; solar collectors; watercourses; micro-hydroelectric power plants; biological resources

INTRODUCTION

The use of renewable energy sources not only meets hu-
manity’s energy needs but also serves as a means of com-
bating global greenhouse gas pollution. The continued
development of renewable energy sources through the
creation of new energy storage technologies will lead to
a reduction in the role of traditional centralised energy
systems. The practice of autonomous power supply in-
creases its reliability and stimulates the revision of the
“base load” concept in favour of the “distribution load”
concept. This trend is more efficient in meeting energy
supply needs, especially in rural areas, given their re-
moteness from centralised power transmission networks.
The intensive development of agriculture, as well as other
sectors of the economy, leads to a significant increase in
energy consumption. The demand for electricity, heat and
cold for production and domestic needs of rural producers
is constantly growing. Solutions should be found for the
disposal of large volumes of agricultural waste, especially
manure. It is necessary to address the issue of autono-
mous power supply to rural producers, as it is unprofitable
to lay centralised power lines to remote areas with low
power consumption.

Kyrgyzstan has significant solar energy resources that
can be used to generate electricity using solar panels and
collectors. At the same time, the country has an abun-
dance of water resources, including rivers and streams,
which can be used to generate energy through small
hydroelectric power plants. In addition, Kyrgyzstan has
significant biomass reserves, such as animal manure and
vegetable waste, which can be used for biogas and bio-
diesel production. These resources are distributed evenly
throughout the country and can be easily developed for
energy production (Shakulikova & Akhmetov, 2021). The
problem of lack of affordable energy consumption in ru-
ral areas of Kyrgyzstan is relevant due to the instability
of the centralised energy supply and limited access to en-
ergy for agricultural needs. P. Florio et al. (2021) investi-
gated the potential of solar energy and proposed a meth-
odology for assessing solar potential using geographic
information systems. T.S. Kishore et al. (2021) analysed
the use of small hydropower plants in rural areas and
assessed their impact on energy supply. C. Bumharter et
al. (2023) considered the potential of biomass and con-
ducted a study on the development of technologies for

processing manure into biogas. J. Zhao et al. (2022) ana-
lysed the economic efficiency of using renewable energy
sources in rural areas. M.M. Kamal et al. (2022) studied
the impact of wind energy on rural energy supply and
proposed strategies for its use.

Y. Majeed et al. (2023) analysed solar and wind energy
as alternative sources for sustainable agricultural develop-
ment. K.K. Jaiswal et al. (2022) explored the environmen-
tal and social aspects of renewable energy in rural areas.
K. Mehta et al. (2021) analysed the energy needs of Kyrgyz
agriculture and proposed strategies to optimise the use of
renewable energy sources. G. Li et al. (2022) studied the
possibility of using solar collectors for heat supply. Erdi-
wansyah et al. (2021) proposed a model for the integration
of various renewable energy sources to ensure a reliable
and sustainable energy supply in rural areas of Kyrgyzstan.
Additional research is needed on the social and economic
sustainability of renewable energy projects in rural areas,
as well as an analysis of technological solutions and infra-
structure needs for the successful integration of renewable
energy into Kyrgyz agriculture.

The study aims to assess the potential of renewable
energy sources in Kyrgyzstan and to investigate their ap-
plication in providing energy supply to rural consumers.
Research goals:

1. Identify the main obstacles to the introduction of
renewable energy sources in rural areas of Kyrgyzstan.

2. Employ formulas, reactions and expressions to ac-
curately determine the adsorption and chemical bonding
parameters of sulphur-containing gases in the mine at-
mosphere.

3. Confirm the effectiveness of the proposed meth-
ods and improve safety and environmental cleanliness in
mines based on the results of measurements and observa-
tions in the field, as well as analysis of the use of various
technologies.

MATERIALS AND METHODS

Kyrgyzstan, located between 40 and 68° N latitude, has do-
mestic solar energy resources, which were estimated based
on data from the Ministry of Energy and Industry of the Kyr-
gyz Republic (2022). The graphical representation of the de-
pendence of solar radiation (P_) on geographical latitude (T)
over the course of a year forms a parabolic function (Fig. 1).
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Figure 1. The variation of solar radiation (P,)
with geographical latitude (deg N) during the year(T) is represented by the function P =f(T)
Source: compiled by the authors based on the Ministry of Energy and Industry of the Kyrgyz Republic (2022)

This function corresponds to a normal distribution
law, which means that the distribution of solar radiation in
Kyrgyzstan is described as follows (1):

1 (PC—175.79)2]

f(P) = 92.44~2T 2(92.44)2

M

With an average value of 175.79 kWxh (m?*month) and
standard deviation o =92.44 kWxh/(m?*month). Using the

Lagrange formula (Pasetto et al., 2021), the parabolic func-
tion P_=f(T) was approximated, after which an empirical
equation was chosen to describe the distribution of solar
radiation in Kyrgyzstan during the year (2):

P =-9.26T?+115.27 « T-90.68. 2)

Table 1 shows the calculations of solar radiation P_ by
month throughout the year.

Table 1. Data on the estimated solar radiation P_are presented by month of the year

Solar radiation

Months of the year

6 7

P *kWh/(m**month) 15.3 109 171.8  222.2

254.1

268.6  262.5 238.8  196.7 136 56.8 39.9

P *kWh/m? 0.042 0.302 0.417  0.617

0.705

0.743  0.729  0.663  0.546  0.378  0.158 0.11

Source: compiled by the authors based on Erdiwansyah et al. (2021)

The highest amount of solar radiation is observed
during the months of May, June and July, it varies from
254.1 to 268.6 kWxh/(m2«month) or from 0.705 to 0.743
kWsh/m?. From January to April, solar radiation gradually
increases (from 0.042 to 0.617 kWxh/m?), while from Au-
gust to December it decreases (from 0.663 to 0.11 kWxh/
m?). The average value of solar radiation during the year
is 0.451 kWxh/m?, which means that each square metre of
solar power plant is capable of generating 0.451 kWxh of
energy. The grazing season in Kyrgyzstan is in May-July,
when the highest amount of solar radiation is observed,
making the use of solar power plants during this peri-
od the most efficient. In addition, autonomous power
supply is justified in pastureland conditions due to the
remoteness of consumers from centralised power grids,
which are inefficient. The main characteristics of wa-
ter discharge in small rivers of Kyrgyzstan were studied
based on the analysis of annual averages and coefficients

of variability. It was found that four of these rivers have
an average flow of more than 10 m3/s with coefficients of
variability ranging from 0.12 to 0.15, while six rivers have
an average flow of more than 4 m3/s with coefficients of
variability ranging from 0.14 to 0.18 (World Bank, 2024).
Sixteen rivers have an average water discharge of more
than 2 m3/s with coefficients of variability ranging from
0.11 to 0.14, while the majority, namely 23 rivers, have
an average water discharge of less than 2 m3/s with coef-
ficients of variability of up to 0.3. There is a tendency for
the coefficient of variability and its range to increase with
a decrease in water flow in small rivers.

The analysis of statistical data on the average annual
water discharge in 49 small rivers of Kyrgyzstan, ranging
from 0.11 to 12.4 m3/s, was used to identify the regular-
ities of this indicator’s distribution in these rivers and
present them in the form of a typical distribution curve,
as shown in Figure 2.
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Figure 2. Graph illustrating the distribution
of average annual water discharge in small rivers
of Kyrgyzstan (49 rivers in total)
Source: compiled by the authors based on the Ministry
of Energy and Industry of the Kyrgyz Republic (2022)

The distribution of intervals of average water dis-
charge between small rivers in Kyrgyzstan corresponds to
the exponential law (3):

f(Q, ) =0.6388 x e-0:265"Cav, ?3)

The average value is 3.112 m3/s, and the standard devi-
ation is 2.46 m3/s. Kyrgyzstan’s small rivers with an average
water discharge (Q,, =3.112*2.46 m%/s) are evenly distrib-
uted throughout the country, especially on pastures.

The estimated volume of manure produced by all types
of farm animals in Kyrgyzstan per year reaches approx-
imately 5.6 million tonnes (Ministry of Water Resources,
Agriculture and Processing Industry of the Kyrgyz Repub-
lic, 2021). By processing it using biogas technology, it is
possible to produce about 110 million m® of biogas and
5.5 million tonnes of biological fertiliser. This data was
used to provide rural producers with 30% more biogas
and fertilise 1300 thousand ha of arable land, which will
increase crop yields by 15-20%. In addition, this approach
will prevent the emission of about 214 million m? of green-
house gases, including methane and carbon dioxide.

RESULTS
The supply of energy to rural consumers is a significant
challenge in many countries, including Kyrgyzstan, due
to the remoteness of some rural areas and the lack of in-
frastructure. In such circumstances, ensuring continuous
and stable access to energy can be a challenge. However,
renewable energy sources (RES) offer unique opportunities
to address this problem. Renewable energy sources such as
solar, wind and hydropower have the potential to become
a key component of rural energy infrastructure. One of the
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main reasons for this is the fact that many rural areas have
large open spaces and access to natural resources, which are
essential for the deployment of renewable energy. For ex-
ample, solar panels can be installed on rooftops or in open
fields, converting sunlight into electrical energy (Asrami et
al., 2021). Wind turbines can be located on hills or high
ground, harnessing the power of the wind to generate elec-
tricity. Hydropower can be generated through the construc-
tion of small hydropower plants on streams or small rivers.

One of the main advantages of renewables for rural ar-
eas is their potential to provide a decentralised energy sup-
ply. This means that rural communities can become more
energy-independent, without relying solely on centralised
energy transmission systems from remote sources (Strei-
mikiene et al., 2021). Decentralisation ensures access to
energy for rural consumers even in the event of problems
with the centralised power grid. However, despite all the
advantages, the use of renewable energy for rural energy
supply can also face some challenges. For example, invest-
ments in renewable energy infrastructure and technologies
can be expensive and require significant upfront capital. In
addition, environmental aspects, such as the impact on the
local ecosystem when building hydroelectric power plants
or wind turbines, must be considered. Overall, despite the
challenges, renewable energy sources represent a promis-
ing solution for ensuring sustainable and affordable energy
supplyinrural areas. Modern technologies and development
strategies can help to maximise the use of renewable ener-
gy potential, which will lead to improved quality of life and
economic development of rural communities in Kyrgyzstan.

Kyrgyzstan, located in the centre of Central Asia, is a
unique combination of mountain ranges, valleys and river
systems. This landscape creates favourable conditions for
the development of hydropower, especially when using the
resources of small rivers. With the focus on environmental
sustainability and energy security, the construction of small
hydropower plants (SHPPs) on these rivers is becoming an
important aspect of the country’s energy sector develop-
ment. It is necessary to address the richness of the moun-
tain rivers that permeate the territory of Kyrgyzstan. These
rivers offer enormous potential for power generation. Due
to their small scale and relative accessibility, small river re-
sources are a reliable source of energy that can supply both
urban and rural areas. There are many advantages to build-
ing a hydropower plant (Ahmed et al., 2022). They usual-
ly have a low cost compared to large hydropower plants,
which makes them economically viable and affordable. In
addition, SHPPs have a small ecological footprint and low
heat losses, making them more environmentally friendly
and sustainable than traditional energy sources. An impor-
tant advantage of SHPPs is their flexibility and scalability.
They can be easily integrated into existing infrastructure
and used for local service, which is especially important for
remote and rural areas. This helps to develop the social and
economic potential of these areas and improve the quality
of life of their residents. However, there are some limita-
tions to the use of small hydropower plants. For example,

Machinery & Energetics. Vol. 15, No. 3

N



Renewable energy sources in Kyrgyzstan...

there may be issues related to environmental change and
the impact on the biodiversity of river ecosystems. These
issues require serious analysis and planning to minimise
negative consequences. In conclusion, small river resourc-
es represent a valuable source of energy for Kyrgyzstan.
Harnessing this potential, combined with modern tech-
nologies and sustainable practices, can contribute to the
country’s development, ensuring a stable and environmen-
tally friendly energy future for all its citizens.

Kyrgyzstan, with its vast natural resources, such as
mountain ranges and abundant sunshine, has significant
opportunities for solar energy development. In the south-
ern regions of the country, where the intensity of solar
radiation is higher, solar energy can become an important
source of electricity for both urban and rural consumers. It
is worth noting the huge potential of solar energy in Kyr-
gyzstan. The average duration of sunshine in the country is
more than 2200 hours per year, making it one of the sun-
niest countries in the region (Karatayev et al., 2022). This
potential can be used to install solar panels on the roofs of
buildings, as well as in specially designated areas, which
will allow efficient collection and conversion of solar en-
ergy into electricity. The development of solar energy has
several advantages. One of the key advantages is the ability
to diversify energy sources. At a time when many countries
are facing energy challenges due to their reliance on tra-
ditional sources such as coal or gas, solar energy can be a
sustainable source that helps reduce this dependence. It is
also worth noting the environmental component of solar
energy. Unlike traditional energy sources, such as coal or
oil, solar energy production does not result in greenhouse
gas emissions or pollution (Kaewpraek et al., 2021). This
reduces the negative impact on the climate and preserves
natural resources for future generations. The introduction
of solar energy can contribute to the social and econom-
ic development of a country. The creation of jobs in the
design, manufacture and installation of solar systems, as
well as the development of local markets and services, will
help improve the lives of local people and contribute to
the development of rural areas. In conclusion, solar ener-
gy represents a promising source of energy for Kyrgyzstan.
Maximising this potential will allow the country to reduce
its dependence on traditional energy sources, reduce the
negative impact on the environment and contribute to the
sustainable development of the national energy sector.

In today’s world, when the problems of energy securi-
ty and climate change are becoming increasingly relevant,
the development of renewable energy sources is becoming
a priority for many countries, including Kyrgyzstan. One
of these potential sources is biomass, including manure,
which can be effectively used to produce biogas or biodies-
el, which are important alternative energy sources (Zhu et
al., 2021). Rural areas of Kyrgyzstan have significant ma-
nure reserves due to the presence of substantial livestock
counts. This opens prospects for the use of biomass for en-
ergy purposes. The process of converting manure into bio-
gas or biodiesel not only enables the disposal of livestock

waste but also the production of a valuable energy resource
that can be used to generate electricity. The use of biomass
in the energy sector has significant environmental benefits.
Unlike traditional energy sources such as coal or oil, the pro-
duction of biogas or biodiesel from manure not only does
not generate additional greenhouse gas emissions but also
helps to reduce the total amount of carbon emissions into
the atmosphere. This reduces the negative impact on the
environment and mitigates the effects of climate change.

An important advantage of using biomass in the en-
ergy sector is its social significance, especially for rural ar-
eas. In these areas, access to traditional energy sources is
often limited, leading to inequalities in energy access. The
use of biomass mitigates this inequality by providing local
people with access to clean and affordable energy, which
contributes to their social and economic development. In
conclusion, the use of biomass, including manure, in Kyr-
gyzstan’s energy sector is an important step towards sus-
tainable development and energy security. This approach
not only contributes to reducing greenhouse gas emissions
and protecting the environment but also provides social
and economic benefits to rural areas by improving their
living standards and providing access to energy.

An experiment was carried out with a single-circuit so-
lar water heater equipped with a thermosyphon. The inner
diameters of the tube and cover are 47 and 58 mm, respec-
tively, and the length is 1.8 metres. The water tank has a
capacity of 140 litres. The angle of the south-facing solar
collector is 30° from the horizon. Geographic coordinates of
the location: 77°E, 42°N. The study aimed to estimate heat
losses from the solar collector to the environment during
the heating period (air temperature range +12...-12°C), to
determine the efficiency and thermal power of the solar col-
lector. At the beginning of the heating season, at an ambient
temperature of 12°C, the heat loss coefficient is estimated
at U =7.77W/m?+h, and a temperature of -12°C, this coef-
ficient increases and amounts to U =12.67W/m*+h (Fig. 3).
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Figure 3. Graph of heat loss coeflicient
versus ambient temperature
Source: compiled by the authors based on Erdiwansyah et
al. (2021).

The result of the product of the total heat loss coeffi-
cient (U)) and the absorber panel efficiency (F’) of the so-
lar collector (U +F’) is within the permissible range: from
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4.9 to 10.1 W/(m?+C°®), which is in line with standard data
(Grob et al., 2021). According to Figure 4, the average daily
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efficiency of the solar collector is n,,  =0.36, and its ther-
mal output is equal to P, =0.26 kWh.
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Figure 4. Graphs of the dependence of the water inlet temperature [t,=f(T)], solar radiation flux [Eexp =f(T)] and heat
output [PexP ={(T)] on the heating time of the heat carrier T

Source: compiled by the authors

The following theoretical framework was used in the
course of experiments and calculations (4):

*C(tout—tin

I e “
where: F’ and U, - the coefficients of absorption panel
efficiency and heat loss, respectively; G - the water flow
rate through the solar collector, expressed in kilograms
per hour; C - the heat capacity of water, measured in watt-
hours per kilogram °C; t_ and t,_ - the temperatures of the
water at the outlet and inlet of the solar collector, respec-
tively; A — the area of the heat-accepting surface, expressed
in square metres; the average liquid temperature is defined
as the half-sum of the water temperatures at the inlet and
outlet of the solar collector, measured in degrees Celsius;
t,,, — the ambient temperature, expressed in °C (5):

Q,=F,*S, [E(t),~U, (t, ~t,,)], ®)
where: Q, - the amount of useful energy per hour meas-
ured in kilowatt-hours (kWh); S_ [E(ta),] - the amount of
solar energy falling on the surface of the solar collector per
hour, measured in kilowatt-hours (kWh);S_[U, (t, -t )] -
the amount of energy that is lost to the environment per
hour, measured in kilowatt-hours (kWh); F, - heat trans-
fer coefficient (FR); S__ - solar collector area, measured in
square metres (m?); E — solar radiation flux density on the
surface of the solar collector, measured in kilowatt-hours
per square metre (kWh/m?); (ta), — optical performance
factor (OPF), showing the reduced absorption capacity of
the solar collector.

GxC Up *Fx
Fa= G e (35) ®

where: CP — the specific heat capacity of the pipe material
in kilojoules per kilogram of degree Celsius; F* - the solar
collector area utilisation factor, which is defined as the
product of 0.98 and the solar collector area (F'=0.98+Sgk)
(Uckan & Yousif, 2020).

2Qs
Ndays = Eox#Se’ (1)

where: 1, - average daily efficiency of the solar collector,
reflecting the average efficiency of the solar collector dur-
ing the day; YQ, - total amount of useful energy received
in the solar collector per day, measured in kilowatt-hours
(kWh); E_ - solar radiation flux density on the surface of
the solar collector during its operation, measured in kilo-
watt-hours per square metre (kWh/m?).

Pex = Eex * Ssc * T]dalys’ (8)

where: n, - - the thermal capacity of the solar collec-
tor, measured in kilowatt-hours (kWh). During the tests
of the low-pressure micro-hydroelectric power plant,
the generated electric power was recorded: for average
water consumption (Q, = 3.122 m?¥s); P = Q_+Hxgn =
= 3112(1...2)¥9.81%0.7 = 21.4...42.8 kW; for minimum
water consumption (Q,, = 3.112 - 2.46 = 0.652 m¥/s);
P =4.48...8.95 kW. During the tests, the study noted that
water pressure fluctuations amounted to 1...2 metres. With
minimal water consumption, the low-pressure micro-hy-
droelectric power plant can produce sufficient electrical
power to meet the needs of the farm in pasture conditions
for both production and domestic purposes.

The micro-hydroelectric power plant uses a double
Blankey turbine (Nasir, 2021). The load is regulated by
connecting the generator output to the “Power voltage
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inverter”. The average total consumption of biogas and
its consumption for heating raw materials in a bioreac-
tor for the auxiliary needs of an average farm at low air

temperature ranges from 16.34 to 18.93 kilograms per
hour. The distribution of biogas consumption by consumer
category is shown in Table 2.

Table 2. Consumption of biogas by the farm and its use
for own needs (in particular, for heating biomass in the reactor)

Consumers of biogas

Biogas demand per day, m3

Hourly biogas consumption kg/h

1
Gas cooker three meals a day for a family of 8

2 3
5.2...6.24

1.134...1.36

Heating devices at home (total living area
of the farmer’s house 148 m?)

22.2..29.6 (t,,..-10°C)
31.0...34.04 (t,, =-11..-15°C)
36.0...38.48 T,

11.716...14.081
=>-16°C)

g

Heating devices for cow barn heating

23.04

1.92%1.2=2.304

Bioreactor heating device
(bioreactor volume 17.93 m?®)

8.08

0.985%1.2=1.182

Source: compiled by the authors

The introduction and development of renewable en-
ergy sources in Kyrgyzstan have the potential not only
to provide energy to rural areas but also to significantly
change the country’s energy landscape, leading to a reduc-
tion in dependence on traditional energy sources such as
coal and oil. This has several advantages and benefits from
both an environmental and socio-economic perspective,
contributing to sustainable development. The develop-
ment of renewable energy sources, such as hydropower,
solar and wind energy, and biomass, has the potential to
significantly reduce Kyrgyzstan’s dependence on imported
conventional energy sources. This reduction in depend-
ence on volatile coal and oil markets helps to ensure the
country’s energy security, reducing economic risks and
increasing its self-sufficiency. The development of RES
contributes to the improvement of the environmental sit-
uation in the country (Shahbaz et al., 2021).

Traditional energy sources, such as coal and oil, are
often associated with air and soil pollution, greenhouse
gas emissions and ecosystem destruction. In contrast, re-
newable energy sources are clean sources of energy that do
not cause significant environmental damage. This reduces
the negative impact on the climate and natural resourc-
es, which is a key aspect of sustainable development. An
important advantage of renewable energy development is
its social benefits. The introduction of renewable energy
sources helps to create new jobs in the design, manufac-
ture, installation and maintenance of renewable energy
equipment. This helps to develop local economies and
support entrepreneurship, especially in rural areas, which
often experience high unemployment and economic un-
derdevelopment (Riva et al., 2022).

In conclusion, the development of renewable energy
sources in Kyrgyzstan has great potential to improve the
energy, environmental and social situation in the country.
This contributes to sustainable development, enhancing
international competitiveness and improving the quality
of life of citizens. The introduction of these technologies
should be a priority for the Kyrgyz government and en-
courage investment in this promising area.

DISCUSSION

Kyrgyzstan has significant natural resources, such as so-
lar energy and hydropower potential, and is uniquely po-
sitioned to become an important player in the renewable
energy market. The use of renewable energy sources to
power rural Kyrgyzstan is a significant strategy with sev-
eral potential benefits and challenges. This was also in-
vestigated by Erdiwansyah et al. (2021), where the results
confirmed that a comprehensive study of renewable ener-
gy sources is key to developing effective energy strategies.
This includes not only analysing the technical aspects and
potential of different types of renewable energy, such as
solar, wind and hydro but also considering the socio-eco-
nomic and environmental factors that influence their de-
ployment and use. Classification of different RES sources
and identification of their main characteristics provide a
better understanding of which energy sources can be most
efficient in the specific conditions of a country or region.
T.Z. Ang et al. (2022) also determined that one of the main
challenges faced by researchers and practitioners in the
field of RES is the need to develop integrated approaches
to their implementation. This includes not only the devel-
opment of new technologies and improvement of existing
ones, but also the creation of appropriate infrastructure,
development of legislation and regulations, and public ed-
ucation campaigns. In addition, it is important to address
the potential social and economic impacts of renewable
energy to minimise the negative aspects and maximise the
positive. It is worth noting that to overcome these prob-
lems and effectively develop the renewable energy sector,
it is important to propose a comprehensive approach, in-
cluding measures to stimulate investment in renewable
energy, develop innovative technologies, improve energy
education and training, and create a favourable legislative
and regulatory environment (Bacherikov et al., 2024). This
is the only way to ensure a sustainable and environmen-
tally friendly energy supply for future generations.

It should be noted that Kyrgyzstan has a huge poten-
tial for the use of renewable energy. Located in a moun-
tainous area with abundant sunlight and wind, the country
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has favourable natural conditions for the deployment of
solar and wind power plants. In addition, the presence
of rivers and streams provides the potential for the con-
struction of small hydropower plants, which complements
the energy mix. Many researchers, including J.N. Meier et
al. (2023), addressed this aspect. The deployment of solar
and wind power plants is an important aspect of the tran-
sition to sustainable and environmentally friendly energy.
Solar power plants use solar panels to convert sunlight into
electrical energy. They can be placed on the roofs of build-
ings, in open fields, and on special plots intended for solar
farms. The development of solar energy helps to diversify
the energy mix, reduce carbon emissions and create new
jobs (Shram & Kachan, 2023). Wind power plants use wind
energy to generate electricity. They are usually installed
on open plains or on the shores of seas and oceans where
winds are strong and stable. The development of wind pow-
er can reduce domestic dependence on traditional energy
sources such as coal and oil and reduce our negative im-
pact on the environment. A study conducted by M.R. Elka-
deem et al. (2022) highlights the importance of deploying
solar and wind power plants as a key step towards sustain-
able development and reducing environmental pollution.
Accelerated technology development, as well as support
from governments and investors, can help accelerate this
process and achieve a cleaner and more efficient energy fu-
ture. These results confirm the above study, as they demon-
strate that the deployment of solar and wind power plants
has the potential to be a key solution to addressing climate
change and reducing dependence on fossil fuel-based en-
ergy sources. Efforts to develop such technologies can lead
to improved air quality, reduced greenhouse gas emissions
and contribute to a more sustainable energy system.

One of the main advantages of using renewable en-
ergy in rural areas is the possibility of providing a decen-
tralised energy supply. Instead of relying on centralised
transmission networks to transmit energy from distant
sources, rural communities can be more independent by
being able to produce personal energy on-site (Ismay-
ilov et al., 2019). This is especially important in remote
areas where the construction and maintenance of central-
ised energy systems may be too expensive and impractical.
B. Zakeri et al. (2021) addressed this phenomenon, noting
that rural communities can become more energy-inde-
pendent without relying solely on centralised transmission
systems from distant sources. Decentralised energy supply
improves rural area flexibility and adaptability to differ-
ent conditions, including changes in energy consumption
or failures in centralised networks. A study by Y.H. Ha &
S.S. Kumar (2021) confirms that the use of decentralised
energy supply using renewable energy sources contributes
to improving energy security in rural areas. They can avoid
the risks associated with interruptions in energy supply
due to technical failures or lack of fuel for traditional en-
ergy systems. This is especially true in remote rural are-
as, where restoration of power supply after disasters can
take considerable time due to difficult access and limited
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resources (Yaremova et al., 2024). Thus, decentralised ener-
gy supply using renewable energy sources can increase the
sustainability and reliability of the energy system in rural
areas, which will lead to an improvement in the quality of
life and economic development of these areas. Comparing
the data obtained during the research, it is possible to note
that decentralised energy supply based on renewable en-
ergy sources not only increases the sustainability of rural
energy systems but also helps to reduce dependence on
traditional energy sources such as coal or oil. This ensures
a reliable energy supply that is not subject to fluctuations
in fuel prices or the risk of interruptions in supply due to
technical failures for rural communities.

However, there are also some challenges in using re-
newable energy to supply rural consumers in Kyrgyzstan.
One of them is affordability. Investments in renewable
energy infrastructure and technologies can be costly and
may not be affordable for some rural communities with-
out support from the state or international organisations
(Matiichuk, 2022). L. Li & S. Zhang (2021) concluded that
one of the main challenges in the use of renewable ener-
gy is instability and uncertainty. Wind and solar resources
fluctuate depending on the time of day, weather conditions
and seasons, which can lead to uneven energy production.
This requires the development of efficient energy storage
systems or alternative energy sources to compensate for
the volatility. In addition, a study by Q. Yang et al. (2021)
determined that the cost of renewable energy technologies
is decreasing, but there is still a need for significant invest-
ment, especially in developing countries. This may be an
obstacle to large-scale deployment of renewable energy
without additional support and incentives from the gov-
ernment or international organisations. The study results
analysis determined that, despite the challenges, the use
of renewable energy represents an important step towards
a sustainable and environmentally friendly energy future.
Addressing these challenges requires a comprehensive ap-
proach and cooperation between government agencies, the
private sector and the public.

In conclusion, the use of renewable energy sources to
supply rural Kyrgyzstan is a promising solution with several
potential benefits. However, for the successful implementa-
tion of this strategy, financial, socio-cultural and technical
aspects need to be addressed, as well as support from the
government and international partners. Lastly, the devel-
opment of renewable energy in rural areas can contribute
to sustainable development, reduce inequality and improve
the quality of life of the rural population in Kyrgyzstan.

CONCLUSIONS

The analysis of solar energy resources and small rivers in
Kyrgyzstan using mathematical statistics methods has pro-
vided valuable data. The distribution of solar radiation and
water discharge in small rivers in Kyrgyzstan is character-
ised by significant fluctuations in both space and time. This
highlights the need for flexibility and adaptation in the de-
velopment and use of systems based on these resources.
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The study showed that solar power installations have
the potential to generate significant amounts of energy,
although there is some room for improvement. This con-
firms the importance of further research and development
in this area. The assessment of the potential of small rivers
for power generation also demonstrates their significant
potential. However, to optimally utilise this potential, ef-
ficient and environmentally sustainable small hydropower
technologies need to be developed and implemented.

Finally, the results of the study highlight the impor-
tance of biogas technologies for agriculture. They can pro-
vide not only energy for domestic needs but also serve as an
important source of heat for various agricultural processes.
However, there are challenges, such as the affordability of

development of sustainable and environmentally friendly
energy in Kyrgyzstan. However, to maximise their use, it is
necessary to address the specifics and limitations of each
resource, as well as to conduct further research and devel-
opment in this area.

One of the limitations of this study is the limited
amount of data on the actual use and efficiency of renew-
able energy technologies and biogas systems in rural Kyr-
gyzstan. The economic feasibility and potential social and
environmental impacts of introducing renewable energy
technologies and biogas systems in rural Kyrgyzstan need
to be further studied.
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Research of the regulator of an expander-generator unit

Abstract. The relevance of research is determined by the tasks of increasing the efficiency of alternative and renewable
energy power plants. The purpose of the work is to develop a method of coordinating the settings of the automatic
excitation regulators and the speed of rotation of the rotor of the generator from the vortex installation of the expander-
generator unit, which is part of the autonomous power consumption network. To achieve the goal, the methods of
mathematical modelling in the MATLAB environment, physical modelling, processing of experimental data, theory of
automatic control, theory of magnetic field, theory of electric machines, programming of microprocessor devices were
used. Considering the need to expand the base of alternative energy sources, the task of controlling the energy plant for the
utilization of excess pressure of gas transportation networks was considered. The study of the regulator of the expander-
generator unit was based on a model reflecting the interaction of mechanical and electrical processes. A set of nonlinear
differential equations corresponded to the description of these processes. Accurate consideration of nonlinearities of
the considered control object complicates the implementation of the corresponding microprocessor control systems.
Modelling is aimed at achieving a compromise between the required accuracy of object control and the possibilities of
simplifying the object control structure. The use of experimental and datasheet data of the devices made it possible to
evaluate the dynamics of turbine rotation and voltage generation, forming the factors for the untying of the control
circuits. The use of MATLAB with the Lookup Table option made it possible to perform a multi-point linearization of the
nonlinear description of the process, speeding up the modelling and adjustment of the regulator. This is important to
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Research of the regulator of an expander-generator unit

coordinate the settings of the frequency control loops and the output voltage, given the trade-off between the speed of
the regulator and the minimization of oscillations in the generation frequency. Based on the obtained results, a regulator
of the expander-generator unit was developed, which ensures the stabilization of the initial parameters of the unit under
the conditions of electrical load disturbances. In practice, the obtained data can be used in the integration of renewable
energy sources into the general energy system through the optimization of the operation of generators

Keywords: vortex turbine; rotation frequency; coordination of settings; nonlinear model; synchronous generator;

excitation regulator

INTRODUCTION

The perspective of any direction of improvement of pow-
er plants is determined by the design features of the main
parameters embedded in it, as well as the current charac-
teristics of the used working environments and automation
tools. In the conditions of real operation, rapidly changing
loads, work at fractions of power from the nominal, can
cause a drop in the efficiency of the power plant.

One of such power plants is the expander-generator
unit (EGU), which is used for monitoring the modes of tech-
nological equipment in gas distribution networks to provide
energy. At the same time, there are no strict requirements
for electricity generation modes, since electricity is ob-
tained by utilizing excess gas pressure. At the same time, as
the power consumption from the EGU increases, problems
arise with the stability of the received energy parameters.

The relevance of research is determined by the tasks of
assessing the energy efficiency of the operation of the EGU,
as well as the prospects of building a system of coordination
of local regulators, where deviations of the system param-
eters are involved in the regulation of the electricity gen-
eration process. Therefore, the prediction of the constant
correspondence of the volumes of generated and consumed
energy during the operation of the EGU determines the pos-
sibilities of effective operation of the installation. The need
to establish compliance is related to variations in electric-
ity consumption over time in the presence of disturbanc-
es in the parameters of the gas flow entering the turbine.

Accordingto].Bjorket al. (2022), the stabilization of the
turbine rotation parameters of a power plant can be solved
with the help of regulators built based on a turbine model
of a certain type. At the same time, power generation spe-
cialists S. Rajamand (2020) continued research on improv-
ing the means of controlling electric generators. The au-
thor noted that the use of a synchronous generator and an
adapted voltage drop system is important for maintaining
the stable operation of microgrids with inverters. Control
of a synchronous generator and modified drop allows for
efficient regulation of frequency and voltage in microgrids
incorporating inverter technologies. A. Mezerya & S. Pridv-
orov (2023) analyzed the qualitative indicators of the use of
different types of generators at mini-hydroelectric power
plants (HPP), focusing on the evaluation of efficiency, reli-
ability and environmental impact indicators. Understand-
ing these indicators helps in choosing the most appropri-
ate type of generator for specific operating conditions and
sustainability goals. In addition, this analysis provides in-

sight into maintenance requirements and long-term oper-
ating costs, which are important for optimizing the overall
efficiency of the mini HPP. The requirements for increasing
the efficiency of generation mode control determine the
use of more advanced algorithms for regulator settings.
Given the value of the moment of inertia of the rotors of
the vortex turbine (VT) and the EGU generator, respective-
ly, the small time constant of the plant, adequate methods
and algorithms for setting their regulators are necessary.

However, in the absence of correction of the values of
gas consumption, which is utilized, according to changes in
the electrical load of the network, the stabilization of the
rotation of the generator does not ensure an increase in the
efficiency of the EGU.

S.M. Baliuta et al. (2019) state that it is typical for tur-
bine and generator control loops, “having common input
control signals, not only to be designed but also tuned
separately”. A natural step to overcome such a situation is
the development of a unit for coordinating the function-
ing of the automatic excitation regulator (AER) and the
automatic rotational speed regulator (ARSR). In a theoret-
ical aspect, this approach can be classified as subordinate
regulation, the parameters of which are synthesized in ac-
cordance with the established control quality criteria, in
particular, the minimization of output voltage fluctuations
during load drops. However, the analysis of the results of
the regulator settings, conducted by H. Kulinchenko et
al. (2023a) in mathematical modelling and experimental
studies, shows that in addition to the dynamic parameters
of the control circuits, the quality of regulation is affected
by disturbances in the mechanical part of the EGU. There-
fore, the simulation results are implemented with the help
of additional SCADA-system automation tools of the EGU
experimental installation.

O. Zenovych et al. (2020) concluded that the setting
of AER and ARSR during the automation of experiments
allows to significantly improve the quality of working out
perturbations of the plant, however, the existing methods
and algorithms for coordinating the settings of the regu-
lators need improvement. Therefore, increasing the effec-
tiveness of the EGU involves solving the following tasks:

1) development of additional primary parameter con-
verters equipped with microprocessor interface means;

2) visualization of the parameters of the generation
process in real time with the required rate of experimental
data processing;
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3) generalization of experimental data for their further
application in the development of utilization units of the
model and technical series of VT, and in the future, jet-vor-
tex turbines.

Focusing on the adaptive control of VT, which ensures
the stabilization of the generator voltage and the EGU ro-
tational frequency during network load disturbances, the
task arises to work out the interaction of the subsystems of
the AER of the generator and the ARSR of the VT.

The purpose of the work was to develop a methodology
for coordinating the settings of the automatic excitation
regulators and the rotational speed of the rotor of the VT
generator of the EGU installation, which is part of the pow-
er consumption network.

The scientific novelty of the work is evaluated by the
prospects of using proven methods of controlling the tur-
bines of utilization plants in alternative energy.

MATERIALS AND METHODS

With the use of MATLAB Simulink options, a mathemati-
cal model of the ECU was built, which reflected the results
of the interaction of the mechanical and electrical parts of
the unit. It contained the previously obtained VT model
(Kulinchenko et al., 2023b) and the mathematical model of
the synchronous generator (SG) based on Park’s equations.
The Lookup Table (LUT) toolkit of the MATLAB Simulink
environment was used to build the SG model. It made it
possible to effectively display the nonlinear properties of
the plant in the model by constructing LUT tables based on
relevant experimental data.

The experiments were carried out according to the
diagram in Figure 1, during which the parametric identi-
fication of the synchronous generator (SG) model was per-
formed. As a result, the dependence of the value of the in-
ductance of the excitation winding of the G-273 generator
type on the excitation current L =£{I,) was obtained.

R1 SAL

Rek L

PS
v
PA
FU
o | I | KA\ ! —
_/ —

Figure 1. Diagram for estimating
the time constants of the excitation winding
Note: R1 - variable resistor; SA1 - switch; R, and L, - active
resistance and inductance of the SG excitation winding;
PV - voltmeter; U - voltage; I, - excitation current; PA -
ammeter; PS — oscilloscope; FU - fuse
Source: created by the authors

The method of measuring the inductance of the ex-
citation winding of the SG was based on the measurement
of the time of the transient process of reaching a constant
value of the excitation current /.. The variation of the val-
ues of the excitation current of the winding was carried out

Kulinchenko et al.

by changing the values of the resistor R1. Registration of
the transient process of the increase in current I, was vis-
ualized with the help of a digital oscilloscope PS, which is
turned on in parallel with the shunt of the ammeter PA.
Thus, transient changes in voltage were matched to chang-
es in the excitation current.

The value of the inductance L, was determined based
on the value of the time constant T, which was obtained
from the registered transient process for different values
of the excitation current /. The presence of values of the
time constant T, made it possible to construct the desired
dependence L=f(I,) using the relation:

L=R*T, 1)

where R, - previously measured active resistance of the SG
excitation winding. The experimental dependence L,=f(I,)
obtained in this way was used in the construction of the
Lookup Table 1-D, which is included in the diagram for
modelling the excitation winding of the SG.

Also, within the parametric identification of the G-273
generator model, the experimental dependence of the elec-
tromotive force (EMF) of the generator on the excitation
current [, and the frequency o, that is, the no-load char-
acteristic (NLC) for different rotational frequencies of the
source of mechanical energy (M), was obtained. For this
purpose, experiments were carried out according to the di-
agram of Figure 2. It provided regulation of the current in
the excitation winding F1-F2 and fixation of the frequency
n of rotation of the SG using the frequency converter UZ.
Discrete stepwise changes in the current in the excitation
winding of the SG and the rotational frequency of the shaft
of the installation made it possible to obtain a family of de-
pendencies necessary for the creation of the Lookup Table
2-D, which is used in the general diagram of the SG model.

b4 5 250
\Y

Figure 2. Diagram of the installation for obtaining
experimental data on the estimation of SG parameters
Note: U, V, W and N - phases and neutral of a three-phase
alternating current source; PS — oscilloscope; PA1, PA2 —
ammeters; PV — voltmeter; UZ - frequency converter; SG —
synchronous generator; M — asynchronous motor; F1-F2 —
excitation winding of the synchronous generator

Source: created by the authors

Machinery & Energetics. Vol. 15, No. 3

N



Research of the regulator of an expander-generator unit

The same circuit provided measurements of current
and voltage values to calculate the resistances Xd and Xq
by the method of small slip. The investigated generator SG,
mechanically connected to the asynchronous motor M, was
controlled by the frequency converter UZ feeding the motor
M. In addition to measuring the voltage, the oscilloscope PS
in the diagram of Figure 2 allowed to measure the frequen-
cy of the generated voltage. This provided consideration of
the ratio of the rotor rotational frequency and the frequen-
cy of the generated voltage, which was calculated through
the number of SG pole pairs. The measurement of the phase
current of the armature winding, the values of which are
necessary for the calculation of Xd and Xq, was carried out
with the excitation winding F1-F2 open. The phases of the
SG stator were fed from a separate low-voltage three-phase
alternating current source. The frequency with which the
source of mechanical energy M rotated was slightly dif-
ferent from the speed of rotation of the SG stator field.

The reactive resistance when connecting the stator
winding according to the star connection is calculated as:

X, = Usmax

— Uamin (2)

)
Lamax

q

)
Lamin

wherel, ., I, - the minimum and maximum value of the
phase current measured by the PA1 sensor; U, . (at1, ),
U,,..@tI, y—minimum and maximum value of the phase
voltage in the rotation mode measured by the PV sensor.
The value of the calculated resistances (2) was used in
building of the SG model.

Testing of the EGU regulator adjustment capabilities
was carried out in the MATLAB Simulink environment on a
mathematical model in the mode of changing the electrical
load, which is considered a disturbance of the generation
process. Setting the parameters of the EGU regulator was
carried out using the MATLAB tool - SISOTOOL. This made
it possible to carry out step-by-step sequential coordina-
tion of EGU circuits and proceed to the practical imple-
mentation of the regulator.

The adequacy of the developed model was assessed us-
ing an experimental setup (Vaneev et al., 2019), presented
in Figure 3. It was manufactured and is located at Sumy
State University (Sumy, Ukraine) and includes a compres-
sor as a source of compressed air, a gas regulator armature,
turbine, electric generator, electric load, control and meas-
uring devices.

Figure 3. Photo of the EGU experimental installation

Source: created by S.M. Vaneev at al. (2019)

Algorithmic software of the EGU controller is imple-
mented on the means of a programmable logic controller
(PLC) Simatic S7-300 CPU 314C-2DP (Siemens, Germany).
The main software tools needed to build a SCADA-sys-
tem and implement control algorithms include Step 7 and
WinCC (Siemens, Germany).

RESULTS AND DISCUSSION
Development of the EGU model. The result of the inter-
action of the torque moment of the source of mechanical
energy — VT, the aerodynamic torque moment of resistance
of VT and the reaction torque moment of the generator to
the electrical load is the factor that determines the param-
eters of rotation of VT/generator. Since this result forms
the quality of electricity generation, in order to find out the
configuration of the coordinator of the AER and ARSR set-
tings, the structural diagram of the EGU model, shown in
Figure 4, was considered.

[Regulator|

&

GENERATOR

| (2=
Pressure{} IN Mg
w; Aw LY 1 S Synhronous
S Q My
UG . A U(;

Figure 4. Structural diagram
of the EGU model

Note: M, - turbine torque moment; M, - torque moment
of reaction of the generator; w,, Aw - turbine rotational
frequency setpoint, its control error; w,. - turbine rotational
frequency; U, AU, - generator voltage setpoint, its control
error; U, - excitation winding voltage; P — generator power;
I - generator current

Source: created by the authors
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In this diagram, as in any power plant, the main param-
eter of the regulated mode is the frequency of the generat-
ed alternating current. Since the deviation of this frequen-
cy from the nominal value is a parameter of the quality of
electrical energy, the task of the EGU control system is to
ensure the conditions for the normal functioning of the
unit. It is the difficulties of cheap maintenance of the gener-
ation frequency that have so far inhibited the introduction
of alternative energy installations to existing power grids.

The lack of opportunities to store energy and changes
in electrical load cause continuous balancing of generated
and consumed power. In the diagram (Fig. 4), this balancing
is reflected by the interaction of the VT torque moment —
M, and the reaction torque moment of the synchronous
generator M. The imbalance of moments (powers) caus-
es changes in the frequency of the generated voltage. In
the power plant, maintenance of the balance between gen-
erated and consumed power is achieved with the help of
an automatic frequency and active power control system
(AFAPCS). The AFAPCS system should perform the most
economical frequency regulation.

The primary automatic control of the voltage frequen-
cy and active power of the SG is carried out in accordance
with the tasks of controlling the rotational frequency. As a
result of changing the position of the regulating valve, the
pressure of the gas flow changes, which corrects changes
in the frequency of rotation of the turbine, affecting the
parameters of the generated gas power.

Another parameter that determines the modes of op-
eration of the EGU is reliability and economy. Insufficient
reliability of generation is manifested in disturbances of
network voltage values over time. Voltage sags or surges,
distortion of the voltage form are controlled with AER.
However, control of the SG voltage is associated with a
change in the rotational frequency, since in this case there
is a redistribution of power between the mechanical and
electrical components of the EGU. These components of
the plant are related to each other through a controlled
process, since frequency is the only parameter for SG and
VT. Neglecting this connection, widespread practice focus-
es on the independent synthesis of AER and ARSR. How-
ever, considering the specifics of the operation of certain
types of turbines leads to the need to use interconnected
control of the turbine unit (Baliuta & Kuievda, 2017; Bali-
uta et al., 2019). This approach involves the simultaneous
control of the interaction of AER and ARSR, which makes it
possible to build a system stabilizer, or coordinator of AER
and ARSR settings.

The possibilities of synthesis of the excitation and ro-
tational frequency control system, in accordance with the
indicated control tasks, largely depend on the structure
and complexity of the plant models used in the synthesis
of the regulator.

Previous research by the authors showed that the non-
linear VT model can be represented by a family of transfer
functions of the third order (Kulinchenko et al., 2023b).
These functions are built on the basis of linearization of

Kulinchenko et al.

the model at the selected operating points of the selected
range of operation of the VT. The number of points in this
range is determined by the requirements for the quality
and stability of ARSR control.

Then, seeing the nonlinearity of the description of the
SG functioning, the initial condition for the development
of the AER for the EGU is the analysis of the nature of the
nonlinearities of the SG model.

Mathematical model of SG. The key point of creating
a SG model is a compromise between the necessary detail
of its description and the level of reflection errors of this
model. It is the excessive detailing of the plant model that
complicates its use, hindering the development of simple
adequate control criteria.

In addition, the analysis of electromagnetic processes
occurring in the SG is associated with serious difficulties
that depend on the order of the equations describing the
model. In the MATLAB environment, the description of
SG is provided by second-, third-, fifth-, or seventh-order
models (Spoljaric et al., 2010; Hrytsiuk et al., 2017). Each of
these models corresponds to the level of problems solved
during modelling.

The system of differential equations, which is formed
with respect to the phase currents and voltages of the SG,
includes coefficients that change periodically when sim-
ulating the rotation of the rotor. These coefficients are
formed from the values of inductances and mutual induct-
ances (inductive resistances) of the SG windings. Magnetic
asymmetry along the longitudinal (d) and transverse (q)
axes is characteristic for the salient-pole design of the SG,
since the air gap along these axes is different. This asym-
metry is taken into account by the Blondel method, that is,
by the method of two reactions of the magnetic field.

The use of two reactions, or components of the induc-
tive resistance of the armature winding of a salient-pole SG
in Park’s equations (Melkebeek, 2018) makes it possible to
simplify the modelling of the generation process. A prac-
tical step to significantly simplify the structure of the SG
model is to consider the ratio of the time of transient pro-
cesses in the armature circuits and the time of processes in
the circuit of the SG excitation winding. Then, comparing
the value of the time for the winding of the armature cir-
cuit with the time constant of the excitation winding, it can
be assumed that the transient process is absent:

d . ayp

D — ;2 =0, (3)
where y,, y, - flux coupling of the armature according to
the d q coordinates.

An additional factor for simplifying the SG model is
the absence of a damping winding in the salient-pole SG of
the G-273 type, which is used in the experimental EGU in-
stallation. Then the simplified system of Park’s equations
for the armature circuit will look like this (Zenovych et
al., 2020):

E=wxy,, U=E-Ixx, U=I +x, 4)
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where y, - flux coupling of the armature winding with the
excitation flux @, which depends on the excitation current
I;x,=o*L;x =wx*L, - inductive resistances of the SG
armature winding along the d and q axes; I, 1,U,U,-pro-
jections of currents and voltages on the d and q axis. These
projections are related to physical quantities (voltage U,
and generator current I ) as follows:

Ug = /Udz +US% I = /Idz +1,% (5)

For the excitation winding, taking into account
its resistance R, and inductance L, the equation of the

relationship between the voltage U, and the current I, of
the excitation winding has the form:

d

Working with the SG model, as with the plant model,
involves the need to reflect the impact of disturbances on
the output parameter of the SG - the output voltage U,. The
relationship between this voltage and the SG parameters is
illustrated by a vector diagram based on the EMF of genera-
tor E (Fig. 5). This EMF is induced by the excitation winding
flux, which, in turn, appears due to the excitation current .

b)

Figure 5. The vector diagram (a) and the substitution diagram of the salient-pole SG (b)
Note: a - vector diagram; b — equivalent substitution diagram; E — EMF of the generator, U, - voltage generated by the
SG, 1~ load current, Zn — complex resistance of the load, ¢ — load angle, 6 - voltage U, shift angle relative to the EMF of

the generator E, X — complex resistance of the armature
Source: created by the authors

The analysis of the vector diagram in Figure 5 gives rea-
son to write down the following equations in relation to
the shift angle 6 - the voltage U, relative to the EMF of the
generator E:

Eq=Uxcos O+x I ,+r,1, )
_ Xq COS P—TgSINY
9 = arctg Zy +TqCOSP+xgSING” ®
In addition, we take into account that:
I =1;xcos(0+gp),1,=1;* sin(0+ ¢),
I.=U,/Z cosp=R /Z sing=x /Z, ©)

where R , x, — active and inductive load resistances; r, X -
active and inductive resistance of the armature winding.
The angle ¢ characterizes the ratio of active R and
reactive x, components of the complex load resistance Z :
Xn
@ = arctg_*. (10)
Using the formulas of trigonometric transformations,

the dependence of the EMF of the SG on the values of its
parameters and load parameters was obtained:

Ug

J1+tg?6

E,= (1 + 5 [xa(Ra*t g0+, )+7 (R, xtgO)]). (1)

Taking expression (8) into account makes it possible to
obtain a more compact equation of the output voltage of
the SG and its EMF:

Zn |XGn+7en
UG =

- 2 i
Xdn*XqntTan 4

(12)

where x, =x, +x ; X, =X tx;r1, =1, t+R, The next step of
simplifying the model involves neglecting the value of the
active resistance of the SG armature winding r, and con-
structing the equivalent electrical circuit of substitution
shown in Figure 5b (Vasko, 2020). In this way, the basic

nonlinear function of the G=U,/E model is obtained:

VRE+XE* [(Xq+xn)2+RE
G j—

- (xg+xp)*(xg+x,)+RE ’

(13)

which takes into account changes in the output voltage U,
depending on changes in the reactive resistance values of
SG and load parameters.

The specificity of modelling the generation process is
related to the need to reflect the influence of the change
in the frequency of rotation of the SG on the mentioned
changes in the resistance of the SG and perturbations of
the load parameters. Using the MATLAB environment,
according to equation (13), a diagram of the model of
the nonlinear function G, shown in Figure 6, is created.
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Figure 6. Diagram of modelling the nonlinear function G
Note: Xd, Xq and Ld, Lq — inductive resistances and inductances of the SG armature winding along the d and q axes; Rn,

Xn and Zn - active, inductive and complex load resistances
Source: created by the authors

The theoretical means of SG modelling are based on
the use of its datasheet data Ld, Lq, which are usually not
available, and sometimes do not correspond to reality. A
sufficient number of available practical methods, in par-
ticular the sliding method, allows us to experimentally
determine the necessary data for modelling. At the same
time, modern methods of estimating the resistances of the
SG reaction, which are based on the complex SG model and
its equivalent circuit (IEEE guide..., 2020), appear to be
more promising in terms of the practical implementation
of the model as a plant.

The general model of SG, in the form of plant, is sup-
plemented by the equation of the excitation winding (6),
which reflects the dynamics of the change in the current
I, under the influence of the voltage U, on the excitation
winding with resistance R and inductance L. As can be
seen from equations (4), (6), (13), the nonlinearity of the
entire SG model is formed not only by the nature of the
relationships of the parameters of the electrical load of the
generator, but also by the dependence of the complex re-
sistances of the SG and magnetic fluxes on the characteris-
tics of the magnetization curve.

The nonlinear functions representing the SG model
cannot be solved by analytical methods at this stage, which
creates problems for the next stages of modelling the EGU
and its regulator. Therefore, a successful step, which allows
using the Lookup Table (LUT) option of the MATLAB Sim-
ulink environment, based on stable modes of operation, to
obtain a plant model (Gurskiy et al., 2019).

The LUT tables are built on the basis of experimental
data obtained during model adequacy evaluations on an
experimental installation. The possibility of adjusting
model parameters in accordance with the obtained re-
sults increases the advantages of this approach (Quad-
ri et al., 2019). In addition, the use of LUT tables reduces
the volume of calculation operations of linearization,
since calculation operations are replaced by operations
of searching for previously calculated values of the no-
load characteristic (NLC) and the short-circuit charac-
teristic (SCC).

Values of EMF or reactive resistance that do not coin-
cide with the marker points of the LUT table are searched
for by linear interpolation during modelling. The appli-
cation of numerical methods for solving nonlinear equa-
tions with the help of LUT gives a practical opportunity to
build a nonlinear SG model for an autonomous power plant
(Michna et al., 2014).

The nature of the formation of controlling influences
on the generation of the EMF value of the SG is influenced
by the dependence of the inductance of the excitation
winding L on the current I flowing in the winding. Then,
in the presence of numerical values of the function L =f(1)),
obtained experimentally, a corresponding 1-D Lookup Ta-
ble is built in the MATLAB Simulink environment. This ta-
ble is used in the construction of the SG excitation winding
modelling unit, the diagram of which, according to (6), is
presented in Figure 7.

+

1 X
R = e g &
: If
X Lf
1-D
oy
Rf

Figure 7. Modelling block of the SG excitation winding
Note: Rf and Lf - active resistance and inductance of the
excitation winding; Uf and If — voltage and current of the
excitation winding
Source: created by the authors based on O. Zenovych et
al. (2020)

The data needed to construct the table are obtained
using an experimental setup (Kulinchenko et al., 2023a).
The experimental values obtained during the generation
of voltage by the G-273 generator in the EGU installation
form the desired no-load characteristic:

E=f(I, ). (14)
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Function (14) reflects the dependence of the EMF of the
generator on the excitation current /, and the frequency o,,
which differs from the speed of rotation of the turbine w,
by the factor p — the number of pole pairs. The presence

of function (14) allows us to build a tabular form of 2-D
Lookup Table, which, in interaction with other blocks of
the modelling diagram, forms a nonlinear model of the SG.
The general diagram of the SG model is shown in Figure 8.
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Figure 8. General diagram of the SG model
Note: v — frequency of the generator magnetic field rotation; Rn and Ln — active resistance and load inductance; Uf -
excitation winding voltage; Ugen and Me - voltage and torque moment of the generator

Source: created by the authors

In this scheme, in addition to the equations of the
model (6), (13), (14), the function of imposing an electric
load after reaching the minimum speed of rotation of the
turbine is implemented. To prevent the collision of divi-
sion by “0”, the minimum value of the rotational speed of
the turbine shaft is introduced in the diagram, the torque
moment of which is not able to overcome the initial torque
moment of friction of the SG.

Structural synthesis of the regulator. Returning to
the structure of the EGU model, we can state that the out-
put voltage of the SG installation is regulated through two
control channels. At the same time, the two output param-
eters of the EGU model, determined by the modes of its
operation, are feedback signals (Fig. 4) for the regulator.
In this way, a two-dimensional control system is formed,
for the description of which the state space apparatus is
used (Baliuta & Kuievda, 2017). In order to practically use
the apparatus of the state space during modelling, the
plant is linearized at a separately selected operating point
of the installation with parametric constraints. However,
such an approach is justified only in cases where it is a
matter of stable modes of EGU operation. In the current
case, with changes in the electrical load, there are abrupt
changes in the controlled parameters of the SG, the use
of parameters of stable modes for modelling transient
modes is not justified.

When considering options for building the structure
of multidimensional regulators, attention is drawn to the
existence of cross-connections between control channels.
Considering the specifics of the studied plant, it can be
stated that changes in the excitation field of the SG only
indirectly affect the rotational speed of the EGU, while the
effect of changes in the rotational speed on the excita-
tion field of the SG can only be estimated theoretically.

The study of the interaction of mechanical and electro-
magnetic processes of power plants involves taking into
account the possibility of simultaneous influence of both
controllers on changes in output parameters. At the same
time, it can be considered that the work of one control
channel is a disturbance for another. Then the quality
of the control will depend on the ratio between the time
constants of the channels, which are determined by the
features of the operation of different types of turbines, in
particular VT.

Analysis of the results of previous studies by H.
Kulinchenko et al. (2023b) with VT and parameters of the
G-273 generator, which is used in the experimental EGU
installation, shows a significant difference in the time con-
stants of the control loops. At the same time, the speed of
the control circuit of the excitation of the SG is significant-
ly greater than that of the control circuit of the rotational
speed of the installation shaft. This makes it possible to
build the structure of the regulator as a set of AER and
ARSR subsystems with setting parameters that correspond
to the formed criteria of EGU control (Fig. 9).

The diagram includes the Sim Zbur disturbance simu-
lator, which simulates the transient processes of changes
in the load of SG. Observing the nature of changes in the
controlled parameters of the EGU allows us to adjust the
parameters of the involved regulators. The task of ARSR is
performed by RReg (relay regulator), and the tasks of con-
trol the voltage of the SG are solved with the help of the
PID regulator (AER), which controls the value of the excita-
tion current. This representation of the plant control struc-
ture greatly simplifies the process of parametric synthesis
of the regulator, since it is assumed that these control
loops, due to the difference in their time constants, are au-
tonomous. The software-algorithmic connection of these
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circuits is built in accordance with the tasks of increas-
ing the system’s stability margin and obtaining additional
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effects regarding the quality indicators of the transient
processes of the EGU installation.
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Figure 9. The general control diagram of the EGU
Note: f — generator voltage frequency setpoint; Rnav and Ln — active resistance and load inductance; Ugn - generator
voltage setpoint; RReg — rotational frequency relay regulator; SG - synchronous generator; Turbin — turbine

Source: created by the authors

Traditionally, during the construction of regulators of
power plants, the main attention is paid to the AER, since
it is believed that this circuit directly affects the voltage
of the generator. At the same time, considering the limit-
ed energy resource of the influence on the excitation field,
forcing chains are introduced into the composition of AER
or vice versa, when overcoming oscillations and swinging
effects — compounding (Rajamand, 2020). To overcome the
electromagnetic inertia of the excitation circuit, a control
effect is formed, which responds not only to the absolute
deviation of the output voltage, but also to the rate of its
change. In “strong action” regulators, derivatives of other
quantities are used, which determine the modes of opera-
tion of the SG, but this is impractical for power plants of
small power generation. On the other hand, increasing the
complexity of the AER complicates the process of adjusting
the regulator parameters from the point of view of ensur-
ing stability. This follows from the dynamics of the interac-
tion of electromagnetic and mechanical processes of EGU.

It can be seen from the equation of the SG model (13)
that the change in the frequency of rotation of the EGU,
which occurs when the load changes, determines the cur-
rent reactive resistances of the SG, which also depend on
the voltage of the generation U,. Therefore, the task of
stabilizing the rotational frequency of the EGU, which is
solved by ARSR, becomes decisive when building the EGU
control algorithm, since the stability of the generation fre-
quency also determines the overall quality of object control.

Solving the problems of the parametric synthesis of
the regulator is usually based on the results of the esti-
mation of plant parameters. Then the parametric iden-
tification of the model involves the determination of its
parameters [[= (7, 71,, ... m,) in the process of operation of
the plant or special experiments with it (Levinskyi & Lev-
inskyi, 2023). It was previously substantiated that due to
the non-linearity of the investigated plant, the processing
of experimental data obtained directly at the operating

object is considered to be the perfect means of parametric
identification of the model.

As it follows from the analysis of the tasks of the reg-
ulator and its structure, stabilization of the frequency of
rotation of the SG shaft is a mandatory condition for the
stable operation of the EGU. Previous studies of the auton-
omous vortex turbine rotational frequency control circuit
(VTC) have shown the effectiveness of using a 3-position
relay generator (Fig. 9). Having sufficient speed to con-
trol the stepper motor of the gas flow valve, this regula-
tor provides the necessary quality of regulation of VTC
(Kulinchenko et al., 2023b). However, the prospect of using
such a regulator in the EGU is determined by the results of
the VT/SG unit. The developed model (Fig. 9), which con-
siders the experimentally obtained parameters of the SG
and the known parameters of the VT, allows to simulate
the transient characteristics of the EGU parameters in the
MATLAB/Simulink environment. Visualization of these
characteristics is shown in Figure 10.
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Figure 10. Transient characteristics of EGU parameters
Note: Y - relative units; 1 - transient voltage characteristic;
2 - transient characteristic of rotational frequency; T, -
excitation winding voltage control time; Tw - rotational

frequency control time
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From Figure 10, it is possible to estimate the time of
transient processes of EGU circuits. The obtained oscil-
lograms confirm the difference in the control time of the
EGU control circuits, which is the basis for building the
structure of the regulator according to the autonomous
structure. The tasks of the parametric synthesis of the
EGU regulator stem from the criteria of minimizing the
control time and the overregulation value. At the same
time, considering the difference in the dynamics of the
control channels, there is a need for interaction settings
between the circuits, since the control actions of one

parameter are disturbances for another. Then, the task of
developing control system settings algorithms is added to
the tasks of parametric synthesis.

The results of stabilization when turning on the ad-
justed regulators, obtained on the model of Figure 9, are
shown in Figure 11. The demonstrated possibility of set-
ting the parameters of the EGU regulator, which is car-
ried out using the MATLAB tool - SISOTOOL, allows us to
perform step-by-step sequential coordination of the EGU
circuits and proceed to the practical implementation of
the regulator.
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Figure T11. Oscillograms of the EGU output parameterU
Note: a) - oscillograms of generation parameters, regulators are turned off; b) - oscillograms of generation parameters,
regulators are turned on; w(t) - rotational frequency; U(t) — generation voltage; R(t) — load resistance

Source: created by the authors

The effectiveness of the developed regulator can be il-
lustrated by the oscillograms shown in Figure 12. It allows

us to stabilize the rotational frequency and voltage of the
generator within 5%.
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Figure 12. Oscillograms of the EGU experimental installation output parameters
Note: a) - oscillograms of generation parameters, regulators are turned off; b) — oscillograms of generation parameters,
regulators are turned on; n - rotational frequency; U - generation voltage; load - load status

Source: created by the authors

Considering the place of EGU in alternative energy, it
is advisable to consider the specifics of power plant man-
agement, which differ in the source of mechanical ener-
gy. Regarding steam turbines, it can be noted that with
the development of software and technical control tools,
the corresponding classical methods of building control

devices are improved to the introduction of digital control
platforms. This is due to an effort to make more efficient
use of resources spent on operation and maintenance of
existing equipment by improving system performance. Fac-
tors stimulating the introduction of modern control tech-
nologies are the insufficient speed of steam turbine (ST)
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valve servomotors and the drift of parameters over time.
Exploring control systems and ways to improve steam pow-
er plant controllers, M. Dulaua & D. Bica (2014), V.N. Sev-
erin et al. (2016) paid the main attention to the stabiliza-
tion of the rotation speed of the ST, taking into account
a certain inertia and insufficient speed of the controlled
equipment due to the large power of the ST. In the sec-
tor of hydro-turbine equipment, there is also a prevailing
trend towards the introduction of systems for controlling
the frequency of rotation of the hydro-turbine rotor. At the
same time, the development of control systems is reduced
to a plant linearized description. As O. Hasiuk (2023) noted,
“improving the dynamic characteristics of speed regulators
of hydroturbines requires the development of nonlinear
mathematical models followed by the analysis of transient
processes in the hydraulic drive of the speed regulator”.
With a similar purpose, in this study, linearized VT models
were used, and SG nonlinearities were taken into account
in the development of EGU regulators.

Investigating the construction of control systems of
alternative or distributed energy, S. Boiko et al. (2021), fo-
cused on finding their additional functionality. According-
ly, when developing the structure of power plants, they set
the goal of providing consumers with a stable voltage of a
constant frequency regardless of changes in system param-
eters. In this case, the system moves from direct control
of the object to a higher level of control - solving optimi-
zation problems. In this paper, a similar problem of elec-
tricity generation according to the given parameters is also
solved in relation to the EGU.

Research by S.M. Vaneev et al. (2019) are devoted to
increasing the energy efficiency of utilizing turbine gen-
erators by optimizing their parameters and characteristics.
The perspective of the development of small power utili-
zation turbogenerators is determined by the availability of
hardware and software tools that ensure the implementa-
tion of turbogenerators in the gas transportation system
of Ukraine. The results of this study allow us to move on
to the construction of the EGU with the corresponding au-
tomated control systems. The successful implementation
of alternative energy sources solves the problem of decen-
tralization of energy supply by regulating energy system
consumption peaks.

According to S. Denysiuk & I. Boiko (2021), optimi-
zation of operating modes of Microgrid with diesel gen-
erators can be considered as a decentralization option.
Considering the criterion of optimization - the reduction
of fuel consumption of diesel generators, the task of di-
rect influence on the amount of generated electricity by
technical means of automation has not been solved at the
present time. Analysing the development trends of power
plant control systems, it can be stated that load frequen-
cy control (LFC) has moved from traditional optimization
methods to hybrid metaheuristic optimization. This is due
to the fact that the introduction of hybrid power systems
with solar, wind and diesel power plants leads to a decrease
in the overall inertia of the power system. Thermal power
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plants operating on coal, and which are basic in the energy
system, compared to renewable energy sources, have great-
er inertia. When energy flows during times of load in the
power system, frequency fluctuations are observed, which
are associated with different inertia of the system blocks.
Research by I.A. Khan et al. (2023) show that compensa-
tion of fluctuations at the current stage of development of
power system control systems is carried out with the help
of virtual inertial devices, which are implemented on the
basis of hybrid and cascade controllers. At the same time,
such a phenomenon is not observed during the operation
of autonomous power plants. Therefore, an alternative to
complex virtual inertial devices is the approach, according
to which the control of the installation is based on the co-
ordination of the plant coordinate settings, which is con-
sidered in the work of A.A. Gursky et al. (2020). In the EGU
aspect, these coordinates are the output voltage and the
generation frequency. The approach proposed in this paper
to solving the tasks of the coordinated functioning of the
AER and the ARSR allows to improve the damping charac-
teristics of the system.

Therefore, the development of the EGU model made
it possible to determine the rotation parameters of the VT
and the generator, which affect the quality of electricity
generation. To ensure reliable and effective regulation of
the frequency and voltage of the generator, a structural di-
agram of the EGU model has been developed, which takes
into account the interaction of the turbine torque moment,
the generator reaction torque moment, and the electrical
load. The nonlinear SG model is developed using a family
of transfer functions and numerical modelling methods in
the MATLAB Simulink environment, which allows consid-
ering the specifics of the turbine unit operation and im-
proves the accuracy and stability of regulation.

CONCLUSIONS

A model of the synchronous generator used in the exper-
imental installation of the physical model of the expand-
er-generator unit was developed. The use of the Lookup
Table option of the MATLAB environment in the model
made it possible to consider the nonlinear characteristics
of the control object obtained from datasheet data and
experimentally. Using the synchronous generator model
and the previously developed turbine model, a EGU model
was developed, which is part of the autonomous electric-
ity consumption network. Its use allows us to study con-
trol processes and assess possible errors associated with
simplifying the description of the control object in the
process of building regulators. The evaluation of the dy-
namic characteristics of the control channels of the stud-
ied two-dimensional control object made it possible to
virtually untie the channel regulators and consider them
autonomous. This made it possible to coordinate the set-
tings of the automatic regulators of excitation and rotor
speed of the EGU generator, to investigate the operation
of the regulators on the EGU model and to proceed to
their practical implementation.
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The test of the previously developed microprocessor
rotational speed regulator of the vortex turbine and the
excitation regulator of the synchronous generator, which
are implemented on the basis of the Siemens Simatic PLC
§7-300 CPU 314C-2DP, confirmed the feasibility of the ap-
proach to the settings of the EGU regulators proposed in
the work. Developed EGU regulators provide stabilization
of the output parameters of the unit under conditions of
electrical load disturbances. The design features of the ex-
perimental setup, due to the slight inertia of the processes
accompanying the generation process, did not provoke the
occurrence of frequency fluctuations of the generated volt-
age. At the same time, changes in the frequency of rotation
of the EGU shaft, which accompany changes in the electri-
cal load, have a fading character.

The perspective of further studies of EGU regulators
is presented as the implementation of proven methods

of their development in the design of the gas distribution
network system. Another direction of using this research is
the approbation of various control laws when simulating
disturbances at power plants of alternative (renewable) en-
ergy. The closest prospect of research is seen in the devel-
opment of EGU regulators using jet turbines and turbines
with a higher generation capacity.
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HaJalITyBaHb aBTOMAaTUUHUX PETyISITOPIB 30yIsKeHHS i MBUIKOCTI 06epTaHHS pOTOpa reHepaTopa 3 BUXPOBOi
YCTaHOBKM JleTaH/ep-reHepaTOPHOro arperary, 1110 BXOAUTD 40 CKJIaly aBTOHOMHOI MepeXi eJ1eKTPOCIIoXMBaHHS. 115
JIOCSATHEHHS [T0CTaBIeHOI MeTV BUKOPUCTOBYBAINCS METOLM MaTeMaTUUYHOTO MOAentoBaHHs y cepenoBuini MATLAB,
GbisnyHOTO MOZENIOBaHHS, 06POOKM eKCITepMMEeHTANbHIUX JaHMX, TeOpii aBTOMaTUUYHOTO KepyBaHHs, TeOPii MarHiTHOTO
T0JIs1, Teopii eleKTpUUHMX MaLIMH, TPOrPaMyBaHHS MiKpPOIIPOLIeCOPHUX MPUCTPOIB. 3BaXKal0UM HA HEOOXiIHICTh
po3imupeHHs 6a3y aabTepHATUBHUX eHepro/kepest, PO3IIsfanacs 3afaua KepyBaHHS eHepreTMYHOI0 YCTaHOBKOIO
yTuiisauii HaIMIKOBOTO TUCKY ra30TPaHCIIOPTHUX MepexX. JIoCIiI)KeHHs peryasaTopa leTaHiep-reHepaTopHOoTo
arperaTy I'pyHTYBaJIOCsI Ha MOJ€JIi, 0 Bigo6paskae B3a€MO/IiI0 MPOIIeCiB MeXaHiuyHOi Ta eleKTpuuHoi pupoau. Onucy
LIMX MPOIeciB BiATIOBigasa CyKymHicTh HeNiHiiTHUX qudepeHIiiiHNX piBHsAHb. TouHe BpaxyBaHHS HesliHiftHOCTeI
06’eKTa KepyBaHHS, 1[0 PO3IVISIIABCS, YCKIALHIOE peasisallilo BiloBiLIHOT MiKpOIIPOILIeCOPHOI CCTeM KepyBaHHSI.
MogenoBaHHS CIIPSIMOBaHe Ha JOCSITHEHHSI KOMIIPOMiCy MisK HeO0O6XiJHOI0 TOUHICTIO peryaoBaHHsS 06’ €KTOM Ta
MOXK/IMBOCTSIMU CIIPOLIEHHS CTPYKTYPHU KePYBaHHS 06’€KTOM. BUKOPUCTAHHS eKCIIepMMeHTaJIbHUX i MacMOPTHUX
IaHMUX MPUCTPOIB LO3BOIMIO OLiHUTK JMHAMIKY 06epTaHHSs Typ6iHM Ta reHepanii Hanpyru, GopMylounu YMHHUKU
PO3B’SI3KM KOHTYPiB KepyBaHHs. 3acTocyBaHHsSI MATLAB 3 onuieto Lookup Table go3Bonuio 3ailicHUTI 6araTOTOYKOBY
JliHeapu3allilo HeJIiHiIfIHOro ONuCy NMpoLecy, IPUCKOPUBIIM MO e/I0BaHHS 1 HajlallTyBaHHS perynstopa. lle BaxkiuBo
IJIS1 KOOpAMHAIlil HaJIAIITYBaHb KOHTYPiB KepyBaHHS 4aCTOTOI0 06epTaHHS Ta BUXiJHOIO HAMIPYTOI0, 3BAYKAI0OUM Ha
MPOTUPIYUS MiXK MIBUAKOAI€I0 PETYISITOPA Ta MiHIMi3alli€l0 KONMBaHb 4YaCTOTY reHepallii. 3a OTpUMaHUMMU pe3yabTaTaMu
PO3pO6IEHO PErYIATOp AeTaHAep-TeHEPATOPHOTO arperary, sikuii 3abesneuye crabinisallilo BUXiTIHUX MTapaMeTpiB
arperaTty B yMOBax Jii 30ypeHb eJIeKTPMIHOr0 HaBaHTAKeHHSI. Ha mpakTuili oTpMmaHi JaHi MOXKHA BUKOPUCTATHU B
iHTerpaiii BiZHOBIIOBAHMX JIsKepes eHeprii 0 3araJibHOi eHeprocucTeMy yepe3 ONTHUMi3allilo poboTH reHepaTopiB

Knio4oBi cnosa: BuxpoBa Typ6iHa; yacToTa 06epTaHHs; KOOPAMHAILS HaallTyBaHb; HeTiHi/iHa MOIEe/b; CUHXPOHHUI
reHepaTop; PeryisiTop 36y KeHHS
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Development of modern irrigation systems for improving efficiency,
reducing water consumption and increasing yields

Abstract. The study was conducted to examine modern irrigation systems aimed at improving water efficiency, reducing
water consumption and increasing crop yields. The study analysed the environmental and socio-economic aspects of
modern irrigation systems, including their impact on the environment and social sustainability of agriculture. The study
determined that the use of modern irrigation systems, such as drip irrigation and IoT-based automatic control systems,
can significantly improve the efficiency of water use in agriculture. Data analysis demonstrated that such systems can
reduce water consumption by up to 50% while increasing yields by up to 30%. The use of agricultural drones to monitor
field conditions and precisely regulate irrigation helps to improve plant health and reduce labour costs. The study also
determined that water recycling and reuse systems can significantly reduce the use of freshwater, which is especially
important in regions with limited water resources. In general, modern irrigation technologies demonstrate high efficiency
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and economic feasibility, contributing to the sustainable development of agriculture. The study proved that the use of
computer modelling and forecasting of plant water requirements provides optimal conditions for their growth, which
further contributes to an increase in yields. The results of the study can be used in practice to develop and implement
more efficient and environmentally friendly technologies in irrigation and drainage systems, which helps to reduce the
negative impact on the environment through more efficient use of water resources and reduction of water runoff

Keywords: agricultural drones; computer modelling; plant needs forecasting; optimal conditions for growth; water use

INTRODUCTION

The development of modern irrigation systems represents
a drive to improve the way water is used in agriculture. Key
areas of development include the introduction of advanced
technologies such as drip irrigation and automated con-
trol systems based on the Internet of Things (IoT). These
technologies not only help to optimise water consumption
but also improve the accuracy and regularity of irrigation,
which in turn leads to a significant increase in yields. An-
other important aspect is the use of agricultural drones to
monitor the condition of fields and precisely regulate irri-
gation, which reduces labour costs and increases the over-
all efficiency of the process. Additionally, the introduction
of water recycling and reuse systems minimises the use of
fresh water, which is especially important in conditions of
limited water resources. Thus, modern irrigation technol-
ogies are aimed at creating sustainable and cost-effective
solutions for agriculture.

This study is critically important in the context of the
current challenges associated with climate change and sus-
tainable agricultural development. Efficient use of water
resources is becoming increasingly important as the popu-
lation grows and freshwater availability deteriorates. Mod-
ern irrigation and watering systems, represented by drip
irrigation, automated technologies and data-driven man-
agement systems, promise to significantly improve water
savings and increase the production results of agricultural
enterprises. The research is also needed to confirm the ef-
fectiveness and economic feasibility of these technologies,
which will contribute to their widespread adoption and
sustainable development of agriculture in the future.

The problem existing in the area under study is the
need to increase the efficiency of water use in agricul-
ture. Drip irrigation, studied by R. Sidhu et al. (2021), has
proven to be effective in agriculture due to the precise
distribution of moisture to plant roots, which contributes
to improved yields and economic efficiency. M. Hamdi et
al. (2021) confirmed the economic feasibility of IoT-based
automatic irrigation systems, pointing to their ability to
reduce operating costs and efficiently use water resources.
J. Gomez & A. Tascén (2021) demonstrated that the use of
agricultural drones to monitor fields increases the efficien-
cy of irrigation and fertiliser management, contributing to
improved plant health and yields. F. Parada et al. (2021)
demonstrated that water recycling systems in agriculture
significantly reduce freshwater consumption and improve
the sustainability of water use in resource-limited envi-
ronments. G. Malhi et al. (2021) highlighted the need to

adapt irrigation systems to a changing climate to maintain
sustainable agricultural production. S. Naghdi et al. (2021)
revealed the significant potential of computer modelling
for optimising water resources in agriculture. W. Loiskandl
& R. Nolz (2021) emphasised the importance of taking en-
vironmental factors into account when developing new
technologies in the agricultural sector in a study on the
environmental aspects of irrigation systems. G.N. Cur-
ry et al. (2021) discussed the socio-economic impacts of
new technologies in agriculture, emphasising the need to
consider social aspects when developing water use poli-
cies. W. Zhang et al. (2024) identified challenges and pro-
posed solutions for sustainable water use in regions with
limited water resources. Lastly, N. Dwijendra et al. (2022)
highlighted the importance of innovation for sustainable
agricultural development in a changing climate. However,
there are still gaps in optimising water recycling systems,
predicting plant needs using computer modelling, study-
ing the socio-economic impact of new technologies, and
understanding the environmental aspects of modern irri-
gation systems. These gaps need to be further explored to
develop more comprehensive and sustainable solutions for
agricultural water management.

The study aims to investigate modern irrigation and
watering systems aimed at improving water efficiency, re-
ducing water consumption and increasing crop yields. Re-
search goals include:

1. Assessment of the environmental aspects of modern
irrigation and watering systems to minimise the negative
impact on the environment when using water resources in
agriculture.

2. Analysis of the technical characteristics of agricul-
tural drones.

3. Investigation of the potential of water recycling sys-
tems to reduce freshwater consumption in conditions of
limited water resources.

MATERIALS AND METHODS

A detailed analysis of various technologies in irrigation and
watering systems was carried out, including drip irriga-
tion, automatic irrigation systems and spot irrigation. The
study included an assessment of the effectiveness of each
of these technologies in different climatic and soil condi-
tions, as well as their ability to accurately distribute water
directly to plant roots. The advantages, such as minimising
water losses and improving yields through optimal use of
resources, as well as the disadvantages associated with the
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technical and operational aspects of implementing these
systems, are analysed.

The socio-economic aspects of introducing modern
irrigation technologies were also analysed. The economic
feasibility of using such systems and their impact on reduc-
ing operating costs in agriculture and improving resource
management are assessed. The environmental, social and
economic aspects of modern irrigation systems were as-
sessed. The environmental impact of such technologies on
the environment was analysed, including the potential im-
pact on land resources, aquatic ecosystems and biodiversi-
ty. The researchers studied the socio-economic aspects of
introducing new technologies in agriculture. The paper an-
alysed the impact of these technologies on employment in
the agricultural sector, changes in farm incomes and public
support for such innovations. The study examined in detail
the possibilities of using the DJI Agras T30 agro-industrial
drone (China) to monitor the condition of fields and opti-
mise irrigation. Its technical characteristics and ability to
collect data on soil moisture, plant health and the general
condition of the fields were analysed. The use of this drone
allows agricultural enterprises to conduct more frequent
and detailed monitoring, which contributes to accurate and
efficient management of irrigation and fertilisation.

The use of computer models to predict plant water re-
quirements and optimise irrigation regimes was evaluat-
ed. Mathematical models were developed based on data on
climatic conditions, soil types and the needs of different
crops. The study of water recycling systems in agriculture
included an in-depth analysis of their efficiency and poten-
tial to improve the sustainability of the agricultural sector.
Technologies were analysed, including the use of treated
wastewater and other secondary water sources for crop ir-
rigation. Assessment of the impact of recycling systems on
the sustainability of the agricultural sector was prioritised.
These technologies help improve the resilience of agricul-
ture to climate change and environmental challenges. A
significant reduction in the use of fresh water is not only
economically beneficial but also contributes to the pres-
ervation of water resources for future generations, which
is an important aspect of sustainable agricultural develop-
ment strategies. The following formulas were used in the
study. The formula for calculating the volume of water for
drip irrigation (1):

_ AXET:XK¢

Wy =% 1)

where:W, ~volumeofwaterfordripirrigation(I/day);A-field
area(m?),ET, -evaporation and transpiration demand (mm/
day); K_ - crop coefficient (dimensionless); E_ - system effi-
ciency (dimensionless, usually 0.9-0.95 for drip irrigation).

The formula for calculating the volume of water for au-
tomatic irrigation (2):

Wo =Wy x (1-3) )

where: W, - the volume of water for automatic irriga-
tion (I); W_ - the maximum irrigation volume (I); R is the
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volume of precipitation (mm); P is the threshold soil mois-
ture level (mm).
The formula for calculating water savings (3):

S=W,-W, 3)

where: S, - water savings (1); W - traditional watering vol-
ume (I); W- watering volume using IoT (1). The formula for
calculating the efficiency of spot irrigation (4):

)

Bp = 3 )
where: E, - the efficiency of spot irrigation (dimension-
less); W, — the volume of water for spot irrigation (I); W, -
the traditional volume of irrigation (1).

The formula for calculating freshwater savings (5):

S, =W, -W, ©)

where: S - water savings (I); W, - traditional watering vol-
ume (I); W - recycled water volume (l).
The formula for calculating the drone efficiency (6):

- Wa
Ba =35 (6)
where: E, — drone utilisation efficiency (non-dimension-
al); W, — volume of water when using drones (litres); W_—
maximum watering volume (litres).
The formula for calculating optimal fuel volumes (7):

W, = AXET, x K, (Ei) (7
where: W_-optimal irrigation volume (1); A - field area (m?);
ET, - evaporation and transpiration demand (mm/day);
K - culture coefficient (dimensionless); E. — model effi-
ciency (dimensionless).

These formulas demonstrated how different irrigation
systems can optimise water use and increase yields, which
is especially important in the context of global climate
change and water scarcity.

RESULTS

Modern irrigation systems are being actively developed
to improve efficiency, reduce water consumption and in-
crease yields. Drip irrigation is one of the most efficient
and modern irrigation systems that significantly increas-
es agricultural productivity while minimising the use of
water resources. This technology is based on the principle
of delivering water directly to the roots of plants through
a network of tubes, drippers and emitters. This not only
improves the quality of irrigation but also reduces water
losses, which is especially relevant in the context of global
climate change and water scarcity.

Unlike traditional irrigation methods such as sprin-
kling or surface watering, drip irrigation provides precise
water dosing, delivering it directly to the plant root zone.
This significantly reduces water losses due to evaporation
and surface runoff, which is especially important in arid
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regions where water resources are limited. This ensures
that the plants receive the necessary amount of moisture,
which contributes to their better growth and higher yields.
In addition, drip irrigation helps improve soil quality. As
the water is delivered directly to the roots, the risk of sur-
face crusting and soil erosion is reduced. This, in turn, pro-
motes better oxygen penetration to the roots of plants and
improves their overall health. It is also worth noting that
drip irrigation allows for more efficient use of fertilisers
and pesticides that can be added to the irrigation system,
which reduces the cost of their use and reduces the nega-
tive impact on the environment.

For drip irrigation, the initial costs include the cost of
equipment (tubes, drippers, filters, pumps) and installation
work, which can range from $1,500 to $3,500 per hectare.
The operating costs for this system include maintenance,
replacement parts, energy for the pumps and regular clean-
ing of the system, which amount to about $100-$300 per
hectare per year. Drip irrigation is an effective and sustain-
able solution for modern agriculture (Bansal et al., 2021).
It can significantly increase the yield and quality of agri-
cultural products with minimal water consumption. In
the context of global climate change and increasing water
scarcity, drip irrigation is becoming an important tool for
ensuring food security and sustainable development of the
agricultural sector. Drip irrigation provides precise water
dosing, minimising losses due to evaporation and surface
runoff. For instance, for a 1 ha (10,000 m?) field with a crop
coefficient of 0.7, requiring evaporation and transpiration
of 6 mm/day, and given a system efficiency of 0.9, the daily
water consumption for drip irrigation can be calculated us-
ing the formula (1):

_10000x6X0.7

Wy = =222 = 46.667.

Automatic irrigation systems are advanced technolo-
gies that have significantly changed the approach to water
management in agriculture (Lopez-Jimenez et al., 2022).
Equipped with soil moisture sensors, rain sensors and da-
ta-drivencontrolsystems,thesesystemsnotonlyoptimisethe
irrigation schedule but also significantly improve water use
efficiency by avoiding over-watering or over-drying the soil.

Automatic irrigation, or sprinkler systems, have initial
costs for sprinklers, pipework, pumps and control systems
that can range from $2,000 to $5,000 per hectare. Oper-
ational costs include energy, equipment maintenance and
regular inspections, at around $150-$400 per hectare per
year. Moisture sensors placed in different parts of the field
continuously collect data on soil conditions and transmit it
to the control system. This allows the system to automat-
ically adjust the watering schedule, providing plants with
the right amount of moisture at the right time. This pre-
vents situations where the soil remains too dry or too wet,
which has a positive effect on plant health and yields. An
additional advantage is the use of rain sensors that prevent
watering during or immediately after rain. This not only
prevents water overuse but also reduces the risk of water-
logging, which can lead to plant diseases and poor growth.

Thanks to these sensors, automatic irrigation systems can
significantly reduce water consumption, which is especial-
ly important in regions with limited water resources.

Modern data-driven management systems integrate
information from a variety of sources, including meteor-
ological data and weather forecasts. This improves water-
ing plan accuracy, thus covering future weather conditions
and plant needs. As a result, automatic irrigation systems
become not just a tool for water supply, but a full-fledged
part of the agricultural process management system, which
significantly increases their efficiency. Modern automatic
irrigation systems represent an important step forward
in the field of water management in agriculture. They can
significantly increase water use efficiency, improve plant
health and increase yields, making them an integral part
of sustainable and efficient agricultural production. In
the context of global climate change and increasing water
scarcity, such systems are becoming a key tool for ensuring
food security and sustainable agricultural development.
Automatic irrigation systems can be optimised with hu-
midity and rain sensors. The optimal irrigation formula (2)
assumes that with a maximum irrigation volume of 50,000
litres, 5 mm of precipitation and a threshold moisture level
of 20 mm, the volume of water to be irrigated will be:

W, = 50000 x (1 - —) = 37.500.

In 2024, smart technologies and IoT have become an
integral part of modern agriculture, opening new oppor-
tunities for efficient water management (Salam, 2024).
The creation of integrated irrigation management systems
based on data on weather conditions, soil conditions and
plant needs can be used to automate the irrigation process,
making it more accurate and efficient. Employing sensors
installed in different parts of the field, IoT systems can
monitor soil moisture levels, temperature, rainfall and oth-
er important parameters in real-time. This data is trans-
ferred to a central server where it is processed and analysed
using specialised software. This can be used to create accu-
rate models of field conditions and predict plant water re-
quirements. Automation of the watering process based on
collected data significantly increases its efficiency. Smart
irrigation control systems can automatically adjust the wa-
ter supply depending on current conditions and weather
forecasts, which helps to avoid both overdrying and over-
wetting the soil. This not only improves plant health and
yields but also significantly reduces water consumption,
which is especially important in the face of global climate
change and water scarcity.

The use of smart technologies and IoT in irrigation
management systems can optimise the use of fertilisers
and pesticides (Kumar et al., 2022). In combination with
precision irrigation, this ensures a more even distribution
of nutrients and protective agents across the field, which
improves their effectiveness and reduces the negative im-
pact on the environment. Thus, the integration of smart
technologies and IoT into agricultural processes contrib-
utes to the sustainable development of agriculture. The
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economic benefits of implementing smart irrigation man-
agement systems are also significant. Despite the initial
costs of hardware and software, in the long term, such sys-
tems can significantly reduce water and labour costs. Auto-
mation of irrigation management processes frees farmers
from the need for constant monitoring and manual adjust-
ments, which increases overall productivity and reduces
labour costs. However, despite the many benefits, the in-
troduction of smart technologies and IoT in agriculture is
fraught with challenges. This requires a significant initial
investment and qualified personnel to install and maintain
the equipment. It is also necessary to consider data securi-
ty and protection to avoid potential cyber threats and un-
authorised access to information.

The use of smart technologies and IoT in irrigation
management systems represents an important step for-
ward in the field of efficient water use and sustainable ag-
riculture. These innovative solutions significantly increase
the accuracy and efficiency of irrigation, improve plant
health and yields, and reduce water and labour costs. In the
context of global climate change and increasing water scar-
city, smart irrigation management systems are becoming a
key tool for ensuring food security and sustainable devel-
opment of the agricultural sector. IoT can be used to con-
trol irrigation based on data about weather, soil conditions
and plant needs. Formula (3) for determining water savings
using IoT addresses the difference between the traditional
watering volume of 50,000 litres and the IoT watering vol-
ume of 35,000 litres:

S.= 50000 - 35000 = 15000.

The drip irrigation system is one of the most innova-
tive and efficient irrigation technologies developed to op-
timise water use in agriculture (Wang & Guo, 2024). The
main advantage of this system is the use of special devices
that direct water directly to the root zone of plants. This
minimises evaporation and surface run-off losses, provid-
ing plants with the right amount of moisture with maxi-
mum precision and efficiency. The main idea of the “spot
irrigation” system is to deliver water precisely where it is
most needed - to the roots of plants. Unlike traditional ir-
rigation methods, such as surface or sprinkler irrigation,
this system avoids excessive soil moisture and surface run-
off, which often leads to soil erosion and loss of nutrients.
Instead, the water is delivered through a network of tubes
and emitters directly to the root zone, which ensures even
moisture distribution and promotes healthy plant growth.

The effectiveness of the “spot irrigation” system has
been confirmed by practical application in various climat-
ic and soil conditions (Rocha et al., 2023). It significantly
reduces water consumption compared to traditional irriga-
tion methods. This is especially important in regions with
limited water resources or in drought conditions when wa-
ter conservation becomes critical. In addition, drip irriga-
tion helps to reduce plant disease, as it prevents water from
reaching the leaves and stems, which reduces the risk of
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fungal infections and other diseases. In addition, the drip
irrigation system improves product quality. Plants that re-
ceive the right amount of water in the root zone develop
more evenly and healthily, which has a positive effect on
the quality of fruits and vegetables. This is especially im-
portant for manufacturers focused on the fresh food mar-
ket, where product quality and appearance play a key role.
Spot irrigation requires initial costs for spot irrigation
and its installation, which range from $2,000 to $4,000 per
hectare. Operating costs, including maintenance and en-
ergy, are around $100-$250 per hectare per year. Due to its
economic and environmental efficiency, this system is be-
coming increasingly popular among farmers and agribusi-
nesses seeking sustainable and highly productive agricul-
ture. In the context of global climate change and growing
water scarcity, the “point irrigation” system plays a key role
in ensuring food security and sustainable development of
the agricultural sector. These systems direct water directly
to the roots of plants, minimising losses. Formula (4) for
determining the efficiency of spot irrigation addresses the
ratio of the volume of water used for spot irrigation (30,000
litres) to the traditional volume of irrigation (50,000 litres):

_ 30000 _

P 7 50000 0.6.

Water recycling and reuse systems are among the most
significant innovations in agricultural water use (Chen et
al., 2021). These systems use treated wastewater or water
from other secondary sources to irrigate crops. The main
goal of such systems is to significantly reduce freshwater
consumption, which is especially important in the context
of global climate change and limited water resources. The
use of recycled water in agriculture solves several key prob-
lems. Recycled water reduces freshwater usage, which is
often under threat of depletion. In the face of drought and
climate change, where freshwater resources are becoming
scarce, water recycling is becoming vital to maintaining
sustainable agricultural production. Using wastewater that
has been properly treated helps to reduce environmental
pollution and improve the quality of water resources in
general. One of the most important aspects of water re-
cycling systems is their environmental sustainability. The
treated wastewater used for irrigation can contain certain
nutrients, such as nitrogen and phosphorus, which can be
beneficial for plants. This helps to reduce the use of chemi-
cal fertilisers, which in turn reduces the negative impact on
soil and water bodies. Thus, water recycling systems con-
tribute not only to saving water resources but also to im-
proving the environmental situation in agricultural regions.

The practical application of such systems requires
careful planning and management. The quality of the
treated wastewater must meet certain standards to avoid
harming plants and soil (Litynska et al., 2023). This requires
the installation of modern treatment facilities and regular
monitoring of water quality. In addition, the specific needs
of different crops and local climatic conditions must be
addressed for optimal system performance. Examples of
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successful implementation of water recycling systems can
be found globally. In Israel, for example, more than half of
the water used in agriculture is recycled wastewater. This
has allowed the country to achieve significant success in
agriculture despite limited water resources. Israeli expe-
rience shows that proper management and investment in
recycling technologies can ensure sustainable and efficient
use of water resources (Onuh & Bassey, 2021).

Water recycling systems have initial costs for the in-
stallation of water recycling and treatment systems, which
can range from $3,000 to $6,000 per hectare, and oper-
ating costs for system maintenance and water treatment
are about $200-$500 per year per hectare. Water recycling
and reuse systems represent an important step forward in
sustainable water use in agriculture. These systems sig-
nificantly reduce freshwater consumption, improve the
environment and reduce water and fertiliser costs. In the
context of global climate change and population growth,
the need for such systems will only increase, making them
a key element of sustainable agricultural development and
food security. These systems use treated wastewater or wa-
ter from other sources for irrigation. Formula (5) for de-
termining freshwater savings addresses the difference be-
tween the traditional watering volume (50,000 litres) and
the recycled water volume (40,000 litres):

S,,=50000 - 40000 = 10000.

Agricultural drones are an advanced technology that
significantly transforms the way agriculture monitors and
manages irrigation (Thilagu & Jayasudha, 2022). These un-
manned aerial vehicles can quickly and accurately collect
data on the condition of fields, allowing farmers to make
informed and timely decisions to optimise irrigation and
increase yields. The DJI Agras T30 is an advanced agricul-
tural drone that stands out for its technical characteristics
(Fig. 1). Its design includes large rotors with a diameter of
2.5 metres and weighs about 18.1 kg unloaded, allowing
the drone to effectively carry up to 30 kg of liquid or fer-
tiliser. The maximum flight speed is up to 15 m/s, which
enables fast processing of large areas. The drone is capable
of processing up to 40 hectares on a single battery charge,
depending on the density of the crop and the type of liquid.

Figure 1. Diagram of the DJI Agras T30 drone
Source: Dji T30 Agras drone user manual (2022)

The T30 spray system is equipped with advanced tech-
nology that can adjust the volume and pressure of the spray,
which ensures high precision in the application of fertil-
isers and pesticides. The flight time is up to 20 minutes on
a single charge of the lithium-polymer battery, which can
vary depending on the load and operating conditions. The
drone is controlled by a specialised remote control and an
integrated GPS, which allows for route planning and re-
al-time flight monitoring. The DJI Agras T30 is equipped
with safety features such as obstacle detection sensors
and automatic landing in case of low battery or other mal-
functions. In addition, the drone is waterproof and can
be used in various weather conditions, including rain and
fog (Seidaliyeva et al., 2024). It can also be integrated with
various sensors to monitor crop and environmental condi-
tions, making it highly effective for agro-industrial moni-
toring and irrigation optimisation.

The main advantage of using drones in agriculture is
their ability to conduct high-precision aerial photography
and collect data on the condition of plants and soil over
large areas. Equipped with a variety of sensors and camer-
as, drones can detect irrigation problems such as lack or ex-
cess of moisture, plant diseases and other factors affecting
yields. This allows farmers to respond quickly to emerging
problems and adjust irrigation regimes, which significantly
increases the efficiency of water use. Drones also play a key
role in assessing the effectiveness of irrigation methods.
They can be used to regularly monitor field conditions and
compare the results of different irrigation systems, such as
drip irrigation, spot irrigation and automatic systems. This
helps farmers identify the most effective methods and opti-
mise their use to maximise yields and save resources. In ad-
dition, drones can collect data on soil moisture, plant health
and other parameters, which can be used to create accurate
field maps and develop individual irrigation strategies for
different areas. Drones help reduce labour costs and in-
crease productivity in agriculture. By automating the mon-
itoring and data collection processes, farmers can reduce
the amount of manual work and focus on making strategic
decisions. This helps to improve labour organisation and
increase the overall efficiency of agricultural enterprises.
For instance, drones can replace workers who inspect fields,
reducing the time and resources spent on these processes.

One of the most significant advantages of using drones
is their ability to monitor fields in real-time. This is es-
pecially important in the face of unpredictable weather
changes and other factors affecting the condition of fields
and plants. Operational data obtained with the help of
drones allows farmers to respond quickly to any changes
and take measures to prevent crop losses. For example,
drones can quickly detect drought or waterlogging in cer-
tain areas of fields, allowing farmers to adjust watering
promptly and avoid plant damage. Agricultural drones are
a powerful tool for monitoring and controlling irrigation,
helping to improve the efficiency and sustainability of
agriculture. Their ability to quickly and accurately collect
data on the condition of fields and plants allows farmers
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to make informed decisions and optimise water use. In the
context of global climate change and growing water scarci-
ty, agricultural drones play a key role in ensuring sustaina-
ble agricultural development and food security. The use of
drones requires significant upfront costs for the purchase
of drones and data analysis software, which can range from
$5,000 to $15,000 per drone. Operational costs include op-
erator training, drone maintenance and data processing,
which amount to around $1,000-$3,000 per year. Drones
can monitor the condition of fields and assess the effec-
tiveness of irrigation. Formula (6) for evaluating the effi-
ciency of drone use addresses the ratio of the water volume
when they are used (40,000 litres) to the maximum irriga-
tion volume (50,000 litres):

40000 _
d ™ 50000

Computer modelling and forecasting of plant water
requirements are innovative approaches that significant-
ly improve irrigation management in agriculture (Saggi &
Jain, 2022). These technologies allow farmers to address
many factors, such as soil type, climatic conditions and
plant growth stage, to create optimal irrigation regimes.
As a result, the use of such models contributes to efficient
water use, increased yields and minimised environmental
impact. The models can address soil characteristics such
as permeability and retention capacity, as well as climatic
data including temperature, humidity and precipitation.
This allows farmers to plan irrigation activities, avoiding
both water shortages and excesses that can negatively af-
fect plant health and productivity. Accurate forecasts can
also be used to adapt to weather changes and minimise the
risks associated with extreme climatic conditions, such as
droughts or heavy rain.

Computer modelling also contributes to the rational
use of water resources, which is especially relevant in times
of water scarcity. For instance, models can help determine
the optimal watering intervals and volumes for different
crops, which can reduce overall water consumption. This is
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especially important in arid regions where water resourc-
es are limited, as well as in the context of global climate
change, which puts additional pressure on water supplies.
Optimising irrigation using computer models helps to save
water and increase the resilience of agriculture to changing
conditions. Computer modelling also allows data from var-
ious sources to be integrated to create more accurate and
comprehensive forecasts. For example, data from agricul-
tural drones that collect information about the condition
of fields can be used to improve models and increase their
accuracy. This allows farmers to make more informed deci-
sions and adapt their irrigation strategies to current field
conditions. Modern models can also account for weather
forecast data, which provides even more accurate irrigation
planning and response to changing climatic conditions.

Computer modelling contributes to the sustaina-
ble development of agriculture by reducing the negative
impact on the environment. Optimised irrigation minimis-
es water run-off and the pollution of soil and water bodies
by chemicals such as fertilisers and pesticides. This helps
to improve the environmental situation and preserve bi-
odiversity in agricultural areas. For example, models can
help determine the optimal doses of fertilisers and pesti-
cides, which reduces their overuse and pollution.

Computer models predict the water requirements of
plants to optimise irrigation. Formula (7) for calculating
the optimal watering volume using computer modelling is
as follows: for a field of 1 ha (10,000 m?), with a crop co-
efficient of 0.8, evaporation and transpiration demand of
5 mm/day, and a model efficiency of 0.85:

W, = 10000 x 5 x 0.8 (=) = 47059.

Modern irrigation systems offer many benefits that
significantly improve agricultural efficiency and contribute
to sustainable development (Table 1). The main ones in-
clude water savings, increased yields, reduced labour costs
and environmental sustainability. Let us analyse these ad-
vantages in more detail.

Table 1. Comparative table of technical characteristics of irrigation systems

Irrigation system

Reduced water consumption

Increase in yields

Drip irrigation Up to 50% Up to 30%
Automatic irrigation systems Up to 40% Up to 20%
Use of smart technologies and IoT Up to 55% Up to 25%
Water recycling and reuse systems Up to 70% Up to 15%
Agricultural drones Up to 30% Up to 10%
Computer modelling and forecasting Up to 45% Up to 20%

Source: compiled by the authors based on based on H. Veisi et al. (2022)

One of the most significant advantages of modern ir-
rigation systems is water saving. Technologies such as drip
irrigation and sensor-based automatic irrigation systems
allow for precise distribution of water directly to the roots

of plants. This reduces water loss through evaporation and
surface runoff, which is especially relevant in regions with
limited water resources. For instance, drip irrigation deliv-
ers water directly to the root zone of plants, minimising
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losses and ensuring that every litre of water is used more
efficiently. Modern irrigation systems create optimum
moisture conditions for plants, which contributes to their
better growth and development. Precise dosing and even
distribution of water ensures that plants receive the right
amount of moisture at the right time in their life cycle. This
leads to higher yields and improved product quality. For in-
stance, the use of smart technologies and IoT makes it pos-
sible to create irrigation management systems that analyse
data on weather conditions and soil conditions, ensuring
timely and accurate irrigation.

Automation of watering processes significantly reduc-
es the need for manual labour. Automatic irrigation sys-
tems can independently regulate the water supply depend-
ing on soil moisture, weather conditions and plant needs.
This frees farmers from the need to constantly monitor
the irrigation process and allows them to focus on other
important aspects of farm management. For example, IoT-
based automatic irrigation systems not only optimise the
irrigation process but also allow agricultural enterprises to
more accurately control water costs and reduce operating
expenses. Modern irrigation systems contribute to the en-
vironmental sustainability of agriculture. Reduced water
consumption and the use of treated wastewater for irriga-
tion reduce the pressure on natural water resources. For
instance, water recycling and reuse systems allow waste-
water to be used for irrigation, which significantly reduc-
es freshwater consumption. This is especially relevant in
the context of global climate change when access to water
resources is becoming increasingly limited. In addition,
the rational use of water reduces the risk of soil and water
pollution from chemicals such as fertilisers and pesticides,
which helps to maintain the ecological balance.

In conclusion, modern irrigation systems are relevant
for increasing the efficiency and sustainability of agricul-
ture. Water savings, increased yields, reduced labour costs
and environmental sustainability make these technologies
indispensable in the face of global climate change and
growing demand for food. Integrating advanced technolo-
gies into agricultural practices is a key step towards creat-
ing a more sustainable and productive agricultural sector.

DISCUSSION

Modern irrigation and watering systems are crucial in ag-
riculture, providing optimal conditions for plant growth
and development. These systems are aimed at solving one
of the most pressing problems - the rational use of water
resources. In the face of climate change and increasing
water scarcity, the development and implementation of
innovative irrigation methods are becoming vital. Mod-
ern technologies not only reduce water consumption but
also significantly improve the efficiency of its use. This
was also investigated by M. Attri et al. (2022), where the
results confirmed that modern irrigation systems play a
key role in agriculture aimed at optimal use of water re-
sources. Traditional irrigation methods, such as surface
watering or hand-held irrigation, are often characterised

by low efficiency due to high water losses due to evapo-
ration and discharge into groundwater. In comparison,
modern irrigation technologies, such as drip irrigation
and precision irrigation systems, can significantly reduce
water consumption by distributing water resources more
precisely and on target. This increases agricultural pro-
ductivity while minimising water consumption and reduc-
ing the negative impact on the environment. S. Khriji et
al. (2021) also showed that one of the main challenges of
modern agriculture is water scarcity, exacerbated by cli-
mate change and increasing water stress. Innovative irri-
gation methods, such as aeroponics, hydroponics and pre-
cision irrigation systems, offer effective solutions for crop
production in areas with limited access to water resources.
Aeroponics and hydroponics are particularly important in
the context of urbanised areas, where they reduce water
consumption and optimise growing conditions. Precision
irrigation technologies, such as soil moisture sensors and
automated control systems, help to ensure that water is
used precisely according to plant needs, which not only
saves water but also increases yields and product quality
(Atanasov, 2024). It is worth noting that these innovations
not only improve the resilience of agriculture to changing
climate conditions but also contribute to water conserva-
tion, which is critical for sustainable rural development
and reducing water shortages.

One of the most promising technologies is drip irri-
gation, which delivers water directly to the roots of plants
through a network of tubes, drippers and emitters. This
precise water distribution minimises water losses due to
evaporation and surface runoff, which is especially impor-
tant in arid regions. Drip irrigation not only provides opti-
mal conditions for plant growth but also helps to improve
soil structure and prevent soil erosion (Shevchenko &
Nikonchuk, 2022). As a result, this technology helps to in-
crease yields and improve the quality of agricultural prod-
ucts. H. Wang et al. (2022) concluded that drip irrigation
is an advanced irrigation technology that provides precise
and targeted distribution of water directly to the roots of
plants. This system can significantly improve the efficiency
of water use in agriculture, as it minimises losses due to
evaporation and runoff into the soil. Drip irrigation is espe-
cially effective in areas with uneven terrain or limited water
supply, where it helps to save water and increase yields by
more precisely controlling soil moisture and delivering the
right amount of water and fertiliser directly to the plants.
A. Patel et al. (2023) determined that in arid regions, drip
irrigation plays a particularly important role in enabling
agricultural enterprises to cope with limited access to wa-
ter resources. Drip irrigation systems minimise water loss
by directly delivering moisture to the roots of plants, which
is especially important in conditions of high temperatures
and intense evaporation. This not only saves water but also
improves product quality thanks to a more consistent and
controlled application of fertiliser and water to the soil.
Thus, drip irrigation is an integral part of sustainable ag-
riculture strategies in a changing climate, contributing to
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increased profitability and reduced environmental foot-
print of agricultural activities. These results confirm the
above study, as they demonstrate a significant increase in
yields and a reduction in water consumption due to the use
of drip irrigation. Studies show that in regions with limited
water resources, the use of drip irrigation can reduce water
consumption for irrigation by up to 50% compared to tra-
ditional irrigation methods. This significantly reduces the
ecological footprint of agriculture, reduces water extrac-
tion costs and helps prevent soil degradation by minimis-
ing erosion and salt deposits.

Automatic irrigation systems equipped with soil mois-
ture sensors, rain sensors and data-driven control systems
represent another important step in the development of
modern irrigation methods. Such systems allow precise
control of soil moisture levels and automatic adjustment
of irrigation depending on current weather conditions and
soil conditions. This helps to avoid waterlogging or overd-
rying, which can have a negative impact on plant growth.
The introduction of automatic irrigation systems helps to
significantly reduce labour costs and increase the overall
efficiency of agricultural production. Notably, M. Praman-
ik et al. (2022) also determined that automatic irrigation
systems are advanced technologies that allow precise
control and maintenance of soil moisture depending on
the needs of plants. These systems are equipped with soil
moisture sensors and weather stations that automatically
adjust the water supply according to the current environ-
mental conditions and the growth stage of the plants. This
approach avoids both moisture shortages and excesses,
which contributes to the optimal development of the plant
root system and increases yields. In addition, automatic
irrigation systems significantly reduce the need for human
intervention, which saves time and resources for agricul-
tural enterprises. In turn, A. Jiménez et al. (2022) con-
cluded that smart irrigation systems are high-tech solu-
tions that include not only automated irrigation control
but also data analytics to optimise agricultural processes.
These systems use machine learning and artificial intelli-
gence algorithms to predict plant water and fertiliser re-
quirements based on historical data, weather conditions
and current soil parameters. This approach significantly
increases the efficiency of resource use, minimises losses
and reduces the environmental footprint of agricultural
operations. By integrating with modern management sys-
tems, smart irrigation systems not only improve product
quality but also reduce operating costs and labour, making
them an important element of sustainable and innova-
tive agriculture. These data are consistent with the find-
ings in the previous section, confirming that innovative
approaches to irrigation management, such as automatic
and intelligent irrigation systems, do indeed contribute
to a significant increase in agricultural production effi-
ciency. Automatic systems provide precise and timely soil
moisture, which contributes to optimal plant growth and
minimises inputs. Intelligent systems, in turn, not only
automate the irrigation process but also predict the needs
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of plants, optimising the use of water and other resources
based on sophisticated data and algorithms.

IoT and smart technologies are becoming increasingly
popular in irrigation management (Nesterov, 2023). They
are used to create integrated systems that analyse data
on weather conditions, soil conditions and plant needs.
These systems automate the watering process, making it
more accurate and efficient. The use of IoT not only reduc-
es water consumption but also improves field monitoring,
which helps to detect problems promptly and resolve them
quickly. As a result, such systems help to increase the re-
silience of agriculture to climate change. G. Gagliardi et
al. (2021) also conducted a study that confirmed that the
use of IoT in agriculture is a revolutionary approach to ir-
rigation management based on real-time data collection
and analysis. IoT systems include a network of sensors that
continuously monitor soil parameters, humidity, weather
conditions and other factors affecting plant growth. This
data is transferred to specialised analysis platforms, ena-
bling agricultural producers to make informed decisions
on the optimal use of water resources and irrigation man-
agement. This approach not only increases irrigation effi-
ciency by minimising water loss and improving yields but
also reduces production costs and the ecological footprint
of agriculture. Z. Ahmed et al. (2023) also determined that
IoT and smart irrigation systems play a key role in mak-
ing agriculture more resilient to climate change. With their
help, agricultural enterprises can adapt to changing weath-
er conditions, and predict and manage the risks associated
with droughts or excessive moisture. Dynamic control of ir-
rigation systems based on IoT data can be used to respond
quickly to changes and optimise water consumption in re-
al-time. In addition, such systems help to increase overall
productivity and improve the quality of agricultural prod-
ucts, ensuring stable and efficient plant growth even in ex-
treme climatic conditions. Based on the research findings,
the use of IoT and smart technologies in agriculture not
only improves traditional irrigation management methods
but is also a key element in achieving long-term sustaina-
bility and dramatically reducing the environmental impact
of agricultural activities.

The introduction of modern irrigation systems also
has important environmental and socio-economic aspects.
On the one hand, such technologies help to reduce the
negative impact on the environment by reducing fresh-
water consumption and using resources more efficiently
(Askar et al., 2023). On the other hand, they can significant-
ly change the economic situation in agricultural regions.
For instance, automation of irrigation processes can reduce
operating costs and increase revenues for agricultural en-
terprises, which in turn has a positive impact on employ-
ment and income for residents. M. Mallareddy et al. (2023)
concluded that modern irrigation systems, such as drip ir-
rigation, and automatic and intelligent systems, play a key
role in reducing water consumption in agriculture. Unlike
traditional irrigation methods, which often lead to signif-
icant water losses due to evaporation and runoff into the

Machinery & Energetics. Vol. 15, No. 3

N



Development of modern irrigation systems...

soil, new technologies allow for more efficient distribution
of water resources. Drip irrigation, for example, delivers
water directly to the roots of plants, minimising losses
and providing optimal conditions for their growth. This
not only helps to save water but also reduces the negative
impact on the environment by reducing soil degradation
and salinity risks. F. Raza et al. (2022) determined that the
introduction of innovative irrigation technologies has a
significant socio-economic impact on agricultural regions.
First, improved yields and quality of agricultural products
have a favourable impact on farmers’ incomes and region-
al economic development. Efficient use of water resources
reduces irrigation costs and increases the competitiveness
of agricultural products on the market. Study results anal-
ysis determined that innovative irrigation technologies not
only contribute to environmental sustainability but also
have a significant positive impact on the socio-economic
development of agricultural regions, contributing to their
sustainable and resilient development.

Despite the advantages, the introduction of modern
irrigation systems faces several challenges. This includes
the need for significant initial investment, technical diffi-
culties associated with the installation and maintenance of
equipment, and the need to train staff to work with new
technologies. However, the prospects offered by these in-
novations for agriculture far outweigh the potential chal-
lenges. In the long term, modern irrigation systems can
become a key element in the sustainable development of
the agricultural sector, ensuring stable and high-quality
food production even in the face of a changing climate and
limited water resources.

CONCLUSIONS

The development of modern irrigation systems is a sig-
nificant step in agriculture aimed at achieving several key
goals: improving the efficiency of water use, reducing water

and others, helps to optimise the use of water resources.

The analysis of the effectiveness of modern irrigation
systems in different climatic and soil conditions is a key
aspect of the study, showing that these systems can signif-
icantly reduce water losses due to their precise distribution
to plant roots. This not only improves the conditions for
plant growth and development but also makes efficient use
of water resources, especially in conditions where access to
water is limited and the climate is variable. Precise dosing
of water directed to the roots of plants minimises evapo-
ration and surface runoff, which increases irrigation effi-
ciency and crop yields. The water savings achieved through
such technologies play a key role in sustainable agricul-
ture, enabling it to adapt to changing climate conditions
and environmental challenges. Socio-economic analysis
shows that the introduction of modern irrigation systems
has a positive impact on agricultural regions. Automation
of irrigation processes reduces operating costs and increas-
es revenues for agricultural enterprises, which helps to im-
prove the economic sustainability of regions and increase
employment.

In general, the development and implementation of
innovative irrigation and watering methods are essential
for agriculture in the modern world. These technologies
not only increase the productivity of the agricultural sec-
tor but also contribute to the sustainable use of natural
resources, which is an important step towards ensuring
food security and sustainable development of agricultur-
al regions. The impact of modern irrigation and watering
systems on biodiversity and ecological sustainability of ag-
ricultural ecosystems needs to be further studied. One of
the limitations of this study is the limited availability of
data on the long-term environmental and socio-economic
impacts of modern irrigation systems.
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PO3BMUTOK Cy4aCHUX CUCTEM MOJIUBY Ta 3POLUEHHS
CcNpsiIMOBaHMM Ha NiaBULIEHHA e PeKTUBHOCTI,
3MEeHLUEeHHS CMOXMUBaHHS BOAM Ta 36iNbLUeHHSI BPOXXAaMHOCTI

AHoOTauiqa. [locaimskeHHs 6y/I0 MpoBeaeHe I/ BUBUEHHS Cy4aCHMX CHMCTEM ITOJAMBY Ta 3POIIEHHS, CIIPIMOBaHMUX
Ha MigBUILEeHHS e(peKTUBHOCTI BUKOPUCTAHHS BOAM, 3HMKEHHS i CITOXMBaHHS Ta 36i/bIIeHHS BPOKaHOCTI
CiJTbCHKOTOCTIONAPCHKMUX KYJAbTYP. Y paMKax JOCTiIKEHHST OyJIO TTpOaHali30BaHO €KOJIOTiUHi Ta COIliaJbHO-eKOHOMIUHi
acIeKTy 3aCTOCYBaHHS CyUYaCHUX CUCTeM IOJIMBY Ta 3POIleHHS, BKIIOYHO 3 iXHiM BIUIMBOM Ha HAaBKOJIMIITHE CepeloBuIIe
Ta COLiaJIbHY CTiiKiCTh Ci/TbCHKOTO TOCIIONAPCTBA. Y JOC/TiIKeHHI 6y/I0 BCTAHOBJIEHO, 1110 BUKOPUCTAHHS CyYaCHUX CUCTEM
MOJIMBY Ta 3pPOIlIeHHS, IK-OT KpaliejibHe 3pOIIeHHsI Ta aBTOMaTUYHI CMCTeMM yIipaB/iaiHHS HA ocHOBI IoT, mae amory
3HAYHO MMiABUIIUTYA e(DEeKTUBHICTh BUKOPUCTAHHS BOAY B CiJIbChKOMY IOCIOApPCTBi. AHaIi3 JaHuX IMoKasas, [0 TaKi
CUCTEMMU MOXYTb SHU3UTU CIIOKMBAHHS BOAY 10 50 %, Mpu 11bOMY 361/IbIIYIOUM BPOKaHiCTb 10 30 %. BUKOPUCTAHHS
arpoIrpoOMMCIOBYX IPOHIB JIJIT MOHITOPMHTY CTAHY IT0JIiB i TOYHOTO PETY/TIOBAHHSI TIOJIMBY CIIPUSIE TOJIITIIEHHIO 3I0POB’St
POC/IVMH i 3BHMKEHHIO BUTPAT Ha mpaifio. TakoxX 6y/I0 BUSBIEHO, 1[0 CUCTEMU PEIMUPKYIISIii Ta TOBTOPHOTO BUKOPUCTAHHS
BOJIY MOXYTb CYTTEBO 3MEHIIUTY BUKOPUCTAHHS MPiCHOI BOAM, 1110 0COOJMBO BaskJIMBO B perioHax 3 0OMeskeHUMM
BOOHMMM pecypcamiu. 3arajoM, CydacHi TeXHOJIOTii 3pOlLIeHHS JeEMOHCTPYIOTh BUCOKY e(eKTUBHICTh Ta eKOHOMIUHY
IOILTbHICTh, CIPUSIIOUN CTAJIOMY PO3BUTKY CiJTbCHKOTO rOCIIOfapCTBa. By/io JoBeieHo, 0 3aCTOCYBaHHS KOMIT FOTEPHOTO
MOJIe/TIOBaHHSI Ta IIPOrHO3YBaHHS ITOTPe6 pOoC/IMH Y BOZi 3a6e3euye ONTMMa/IbHi YMOBY IJIsI iXHBOTO POCTY, 1110 OAATKOBO
cripusie 36iTbIIIEHHIO BPOKAHOCTI. Pe3ybTaTy AOCTiIKEHHS MOKHA BUKOPMCTOBYBATM Ha MPAKTUILi IJIT PO3POOJIEHHS
Ta BIIPOBAPKEHHSI 61/IbII e(heKTUBHMX Ta €KOJIOTIUHO YMCTUX TEXHOJIOTIN Y CHMCTeMaXx 3pOILEeHHS Ta BOJIOBiIBEIEHHS, IO
CIIpUSIE 3HMKEHHIO HEraTMBHOTO BIUIMBY Ha HABKOJIMIITHE CEPEIOBUIIE 3a PAXYHOK Oi/IbII palioHaJIbHOTO BUKOPYCTAHHS
BOJHMX PeCypCiB Ta CKOPOUEHHSI BOOHMX CTOKIB

Knio4oBi crnoBa: arpornpoMICIoBi POHNM; KOMIT I0TEPHE MOJETIOBAHHS; TPOTHO3YBAHHS MOTPe6 POCIMH; ONITUMAa/IbHI
YMOBMU ISl POCTY; BOLOKOPUCTYBAHHS
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Research and improvement of the design
of a sedimentation tank for hydropower and irrigation

Abstract. The study is devoted to the analysis and optimisation of the design of the sedimentation tank to increase the
efficiency of settling solid particles in hydropower and irrigation systems. Both experimental and numerical methods were
used to analyse and optimise the design of sedimentation tanks to increase their efficiency in hydropower and irrigation
systems. The study examined and analysed various types of sedimentation tanks according to design schemes, flow regime,
deposition dynamics and sediment flushing methods, and also considered recommended improvements for hydropower and
irrigation of various types of sedimentation tanks. During the study, it was revealed that optimising the geometry of the
sedimentation tank significantly increases the efficiency of solid particle deposition. Experimental data have shown that
changing the angle of inclination of the walls and increasing the area of the bottom of the sedimentation tank contribute to
improving the deposition of silt and sand. It has also been found that the use of special turbulent inserts reduces the particle
deposition time and improves the quality of treated water. Hydraulic flow modelling has confirmed that a more uniform
velocity distribution in the sedimentation tank reduces turbulence and promotes more efficient particle deposition. The
introduction of automated systems for monitoring and controlling the cleaning process has made it possible to increase
the reliability and stability of the sedimentation tank. As a result, it was proved that the proposed design and technological
changes can significantly increase the efficiency and durability of sedimentation tanks in hydropower and irrigation. The
study provides practical recommendations for improving the design of sedimentation tanks, which helps to increase their
efficiency and reliability in hydropower and irrigation, thereby improving water management

Keywords: suspended particles; infrastructure elements; pumps and filters; sedimentation; hydraulic flows

INTRODUCTION

Effective water management is a critical aspect for hydro-
power and irrigation, as both the economic and environ-
mental sustainability of systems depend on it. Sedimen-
tation tanks play a key role in this process, which ensure
the removal of solid particles from the water, preventing
clogging of equipment and improving water quality for fu-
ture use. The analysis will identify the most effective ap-
proaches to the design and optimisation of sedimentation
tanks, which becomes the basis for the development of rec-
ommendations to improve their efficiency and increase du-
rability in hydropower and irrigation systems, contributing

to more efficient use of water resources and reducing the
ecological footprint of industrial processes.

This study was necessary due to the critical impor-
tance of improving the efficiency of sedimentation tanks
in hydropower and irrigation. Traditional structures often
face problems with insufficient deposition of solid parti-
cles, which leads to increased wear of equipment, reduced
water quality, and increased operating costs. Modern re-
quirements for sustainable management of water resourc-
es and improvement of environmental safety emphasise
the need to optimise the designs of sedimentation tanks.
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By analysing and improving design schemes, flow regimes,
deposition dynamics, and precipitation flushing methods,
the efficiency of these systems can be significantly im-
proved, which will better meet the growing needs for clean
water and reliable hydraulic structures.

The problem of insufficient efficiency of sedimenta-
tion tanks in hydropower and irrigation has long attracted
the attention of researchers. K. Hirom & T.T. Devi (2022)
investigated the influence of the sedimentation tank shape
on the efficiency of solid particle deposition, suggesting
optimal geometric parameters for various operating condi-
tions. G.J. Hoffmans (2022) focused on the analysis of hy-
draulic regimes and found that changing the flow rate can
significantly improve the deposition process. Important
observations on deposition dynamics and particle behav-
iour in sedimentation tanks were made by D.A. Yaseen et
al. (2024), who emphasised the role of turbulence in these
processes. H. Feng et al. (2023) proposed new methods for
washing sediments to reduce cleaning time and improve
the overall efficiency of the system. In turn, A.K. Dudh-
pachare et al. (2022) focused on automating the process
of managing sedimentation tanks, which significantly in-
creased the reliability of their operation.

The results of the study by R. Singh et al. (2021) have
shown that the use of composite materials can increase the
durability of structures and reduce operating costs. S. Ju-
raev et al. (2022) conducted an extensive study of the im-
pact of environmental factors on the operation of sedimen-
tation tanks, suggesting methods to minimise the negative
impact on the environment. K. Czernek et al. (2021) demon-
strated the importance of integrating sedimentation tanks
with other elements of drainage systems, ensuring a more
coordinated and efficient operation of the entire system.
Ultimately, the research conducted by M. Ajith et al. (2021)
confirmed that the introduction of innovative technologies
such as nanomaterials can significantly improve the water
purification process and increase the overall performance
of sedimentation tanks.

]J.C. Iyer & E.]. James (2022) focused on model studies
aimed at designing the inlet transition of sedimentation
tanks for hydropower projects in regions with high alluvi-
al runoff. Despite extensive research, there are still many
gaps that require additional investigation. It is necessary to
conduct a more detailed analysis of the influence of various
hydraulic modes on settling efficiency, to investigate the
long-term effects of using new materials, and to develop
more advanced automation and control methods to ensure
reliable and stable operation of sedimentation tanks in
various operating conditions.

The purpose of the study was to develop and improve
the design of a sedimentation tank to significantly improve
the efficiency of solid particle deposition in hydropower and
irrigation systems. The objectives of the study included:

1. Analysis of existing design schemes of sedimenta-
tion tanks to identify their main advantages and disadvan-
tages in the context of the efficiency of precipitation of
solid particles.

Abilov

2. Investigation of hydraulic flows in sedimentation
tanks to determine optimal conditions conducive to im-
proving the particle deposition process.

MATERIALS AND METHODS

A study on curved sedimentation tanks at hydroelectric
power plants was conducted in Azerbaijan, in 2023, at the
National Academy of Sciences of Azerbaijan. During the
analysis, a detailed optimisation of both the shape and size
of the sedimentation tank was carried out to maximise the
process of capturing suspended particles from the water. A
study considered various methods of solid particle deposi-
tion aimed at improving the efficiency of the process with
minimal loss of water and energy. Direct and reverse gradi-
ent sedimentation tanks, curved sedimentation tanks, and
the use of chemical reagents and innovative technologies
in the field of water purification were analysed. The main
emphasis was placed on the development of design solu-
tions that contribute to the optimal use of hydraulic flows
and the most efficient deposition of particles, which sig-
nificantly increases the performance of the sedimentation
tank in hydropower and irrigation systems.

In the course of the research, modern materials were
developed for the construction of sedimentation tanks. This
process involved careful research and testing of various
materials for strength, corrosion resistance, and durability.
The purpose was to determine the best material options,
considering the specific operating conditions of the sed-
imentation tanks, which ensures their efficient operation
in various climatic and operational conditions necessary
for hydropower and irrigation systems. During the study, a
hydraulic analysis was carried out aimed at optimising the
flow profile in the sedimentation tank. The main purpose
of this analysis was to minimise pressure losses and max-
imise the efficiency of the particle deposition process. The
analysis included an assessment of hydraulic losses, the
distribution of flow rates and the influence of geometric
parameters of the sedimentation tank on its performance
in conditions of hydropower and irrigation.

During the study, the technical parameters of the
sedimentation tank design were coordinated with other
key elements of the wastewater disposal and water treat-
ment system, such as pumps and filters. The purpose of
this process was to ensure trouble-free operation of the
sedimentation tank within the framework of an integrat-
ed water supply and treatment infrastructure, which con-
tributes to improving the overall efficiency of the system.
During the study, environmentally sustainable solutions
were developed and implemented aimed at reducing en-
ergy and water consumption, minimising emissions and
waste into the environment. This is achieved through the
use of advanced cleaning technologies and improvement
of internal processes in sedimentation tanks, which re-
duces the environmental footprint of hydropower and ir-
rigation systems.

During the analysis, advanced technologies such as au-
tomation of purification processes, the use of nanomaterials,
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and sensor systems were actively implemented. These
measures are aimed at significantly improving the efficien-
cy of sedimentation tanks and improving control over wa-
ter purification processes in the conditions of hydropower
and irrigation. To assess the effectiveness of new designs
of sedimentation tanks, comprehensive testing was car-
ried out both in laboratory conditions and in practice using
computer modelling. This approach helps to pre-evaluate
and verify the operability of the structure by simulating
various operating conditions and loads, which reduces
risks when introducing new technologies and ensures a
high degree of reliability and efficiency of sedimentation
tanks in hydropower and irrigation.

The tests were carried out using a large-scale model
of the washing gallery with a length of 3.8 m, an initial di-
ameter of 6 cm, and a final diameter of 18 cm. During the
experiments, a constant height of the longitudinal slit was
maintained to determine the flow coefficient of the slit p
at flow rates from 36 to 41 litres per second at the outlet.

Equations (1-7) were used in the study:

1
Uavg = Uk (%) /3; ey

where: u, . — average flow velocity at point x; u, - flow ve-
locity on the axis of symmetry; x — distance from the axis of
symmetry; L — characteristic size of the flow.

Q = pALy 2ghp.avg ’ (2)

where: Q — volumetric flow rate of liquid through the

pipe; u - dynamic viscosity of the liquid; A - height of
the slit; L - length of the slit; h , - average value of the
effective pressure.

Vi
2= (142950 )
where: X — sum of the resistance coefficients.
u=eo, “)

where: p —cavity flow coefficient; € — compression coeffi-
cient; ¢ — velocity coefficient.

L 5
it ®)

where: € - compression ratio; ¢ — velocity coefficient.

o=trp=1, ©)

2
hy, =252, )

where: h - average height of the piezometric pressure
in the section with coordinates w; X& — sum of the coef-
ficients characterising the velocity distribution over the
section; v2 - flow velocity at the point n of the section;
2g - gravity acceleration.

All these aspects together contributed to the devel-
opment and improvement of the design of sedimentation
tanks, which, in turn, contributed to improving the efficien-
cy and sustainability of hydropower and irrigation systems.

RESULTS

The research and improvement of the design of a sedimen-
tation tank for hydropower and irrigation is a significant
task aimed at improving the efficiency of water resourc-
es use and reducing the negative impact on the environ-
ment. This process is aimed at creating more efficient and
environmentally sustainable solutions that can optimise
sedimentation tanks to save water, improve the quality of
treatment and minimise the environmental footprint dur-
ing their operation. Sedimentation tanks play a key role
in water purification from solid particles such as sand and
silt, which significantly affects water quality in hydropow-
er and irrigation systems (Zamanikherad et al., 2022). The
research is aimed at optimising the shape and size of sed-
imentation tanks to achieve maximum particle deposition
efficiency and minimise water and energy losses. This in-
cludes the development of structures capable of efficiently
trapping suspended particles under various hydraulic con-
ditions, which is the main aspect of the study. Laborato-
ry studies and numerical modelling help to determine the
optimal operating conditions of the sedimentation tanks
necessary to improve water treatment technologies and
sustainable use of water resources.

The choice of materials for sedimentation tanks is a
difficult task, requiring consideration of chemical resist-
ance to water and chemicals in the treated environment.
The strength of the materials is important to ensure the
durability of the structure under high hydraulic loads and
mechanical influences. The cost and the possibility of re-
cycling materials also play a significant role in the over-
all economic efficiency of the project. The development of
new composite materials with improved resistance char-
acteristics and mechanical properties opens up prospects
for improving sedimentation tanks and their application in
various climatic conditions. Sedimentation tanks play a key
role in the operation of hydroelectric power plants (HPPs)
by removing solid particles from the water. This process
has several important positive effects. Removing solid par-
ticles from the water reduces wear and damage to turbines,
extending their service life. Particles such as sand, silt, and
other suspended solids can seriously damage the turbines
of a hydroelectric power plant if they enter the system.
These particles cause abrasive wear of turbine blades and
other components, which leads to more frequent repairs
and replacement of parts. By removing solid particles, sed-
imentation tanks reduce the likelihood of damage and re-
duce the need for maintenance, which ultimately extends
the service life of the equipment.

Cleaner water has less resistance to movement through
turbines, which increases their efficiency and the overall
performance of hydroelectric power plants. The presence
of solid particles in the water increases its viscosity and
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resistance to flow through the turbines. Cleaner water
moves more freely through turbines, which contributes to
a more efficient conversion of hydraulic energy into me-
chanical and, eventually, into electrical energy. This leads
to an increase in the overall productivity of hydroelectric
power plants and more efficient use of water resources. Op-
timisation of the hydraulic parameters of the sedimenta-
tion tank is aimed at improving the efficiency and reliabil-
ity of hydropower and irrigation systems. Research in this
area includes the analysis of pressure losses and the distri-
bution of flow velocities inside the sedimentation tank to
minimise hydraulic losses and optimise the deposition of
solid particles. This is important to ensure stable operation
of systems in conditions of variable water flow and vari-
ability of hydrogeological conditions. Important aspects
of optimising the hydraulic parameters of sedimentation
tanks include pressure loss analysis, uniform distribution
of flow rates, minimisation of hydraulic losses, and optimi-
sation of the solid deposition process.

Pressure losses in the sedimentation tanks should
be minimal to ensure maximum efficiency of the entire
system. This is achieved by designing and optimising the
shape of the sedimentation tanks and the path of water
movement. It is important to ensure an even distribution
of flow rates inside the sedimentation tank so that solid
particles can settle efficiently. This contributes to a more
complete removal of suspended solids from the water. The
optimisation of sedimentation tanks includes measures
to reduce hydraulic losses, such as improving the design
of sedimentation tanks and using modern technologies to
control and manage water flows. The process of precipi-
tation of solid particles should be as efficient as possible,
which requires an accurate analysis of hydrogeological
conditions and variable water flow. This includes choosing
the right size and shape of the sedimentation tanks, and
the optimal placement of internal partitions and deflectors.
These measures ensure more stable and efficient operation
of hydropower and irrigation systems, which is especially
important in conditions of variable hydrogeological condi-
tions and changing water volumes.

The integration of the sedimentation tank into the
overall drainage and water treatment system is an im-
portant aspect in improving water treatment technolo-
gies. Interaction with other infrastructure elements, such
as pumps and filters, requires an integrated approach to
the design and management of the sedimentation tank
(Saeed et al., 2021). This includes adapting the design to
technological processes and considering environmental as-
pects to minimise the impact on the environment. The de-
velopment of environmentally sustainable sedimentation
tanks includes reducing energy consumption, minimising
emissions, and consideration of the impact on aquatic eco-
systems. The use of advanced technologies and materials
helps to reduce the environmental impact and ensure the
sustainable development of water treatment systems. The
introduction of new technologies, such as automation of
purification processes and the use of nanomaterials, plays
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an important role in improving the functionality of sedi-
mentation tanks and improving the quality of treated wa-
ter (Borysov & Gevod, 2023). This line of research helps
to reduce operating costs and ensure the environmental
safety of water treatment systems. Water sedimentation is
used in hydraulic structures, centralised water supply and
sewerage systems (Dev et al., 2021). Sedimentation tanks
are water storage tanks or open containers in which me-
chanical impurities are removed from the water by settling.
During settling, the particles of the dispersed phase either
rise to the surface of the water or settle to the bottom of
the tank, forming a precipitate, depending on their den-
sity. In some cases, settling is accompanied by particle
enlargement. This method is widely used to remove large
mechanical impurities from water in hydraulic structures,
centralised water supply and sewerage systems, hydroelec-
tric power plants, irrigation systems, and for urban waste-
water treatment and after biological wastewater treatment.

In pumping and hydroelectric power plants, water
from open reservoirs is settled to prevent wear of impellers
and pump components due to solid particles larger than
0.25 mm. In irrigation systems, the use of sedimentation
tanks is justified to prevent clogging of channels with silt.
In centralised water supply systems, sedimentation tanks
are used at water treatment plants for pretreatment of wa-
ter with a turbidity of more than 2 g/1. Only contamination
particles larger than 10-5 cm are subject to deposition. Par-
ticles ranging in size from 10-7 to 10-5 ¢cm form a colloi-
dal microheterogenic system and do not settle due to the
balance between gravity and the kinetic energy of Brown-
ian motion, which is typical for low-mass particles. As a
rule, flocculants are used to remove colloidal impurities
from water, and the resulting flakes are removed in sed-
imentation tanks or other equipment (Noor et al., 2021).
For complete precipitation, the water flow rate should be
0.25...0.5 m/s. The second important factor affecting the
completeness of deposition is the settling time, which is
usually 1.5...2 hours. Sedimentation tanks can be classi-
fied according to various criteria, however, the researcher
suggests that the most accurate classification is according
to the main flow direction of the treated water. According
to this feature, sedimentation tanks are divided into hori-
zontal, vertical, and radial. The most common type is hori-
zontal sedimentation tanks used in water treatment plants
with a capacity of 15 to 50,000 m3/day. They usually remove
up to 60% of suspended impurities. Horizontal sedimenta-
tion tanks are rectangular reinforced concrete tanks divid-
ed into several sections. Their length can reach 48 m, while
the width is usually three to five times less than the length.
The depth does not exceed 4 m, and the thickness of the
water layer is 2-2.5 m. The water enters through a series
of holes in the end walls of the horizontal sedimentation
tank, is evenly distributed throughout the tank and flows
along its entire length. The purified water is discharged
through a spillway on the opposite side.

There are several sediment collection pits at the bot-
tom of the sedimentation tank. Sediment that does not
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enter the pits is removed from the bottom by a special
scraper device (Zapico et al., 2021). The scrapers are moved
along the sedimentation tank using a gear and chain drive
system. The scraper collects sediment as it moves along
the bottom and collects suspended impurities as it moves
along the surface of the water, directing them into a spe-
cial chute. Sediment can be discharged through pipes at
the bottom, lifted through pipes using water pressure,
or removed from the pits using submersible pumps. The
disadvantages of horizontal sedimentation tanks are high
installation costs, unreliability of the scraper mechanism
and the presence of stagnant areas where sediment is not
removed. Horizontal sedimentation tanks play a key role
in hydropower systems, providing water purification from
solid particles before they enter the turbines. They prevent
wear and damage to turbines by removing sand, gravel, and
other suspended materials, which significantly improves
the quality of water supplied to the equipment. This not
only increases the efficiency of hydraulic turbines, but also
increases their service life, thereby reducing maintenance
and repair costs. The protection of sedimentation tanks
from clogging and their proper functioning also reduce
the risk of accidents at a hydroelectric power plant, which
makes operation more reliable and safe. The effective op-
eration of sedimentation tanks is also important from an
environmental standpoint, since it prevents pollution of
natural reservoirs with solid waste, which contributes to
the conservation of biodiversity and ecosystems. Thus,
horizontal sedimentation tanks are necessary for the op-
timal functioning of hydropower systems, ensuring high
efficiency of the electricity generation process and mini-
mising the negative impact on the environment.

Vertical sedimentation tanks, which are cylindrical
tanks with a conical bottom, are another common type.
They are commonly used in wastewater treatment plants
for primary water sedimentation and removal of suspend-
ed particles after coagulation. In vertical sedimentation
tanks, water flows through pipes from above to the lower
part of the device, where it is evenly distributed over the
entire section. The sediment settles in the lower conical
part, and the purified water rises and pours through a cir-
cular drain into a collecting tray. A special chamber is lo-
cated in front of the drain to remove suspended impurities.
During settling, sediment accumulates at the bottom of
the device and is discharged through a special pit. Scraper
mechanisms are installed only in those tanks where a large
amount of sediment accumulates. Vertical sedimentation
tanks usually remove up to 40% of suspended impurities.
Vertical sedimentation tanks have a simpler design and
operating conditions compared to horizontal sedimen-
tation tanks (Raeesh et al., 2022). Their main advantage
is the presence of an annular spillway in the upper part,
which reduces the flow rate and reduces the likelihood of
sediment removal. However, the disadvantage of this type
of equipment is the lack of a scraper mechanism, which
complicates the removal of sediment from the drain lid.
Vertical sedimentation tanks are an important device in

hydropower systems, which has a significant impact on
their operation. The main function of vertical sedimen-
tation tanks is to purify water from solid particles such
as sand, gravel and other suspended materials before it
enters the hydraulic turbines (Litynska et al., 2023). This
water purification plays a key role in preventing wear and
damage to turbines, which ensures their longer service life
and reduces the need for repairs.

The efficient operation of vertical sedimentation
tanks also contributes to improving the efficiency of the
hydropower plant as a whole. Clean water supplied to
hydraulic turbines reduces friction and wear of internal
mechanisms, which ultimately increases electricity gen-
eration. This also helps to reduce the risk of accidents re-
lated to possible blockages and damage to equipment. In
addition, vertical sedimentation tanks play an important
role in the environmental aspect of energy production. By
removing solid particles from the water before its return
to natural reservoirs, the negative impact on the environ-
ment is minimised and biodiversity in aquatic ecosystems
is preserved. In conclusion, vertical sedimentation tanks
are an integral part of the infrastructure of hydropow-
er systems, ensuring their efficient and stable operation
while maintaining high standards of environmental safety
and cost-effectiveness of operation. Radial sedimentation
tanks are a type of vertical devices (Ganjare & Patward-
han, 2023). They usually have a height of less than 0.1-
0.15 m and a diameter of 16 to 60 m, sometimes reaching
100 m. These tanks are used to treat very turbid water and
purify water in industrial water supply systems. Water
enters such a device through a central pipe, and purified
water exits through a circular spillway at the top of the
device. The sediment settling to the bottom is collected
using a rotating scraper. Radial sedimentation tanks are
used in wastewater treatment plants with a capacity of
more than 20,000 m3/day, ensuring the removal of up to
50% of suspended solids.

Radial sedimentation tanks are key elements in hydro-
power systems that play a crucial role in ensuring their effi-
cient operation and durability. The main function of radial
sedimentation tanks is to purify water from various solid
particles such as sand, gravel, debris, and other suspend-
ed materials before they enter the hydraulic turbines. This
water purification prevents wear and damage to the hy-
draulic turbines, which can be caused by abrasive particles.
The efficient operation of radial sedimentation tanks helps
to increase the service life of hydraulic equipment and re-
duce the need for its repair and replacement. Clean water
supplied to hydraulic turbines also helps to increase their
efficiency by reducing friction and wear of mechanical ele-
ments, which, in turn, increases productivity and electric-
ity generation. In addition, the proper operation of radial
sedimentation tanks reduces the likelihood of accidents at
a hydroelectric power plant associated with possible block-
ages and damage to equipment. This ensures a more stable
and safe operation of the hydropower complex, which is es-
pecially important given the environmental impact.
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Thus, radial sedimentation tanks not only protect hy-
draulic turbines from the negative effects of solid particles,
but also contribute to improving the overall efficiency and
reliability of hydropower systems, reduce operating costs,
and minimise the impact on natural ecosystems. The op-
eration of the sedimentation tanks is considered from the
standpoint of using only one type of periodic flushing,
also known as energy sedimentation tanks, which are also
suitable for irrigation conditions. This type of sedimenta-
tion tanks is designed for the deposition of relatively large
fractions of suspended particles with a size of 0.2-0.25 mm
or more. Since such particles usually do not move in open
surface watercourses, the sedimentation tanks are located
either within the limits of the hydropower complex or at
some distance from it. Regularly flushed sedimentation
tanks operate in two cycles (Fig. 1). In the first cycle, which
takes most of the time, some of the suspended particles are
deposited from the river stream, and the purified water is
supplied to consumers. In the second cycle, the sediment is
removed from the sedimentation tank, and the water sup-
ply from the treatment chamber to the watercourse stops.

Figure 1. Rectangular sedimentation tank
with 2 chambers
Source: compiled by the author

Forward and reverse gradient sedimentation tanks play
a significant role in the hydropower systems of Azerbaijan,
affecting the efficiency of hydroelectric power plants and
providing optimal conditions for electricity production
(Fig. 2). Direct gradient sedimentation tanks located at var-
ious hydroelectric power plants in the country, such as the
Mingachevir HPP, play an important role in the process of
cleaningwater from solid particles beforeitis supplied to hy-
draulic turbines. They provide more efficient filtration and
removal of suspended sediments, which reduces pollution
of turbines and other equipment, extending their service
life and increasing the overall performance of hydroelec-
tric power plants. In addition, direct gradient sedimenta-
tion tanks help to save water, which is especially important
in conditions of limited water resources. Reverse gradient
sedimentation tanks provide more efficient removal of
fine suspended particles from the water. They minimise
the risk of siltation of reservoirs and reduce the environ-
mental impact, improving the quality of the environment
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in the reservoir areas. Saving reagents used in the water
purification process is also an important advantage of re-
verse gradient sedimentation tanks. The choice between
direct and reverse gradient sedimentation tanks depends
on the specific conditions of each HPP, such as the size and
type of suspended particles, water quality requirements,
and economic considerations. The decision should be rea-
sonable and focused on achieving optimal system perfor-
mance, considering all factors affecting the efficiency and
environmental sustainability of electricity production.

Figure 2. Rectangular sedimentation tank
with 1 chamber
Source: compiled by the author

Direct slope sedimentation tanks are often used be-
cause of their simplicity of design (Xu et al., 2021). Back-
slope sedimentation tanks are more complex in design,
however, they are preferable when the sediment contains a
large number of coarse particles (Fig. 3). In such sedimen-
tation tanks, more intensive deposition occurs in the initial
part of the tank, and the depth here is greater, which allows
retaining more sediment compared to direct sedimenta-
tion tanks with a slope.

Figure 3. Rectangular sedimentation tank
with 3 chambers
Source: compiled by the author

Curved sedimentation tanks in hydroelectric pow-
er plants represent an innovative solution that, although
not widespread, demonstrates significant advantages over
traditional rectangular sedimentation tanks (Fig. 4). They
are usually used in small and medium-sized hydroelectric
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power plants, where compactness and efficiency are of
particular importance. Curved sedimentation tanks signif-
icantly increase the efficiency of water purification due to
their shape, which ensures a more uniform distribution of
water flow (Griborio et al., 2021). This contributes to more
efficient deposition of fine suspended particles, which
minimises pollution of turbines and other equipment, as
well as reduces the risk of siltation of reservoirs. In addi-
tion, such sedimentation tanks can reduce the consump-
tion of chemicals used for water purification, which helps
to save resources and improve environmental sustaina-
bility. The main features of the operation of curved sedi-
mentation tanks include the use of washing pipes with a
circular cross-section, which create an upward flow of wa-
ter that lifts suspended particles to the surface, where they
separate from the water. This contributes to more efficient
sludge removal, which further increases the efficiency of
the system. Among the advantages of curved sedimentation
tanks, their high efficiency in water purification, compact-
ness and relative ease of operation should be highlighted.
However, it should be borne in mind that such sedimenta-
tion tanks can be more complex in design and more expen-
sive to build compared to conventional settling tanks. They
also have limited applicability at large hydroelectric power
plants with large volumes of water, which makes them less
preferable for such facilities. It is important to emphasise
that the efficiency of a curved sedimentation tank depends
on many factors, including the flow rate of water and the
properties of suspended particles. Regular monitoring and
maintenance of the sedimentation tank is necessary to en-
sure its efficient operation and durability.

A A-A
8
= Z
_",.; : /| J
[ —0l—~1~d

Figure 4. Curved sedimentation tank: plans and sections
Note: 1 - steel grate; 2 — rectangular tray; 3 — flushing slots;
4 - collector; 5 — forming pipe; 6 — gaps of the forming pipe;
7 — valve of the intake device; 8 — flushing valves at the end
of the chamber; 9 - valve for regulating the flushing pipe
Source: compiled by the author

The principle of operation of the sedimentation tank is
based on the creation of artificially favourable conditions

for settling, in which sediments are moved by a circulating
stream to the inlet of a round-section washing pipe under
a convex wall. It was found that the curved sedimentation
tank prevents the deposition of up to 20% of suspended
sediments of large fractions with a size of d > 0.25 mm, in
addition to sediment at the bottom. The sedimentation
tanks are made of rectangular reinforced concrete and
equipped with a siphon device for draining the flushing
water (Lu et al., 2023). A special feature is the presence
of a washing gallery designed to move sediments of sand,
gravel, and silt into the lower pool. The prefabricated pipes
have a circular cross-section and are located inside the
walls of the spillway. At the end of the lower rectangular
reinforced concrete drain there is a vertical basin designed
to trap sediments of sand, gravel, and silt and vertically
connected to a collection pipe. Dampers are installed on
the side walls of the drain for periodic cleaning of the sed-
imentation tank (Fig. 5).
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Figure 5. Sedimentation tank: plans and sections
Note: 1 — upper pool; 2 - intake device; 3 — chamber; 4 —
gravel catching slots; 5 — collector; 6 — side walls; 7 — gates;
8 - lower pool; 9 - spillway walls; 10 — outlet channel
Source: compiled by the author

The new sedimentation tanks have an advantage over
conventional designs by directing the sediments of sand,
gravel and silt entering the reservoir into the cracks lo-
cated at the bottom near the lower wall of the discharge
channel. These sediments are mixed with water and trans-
ported by a high-speed flow into collecting pipes inside
the spillway wall. This efficient transport mechanism
easily directs the sediments of sand, gravel, and silt into
the lower basin. Closures are installed on the side walls of
the tank to facilitate regular cleaning. This configuration
turns the sedimentation tank into a barrier that prevents
deposits of sand, gravel, and silt from entering the outlet
pipes of the hydroelectric power plant. This type of sedi-
mentation tank is designed for the deposition of relatively
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large suspended sediment particles, usually 0.2-0.25 mm
or more. The conditions of its application are similar to
those mentioned earlier for sedimentation tanks using pe-
riodic flushing. These sedimentation tanks can consist of
one or two chambers and be installed either as part of a
water intake system or at some distance from it. Screw-
flow flushing galleries initially demonstrate a reliable
ability to transport sediment and have recently gained
popularity for removing bottom sediments at water man-
agement facilities. The helical movement inside the gal-
lery is created by the tangential entry of water through its
cross-section. To maintain continuous circulation, water
must be supplied along the entire length of the gallery,
usually through a longitudinal slit inlet. The dimensions
of this inlet slot are critically related to the set flow and
velocity parameters inside the flushing gallery.

Usually, the height of the longitudinal slit does not
facilitate the unobstructed penetration of bottom sed-
iment into the tunnel. Therefore, it is common practice
to create intermittent slits and include separate win-
dows of sufficient height to ensure a constant distance
between the continuous slit and the window. Laboratory
studies of flow hydraulics in treatment rows and practical
experience in sedimentation tanks have concluded that
for ease of manufacture, the shape of the row should be
conical, and the change in the average flow velocity in
the row should correspond to the dependence set out in
equation (1), which satisfies the initial condition: at x =0,
u,..= 0, where: u, - average longitudinal velocity in the fi-
nal section of the gallery. The results of laboratory studies
of the hydrodynamics of flushing galleries and the prac-
tical knowledge gained during the design and operation
of sedimentation tank galleries show that the adoption
of a conical shape for the gallery is beneficial for the ra-
tionalisation of production. It is recommended to adjust
the change in the average flow velocity in the gallery in
accordance with equation (1), which satisfies the initial
condition: at x = 0, u,, = 0, where u, - average longitudi-
nal velocity in the final section of the gallery. The coeffi-
cients p were calculated using equation (2). In the course
of eight experiments, the calculated values of the gap flow
coefficient p ranged from 0.609 to 0.687, with an average
value of 0.648.

To ensure adequate consideration of throughput in
the design of the flushing gallery, it is recommended to
use the cavity flow coefficient p = 0.64. The pressure differ-
ence between the gallery and the level of the free surface
is affected by the velocity of the water as it moves through
the cavity, overcoming various resistances in its path (3).
These resistances include coefficients for entry (€in), fric-
tion (&fr), exit ((out) and curvature (§zak). In hydraulic
principles, it is usually assumed that &in < 0.5, £out = 1, and
&fr varies from 0.06 to 0.1. In practice, the combined value
of these coefficients at the output often exceeds 1.5. Ac-
cording to equation (5), when the sum of the coefficients
¥¢is 1.5, and assuming that the compression ratio ¢ is 0.8,
the ratio can be derived from equation (4):

Abilov

e=L=2%_pg
[0} 0.8

Thus, the value of € cannot be less than 0.8. Therefore,
the coefficient € ranges from 0.8 to 1. Taking the average

value according to equation 6, € = 0.9, obtain:
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The calculated value X¢=2 is approximate. To achieve
greater accuracy, an exact value of € will be required, which
cannot be determined experimentally. However, since the
pressure loss due to local resistance is only a small part of
the total pressure loss in the gallery, it is sufficient to use
an approximate value X% for calculations. Therefore, the
following equation (7) is used to calculate the pressure loss
associated with local resistance:

= ygli = gl (7)
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A distinctive feature of continuously flushing sedi-
mentation tanks is their ability to simultaneously deposit
and remove suspended sediments, supplying purified wa-
ter to consumers. These tanks maintain a constant water
depth, but when the sections are disconnected for flush-
ing, this changes the flow dynamics inside the tank, caus-
ing uneven flow conditions. As a rule, the improvement
and improvement of the design of sedimentation tanks
requires an integrated approach combining engineering,
environmental and technical aspects. This holistic ap-
proach aims to optimise results in both hydropower and
irrigation applications.

DISCUSSION

Research and improvement of the design of sedimentation
tanks play an important role in the field of hydropower
and irrigation, aimed at ensuring effective management
of water resources and reducing negative environmen-
tal impacts. This aspect was also considered by S. Dairi et
al. (2023), and they concluded that one of the key aspects
of the research is the optimisation of the hydraulic param-
eters of the sedimentation tanks. This includes analysis
of the water flow profile, calculations of hydraulic losses
and the development of design solutions aimed at mini-
mising pressure losses and maximising the efficiency of
particle deposition. This approach allows increasing the
productivity of hydropower systems and improving the
efficiency of irrigation systems, ensuring reliable removal
of solid particles from water and preventing clogging of
equipment. N. Gemza & M. Kusnierz (2022) noted that the
development of corrosion-resistant materials and compos-
ites contributes to increasing the durability of structures
and reducing the cost of their operation. In an aggressive
environment, for example, with a high concentration of
salts or chemically active substances in water, such mate-
rials ensure reliable operation of sedimentation tanks and
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minimise the need for frequent maintenance, which is con-
sistent with the results of this study.

One of the key aspects of the study is the optimisation
of the hydraulic parameters of the sedimentation tanks.
This includes analysis of the water flow profile, calcula-
tions of hydraulic losses, and the development of design
solutions aimed at minimising pressure losses and maxim-
ising the efficiency of particle deposition. This approach
allows increasing the productivity of hydropower systems
and improving the efficiency of irrigation systems. This has
also been found in the study by A. Ferdowsi et al. (2022),
where the results confirmed that effective control of the
water flow in the sedimentation tanks is crucial to increase
their productivity and ensure reliable operation of the en-
tire system. Optimisation begins with an analysis of the
water flow profile, which allows identifying areas of une-
ven distribution of velocity and pressure. With the help of
modern modelling methods, accurate calculations of hy-
draulic losses can be carried out and turbulence zones can
be determined where the efficiency of particle deposition
decreases. Based on these data, design solutions are being
developed to improve flow distribution and minimise pres-
sure losses, which helps maximise particle deposition. As
a result of such measures, hydropower and irrigation sys-
tems become more reliable and efficient, ensuring stable
water quality and preventing clogging of equipment.

S.Yao et al. (2022) also found that traditional materials
such as concrete and steel, although they have sufficient
strength, are often susceptible to corrosion and destruction
under the influence of aggressive media. The development
and application of new composite materials and corro-
sion-resistant metals significantly increase the durability
of sedimentation tanks and reduce the cost of their main-
tenance and repair. Modern materials have not only high
chemical resistance, but also improved mechanical prop-
erties, which makes it possible to create lighter and more
durable structures (Ismayilov et al., 2021). In conditions
of high loads and variable temperatures typical for hydro-
power and irrigation systems, such materials ensure stable
operation of sedimentation tanks. It is worth noting that
the introduction of new technologies and methods into the
design of sedimentation tanks requires careful testing and
modelling to assess their effectiveness and reliability.

An important aspect of improving the design of sedi-
mentation tanks is the choice and use of modern materi-
als. The development of corrosion-resistant materials and
composites helps to increase the durability of structures
and reduce the cost of their operation (Serikuly et al., 2015).
This is especially important for sedimentation tanks oper-
ated in aggressive climatic conditions and in conditions of
high concentrations of salts or chemically active substanc-
es in water. This aspect has attracted the attention of many
researchers, in particular, M. Amar et al. (2021) emphasise
that traditional materials such as concrete and steel are
often susceptible to corrosion and wear, especially in ag-
gressive climatic conditions or at high concentrations of
salts and chemically active substances in water. Modern

composite materials and corrosion-resistant metals can
significantly increase the durability and reliability of sed-
imentation tanks. The use of such materials not only re-
duces the frequency of repairs and replacements, but also
reduces the cost of operation and maintenance. The use of
innovative materials allows creating lighter and more du-
rable structures that can withstand extreme operating con-
ditions, which is especially important for hydropower and
irrigation systems operating in difficult natural conditions.

W. He et al. (2021) concluded that the development of
new composite materials and corrosion-resistant alloys
opens up opportunities for the introduction of advanced
technologies in the design of sedimentation tanks. Such
materials have high chemical resistance, excellent me-
chanical properties and durability, which makes them ideal
for use in conditions of high load and exposure to aggres-
sive environments. This is especially true for regions with
extreme climatic conditions, where traditional materials
quickly fail. These results confirm the above study, since
the introduction of modern materials into the design of
sedimentation tanks is a key factor for increasing their effi-
ciency, durability and economic feasibility, which contrib-
utes to the overall improvement of water resources man-
agement in hydropower and irrigation.

Environmental aspects also play an important role
in the research and improvement of sedimentation tank
designs. The development of environmentally sustain-
able solutions aimed at reducing energy consumption,
minimising emissions and waste into the environment,
contributes to improving the environmental situation and
preserving water resources (Hulevskyi & Postol, 2022).
N.N.C. Obiuto et al. (2024) investigated this phenomenon,
noting that modern technologies such as process automa-
tion and the use of renewable energy sources can signifi-
cantly reduce the carbon footprint of water treatment and
water treatment systems. For example, using solar energy
to power pumps and other sedimentation tank mecha-
nisms can significantly reduce emissions of carbon dioxide
and other greenhouse gases.

A. Ahmad et al. (2022) investigated that the use of sed-
iments as fertilisers or raw materials for the production of
building materials can significantly reduce the amount of
waste to be disposed of. Such solutions contribute not only
to reducing the load on landfills for waste disposal, but also
to the reuse of resources, which corresponds to the princi-
ples of a closed-cycle economy. These data are consistent
with the theses given in the previous section, demonstrat-
ing the importance of environmentally sustainable solu-
tions in the design and operation of sedimentation tanks.
Modern technologies aimed at reducing energy consump-
tion and minimising emissions confirm their effectiveness
not only in laboratory conditions, but also in practice. This
is confirmed by the findings, where the introduction of
such technologies has led to a significant improvement in
environmental performance.

Research into new technologies, such as automation
of cleaning processes and the use of innovative materials,
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opens up new opportunities to improve the operation of
sedimentation tanks. The introduction of sensor systems
and the use of nanomaterials contribute to improving the
efficiency of water purification and reducing environ-
mental impact (Kulikova, 2022). The study by L.K. Wang
& M.H.S. Wang (2021) revealed that automation of clean-
ing processes includes the introduction of advanced sen-
sor systems and control algorithms that allow real-time
monitoring and adjustment of the parameters of the sedi-
mentation tanks. This leads to a significant increase in the
efficiency of the cleaning process, as the system automat-
ically adapts to changing conditions, such as fluctuations
in pollution levels or changes in hydraulic flow.

E.F. Latif (2022) also showed that nanomaterials have
unique properties such as high adsorption capacity and re-
sistance to aggressive chemical media, which makes them
ideal for use in water purification systems. The introduc-
tion of such materials allows improving the quality of
precipitation of solid particles and significantly reducing
water pollution. Moreover, the use of nanomaterials can
reduce the environmental impact, as they require fewer
reagents for processing and are able to operate in a wider
range of conditions. Comparing the data obtained during
the research, the use of innovative technologies and ma-
terials is a key factor in improving the design and oper-
ation of sedimentation tanks, which contributes to more
sustainable and efficient management of water resources.

Thus, the research and improvement of the design of
sedimentation tanks for hydropower and irrigation are
aimed at improving their efficiency, sustainability, and
environmental safety. This contributes to improving water
resource management and ensuring the sustainable devel-
opment of agricultural and energy systems.

CONCLUSIONS

As a result of the conducted research, significant progress
has been achieved in the development and optimisation of
sedimentation tank designs for hydropower and irrigation
systems. The main conclusions can be formulated as fol-
lows. Optimisation of the shape and size of the sedimen-
tation tanks helped to develop and test various geometric
configurations, which ensured maximum water retention
time and contributed to the most efficient deposition of
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alloys, allowed selecting the most suitable options for use
in sedimentation tank designs. This provided increased
durability and resistance to aggressive operating condi-
tions, which increased the service life and reliability of the
sedimentation tanks. Hydraulic analysis helped to opti-
mise the flow profile in the sedimentation tanks, minimise
pressure losses, and maximise the efficiency of particle
deposition. Solutions have been developed that consider
both stationary and dynamic operating conditions of the
system, which has improved the overall efficiency of hy-
dropower and irrigation systems.

The introduction of environmentally sustainable
technologies has significantly reduced energy and water
consumption, and minimised emissions and waste. These
measures have reduced the environmental footprint and
ensured more sustainable and safe use of water resources.
The active introduction of advanced technologies, such as
automation of cleaning processes, the use of nanomate-
rials and sensor systems, has significantly increased the
control and efficiency of the sedimentation tanks. These
technologies have provided more precise process control
and improved the quality of water treatment.

Comprehensive testing and modelling of new de-
signs of sedimentation tanks, carried out both in labo-
ratory conditions and in practice, allowed the authors to
pre-evaluate their effectiveness and reliability. The results
of these tests confirmed the high degree of readiness of
the developed solutions for practical implementation,
minimising risks and ensuring reliable operation of the
systems. In general, the conducted research has made a
significant contribution to the improvement of sedimen-
tation tank designs, which ultimately led to an increase in
the efficiency, reliability, and environmental sustainabili-
ty of hydropower and irrigation systems.

The main limitation of the study is the need for further
testing of the developed designs of sedimentation tanks
in various climatic and operational conditions to confirm
their versatility and adaptability. It is necessary to further
investigate the effect of various chemical compositions of
precipitating particles on the efficiency of sedimentation
tanks and develop methods for their optimal removal.
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JJOKTOD TeXHIYHMX HAYK, CTApINit HAYKOBUit CIIiIBPOOITHMUK
A3sep6aitKaHChKIUiT HAYKOBO-TOCTIAHUIIBKII i TPOEKTHO-TONTYKOBMIT iIHCTUTYT eHepreTUKM
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JocnipkeHHA Ta BAOCKOHAaJIeHHA KOHCTPYKLUIii BiACTiMHUKa
ONA rippoeHepreTUKU Ta ipuradii

AHoOTaUif. PO6GOTY IIpUCBIYEHO TOCTiIKEHHIO Ta ONTUMIi3allii KOHCTPYKILii BigcTiiitHMKa OIS MigBUIIeHHS e(peKTUBHOCTI
0CaJIKeHHST TBEPAVMX YaCTUHOK Y Ti[pOeHePreTUYHUX Ta ipuraliifHux cucreMax. Y JaHOMY AOCTiKeHH] Oy/IM BUKOPUCTaHi
SIK eKCIIepUMeHTaIbHi, TaK i uMcenbHi MeTOAM [AJ1S aHaJli3y Ta ONTMUMi3allil KOHCTPYKILii BiICTiITHMKIB 3 MeTOI0 MiABUILIeHHS
ixHbOI e()eKTMBHOCTI B CMCTeMaxX TipoeHepreTMKu Ta ipuraiii. Y qoctigkeHHi po3IJITHYTO Ta MIPOaHali30BaHO Pi3Hi
TUTIN BiCTiiHMKIB 32 KOHCTPYKTUBHUMMU CXeMaMU, PesKMMOM TMOTOKY, IMHaMiKOI0 OCaJIKeHHS i MeToJaMM MPOMMUBAHHS
ocajy, a TakoK BUBUYEHO peKOMeHI0BaHi MOJIiMIleHHs /IS rifpoeHepreTUKH Ta ipuraliii pisHuX TUMiB BiAcTiliHUKIB. ITin,
Yyac JOoCTiaKeHHS OYJI0 BUSIBJIEHO, 1110 ONTMMi3allist reomMmeTpii BifgcTifiHuKka icToTHO migBuinye eeKTUBHICTh OCAISKEHHS
TBEPAMX YaCTUHOK. EKCIIepMMeHTasbHi JaHi 3acBigumin, 1o 3MiHa KyTa HaXMJIy CTiHOK i 36i/IbIII€eHHS TUTOIi AHA
BiJICTi/iHMKA CITPUSIIOTH MOJIIIIIEHHIO OCAPKEHHS MYJTY i MmicKy. TaKoXX 6y/I0 BCTAHOBJIEHO, 1110 BUKOPUCTAHHS CHEIiaTbHUX
TypOYJIEHTHUX BCTABOK 3HMKYE UacC 0CaIKEHHS YaCTMHOK i IOKPAIIye SIKiCTh OUMIEeHO1 BoAy. MoieTroBaHHSI TipaBIiuHux
MIOTOKIB MiATBePAMIIO, IO 6ibILIT PiIBHOMIPHMIT PO3MOLIT MIBUAKOCTEN Y BiICTIHMKY 3MEHIIYE TYPOYIeHTHICTD i CIIpusie
6inbIl e(heKTUBHOMY OCAIKEHHIO YaCTMHOK. BripoBaykeHHSI aBTOMAaTU30BaHUX CUCTEM KOHTPOJIIO Ta YIIPaBJIiHHS
MPOLIECOM OUMIIEHHS 110 3MOTY MiABUIIMUTY HAiifHICTD i cTabibHICTh po6OTH BifcTiliHMKa. V pe3yabTaTi 6y/10 JOBEIEHO,
110 3aIIPOTIOHOBAHI KOHCTPYKTMBHI Ta TEXHOJOTiIUHI 3MiHM MOXXYTb 3HAYHO MMiABUIIUTY €(DEKTUBHICTD i JOBrOBiUHICTH
BiICTiMIHMKIB y rigpoeHepreTulli Ta ipuraiii. locaigkeHHs Haga€e MpakKTUUHI peKOMeHAallil 1040 MoJinieHHs
KOHCTPYKIIii BiICTiIiTHMKIB, 110 CIIPUSIE MiABUIIEHHIO iXHbOI e(PeKTUBHOCTI Ta HAJifHOCTI B TiZpoeHepreTulli Ta ipuratii,
TUM CaMMM ITOKpAIyIOUy YIIPaBAiHHS BOOGHUMM pecypcamMmu
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Features of multi-agent evaluation
of microgrid systems efficiency in parallel operation
with the power system according to the reliability criterion

Abstract. Ensuring reliable electricity supply to consumers in the face of destruction of critical energy infrastructure
and shortage of generating capacities in Ukraine requires the development of distribution systems and their management
systems. The purpose of the study was to substantiate the development of models for ensuring the optimal structure of
electrical distribution networks under the conditions of connecting micro-networks according to the reliability criterion
in conditions of limited investments. The paper uses a method for assessing the structural reliability of complex electrical
systems with microgrid structures and forms a rational power distribution of such structures according to the criterion
of optimising the reliability indicators of the studied electric power system. A mathematical optimisation model based
on a computational system was proposed, designed to solve non-convex problems with minimising integral reliability
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indicators, considering financial constraints and the investment efficiency curve. Based on the research, the possibilities of
optimisation using the BARON solver available on the NEOS server were examined. The results of the model’s performance
are demonstrated using examples, considering the parameters of distribution system objects and their limitations on
network components. An algorithm and programme for solving the problem of targeting power flows of microgrid structures
in multi-node regional power systems are proposed. Algorithms and scenarios for the response of dispatching services are
developed, provided that investments are limited, which will ensure the survivability of the power system as a whole. It is
established that the development of rational electricity flows of microgrid structures will minimise the under-supply of
electric energy by specific load nodes and determine their shares in covering the demand of the energy island in conditions
of power shortage. The findings can be used in the operational management of power systems

Keywords: integrated reliability indicators, microgrid structure, power distribution systems, load balancing, microgrid

dispatching scenarios

INTRODUCTION

In Ukraine, the structure of electricity generation capac-
ities and power grids is undergoing significant changes,
primarily due to the destruction of electricity infrastruc-
ture as a result of hostilities, which leads to disruption of
existing electricity supply schedules, emergency outages,
and significantly increases the integral reliability indica-
tors, which reduces the efficiency of electricity distribution
systems. All this determines the need for appropriate re-
structuring of the network infrastructure based on modern
“smart” systems, the introduction of automation systems
for controlling electric networks, regulating the operating
modes of electric networks and electricity consumption us-
ing manoeuvrable capacities, and the introduction of mi-
cro-networks. These issues are of considerable scientificand
practical interest and are considered by many researchers.

V. Kozyrskyi et al. (2020) proved that ensuring the relia-
bility of power grids requires the introduction of partition-
ing devices and optimised the number and location of these
devices. It was pointed out that the proper configuration of
partitioning equipment significantly reduces repair costs
and increases the reliability of power supply. The mathe-
matical model developed by the authors allows assessing
the economic feasibility and stability of the network for end
users and is aimed at minimising losses from under-supply
of electricity to consumers, but the authors did not con-
sider the presence of microgrid structures in their models.

H. Kruhliak et al. (2023) explored dynamic energy com-
ponent management using state-of-the-art IT technolo-
gies. It offers a real-time energy management strategy. The
synthesis of a micro-network control system, in particular,
its real-time power balance, was investigated. Technical
platforms for implementing the principles of energy man-
agement and remote control of electric receivers are pro-
posed. From the text of the material, it is not clear how the
existing micro-network control systems regulate the relia-
bility of the power supply system.

I. Blinov et al. (2022) focused on the problems of reg-
ulating the modes of electric distribution networks in
Ukraine. Researchers have proposed to implement such
regulation through the management of inverters of renew-
able energy sources, primarily solar power plants connect-
ed to this network, according to the “Smart Grid” concept.

The researchers did not consider the expediency of com-
plex regulation of modes with a restriction in the form of
integral reliability indicators.

The paper by O. Kyrylenko et al. (2021) considered op-
tions for using electricity storage systems in electric net-
works. The researchers formalised a general approach to
solving the problems of efficient use of electricity storage
systems in electric networks as a means of improving the
reliability and uninterrupted power supply to consumers.
Mathematical models for evaluating the efficiency of their
use and determining the optimal configuration are pro-
posed, in particular, for regulating the modes of electrical
networks in accordance with the “Smart Grid” concept. The
researchers focused on improving consumer reliability, but
did not investigate how this affects the reliability of distri-
bution system objects.

H. Bielokha et al. (2023) proposed a transition to low-car-
bon economic development through profound changes in
the functioning of energy systems through the use of their
hybrid forms, which the researchers consider to be key ac-
tive agents. However, it is noted that the stochastic nature
of renewable energy creates problems that are proposed to
be solved based on the mathematical approach of the logic
of service dominance. This approach opens up new oppor-
tunities, in particular, in interaction with other participants
in the energy markets and in preserving the environment.
It is indicated that the developed models for optimising the
technical and economic indicators of hybrid energy sys-
tems helped to reduce costs by 14.7%, but the duration of
interruptions in power supply systems was not considered.

E. Bardyk & N.P. Bolotnyi (2023) developed a fuzzy
classifier to assess the technical condition of power trans-
formers in case of ambiguity in diagnostic data. The re-
search was based on fuzzy set theory and optimisation
methods using the Takagi-Sugeno fuzzy inference system.
The results consist in creating a prototype of an expert sys-
tem for assessing the technical condition of transformers
from the standpoint of reliability. This approach formalises
expert assessments of the condition of transformers, which
allows making objective decisions about their maintenance
strategy. It is worth noting that the power transformer is
a key element of electrical distribution networks, but the
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influence of processes occurring in it from the existing mi-
crogrid structures that it heals has not been studied.

The optimal composition, location, and coordina-
tion of the operation of switching devices and protective
equipment in the context of ensuring the reliability of
air distribution networks was determined by V. Popov et
al. (2022). To solve the problem, various reliability indi-
cators were simultaneously optimised and an approach
based on a modified greedy optimisation algorithm was
proposed, which automatically adjusts the weights of in-
dicators at each iteration to evenly improve all aspects
of reliability, but when determining the optimal com-
position of reliability improvement tools, the presence
of microgrid structures in networks was not considered.

H. Bila et al. (2022) considered the global optimisation
problem using the BARON (n.d.) package — a computing sys-
tem for solving non-convex optimisation problems to global
optimality. It is proposed to use this software to solve purely
continuous, integer and mixed-integer nonlinear problems
by combining constraints, interval analysis, and duality in
the arsenal of reductions with advanced concepts of branch-
es and connections and forming a path through the hills
and valleys of complex optimisation problems in search of
global solutions, but in this paper a generalised description
of the capabilities of the optimisation package was made.

In the study A. Zharkin et al. (2022), methods for de-
termining optimal shutdown locations in distribution net-
works were considered and the use of remote-controlled
switching devices was proposed, which is important for
cyclic load changes. It is indicated that new technological
solutions have made it possible to reduce energy losses
and conduct dynamic network management. Strategies
and management algorithms based on the economic effect
criterion were implemented, but the presence of microgrid
structures was not considered.

A method for quickly and accurately determining the
bestlocation of a partitioning device in distribution networks
with a tree structure has been developed by V. Bezruchko et
al. (2023). Its application to medium-voltage networks with
a vacuum switch was investigated. Systems with automatic
load switching and a secondary switch were analysed and the
reduction of under-supply of energy to consumers was op-
timised, but inaccuracy in the development of a mathemat-
ical model for determining reliability indicators was made.

The analysis of scientific sources shows that the com-
bination of modern tasks to ensure the reliability and qual-
ity of electricity supply to consumers in the conditions of
increasing the share of renewable energy sources and the
introduction of Smart Grid technologies determines the
relevance of creating optimal scenarios for the develop-
ment of regional micro-networks to improve the reliabil-
ity indicators of the electric power system to which they
are connected, with initially defined means of improving
reliability in conditions of limited investment resourc-
es. That is why the purpose of the current study was to
develop and substantiate approaches aimed at ensuring
the managed functioning of regional micro-networks to
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improve the reliability of electricity supply to consumers.
In order to achieve this goal, the task of creating algorithms
and scenarios for the development of micro-networks was
solved under the condition of limited investment resources
and the need to provide electricity to consumers in case of
various emergencies in a centralised power supply system.

MATERIALS AND METHODS

To ensure optimal scenarios for the development of elec-
trical distribution networks, including microarrays, the
theory and methods of mathematical programming were
used. Optimisation problems were formulated as non-line-
ar programming problems. The AMPL modelling language
was used to describe them. The problems were solved using
the BARON (Branch And Reduce Optimisation Navigator)
solver — a computational system for solving non-convex
optimisation problems up to global optimality — from the
NEOS server (GAMS/BARON, n.d.; NEOS Server..., n.d.).
The development of the model and all calculations were
carried out with reference to the real economic relation-
ship between the distribution system operator and the su-
pervisory authority — the National Commission for State
Regulation of Energy and Public Utilities (NCREPU) (Res-
olution No. 374, 2018)

The model for improving the reliability of the power
supply system, in terms of reducing the resulting SAIDI
(System Average Interference Duration Index), is based
on the typical scheme shown in Figure 1. It consists of
sections of lines between the corresponding nodes of the
scheme L;, loads P, and the number of consumers in these
loads N.. Loads, if they are combined by certain conditions,
form groups of loads that are indicated by large Latin let-
ters and are accepted by the zones of microgrid formation.
The diagram contains heterogeneous means of operational
switching: B_1 — input switch, DS _i - disconnectors, RR i —
reclosers, etc.

156,56 ©

L12,C12 L45, C45

P32
Bt 4 PP N
L13,C13 ﬁ L34,C34 L47, C47, 7

L38, C38

B_1
L01, co1

0 v P2N2

Figure 1. Typical electrical diagram
of distribution system facilities.
Note: B_1 - input switch; Lij — section length, Cij — price
characteristic of energy transfer by section, DS _i — discon-
nector, RCR i - recloser, Pi — power consumption of the load
node, Ni — number of load node subscribers

Source: compiled by the authors
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Features of multi-agent evaluation...

The network structure was developed in accord-
ance with the technical requirements of IEC TS 62898-
4:2023 (2023). The presence of microgrids in the structure
of the electrical distribution network, from the standpoint
of power supply reliability, significantly depends on the
possibility of microgrids operating in island mode. There
are several options for the microgrid operation mode in the
absence of a centralised power source:

1) offline operation is not possible;

2) “black” start is possible;

3) autonomous operation of the microgrid system with
a certain load limit is possible;

4) full autonomous operation of the microgrid system
is possible.

These modes of operation of microgrid structures af-
fect the effectiveness of certain means of improving the re-
liability of both technical and organisational ones. Accord-
ingly, in the developed mathematical models, to assess the
optimal specification of measures and the choice of places
and the number of installed elements for improving reli-
ability, zones of development of microgrid structures are
considered, in which it is impossible to achieve the relia-
bility targets by available means.

When analysing the resulting reliability of the struc-
ture, individual reliability indicators of all consumers con-
nected to this structure were calculated. Based on these
values, the resulting assessment of the effectiveness of the
structure as a whole was compiled according to method of
V. Kozyrskyi et al. (2020).

To solve this problem, the classical methods of
V. Kozyrskyi & O. Gai (2013) and R. Allan (2013) for de-
veloping a series of replacement schemes individually for
each consumer were used, indicating the typical time of
power supply restoration: a transparent rectangle means
that the time of power supply restoration is proportional
to the time of emergency restoration, and a shaded rec-
tangle is proportional to the time of fault detection and
localisation. The following assumptions were made re-
garding the possible, from the standpoint of reliability,
features of the functioning of microgrids of the structure
in accordance with the previously developed operating
modes in accordance with the technical requirements of
IEC TS 62898-4:2023 (2023), namely:

1) Ni - Ni'
2)N;=N;- (D),
3) Ni =X;- Ni (1)
4)N, =0,

where f(t) — function of changing the time and efficiency
of the specified “black” start mode, the value of which lies
in the range from 0 to 1 and changes in time in accord-
ance with the capabilities of the means of automatic start
of microgrids of the structure in island mode of operation;
x, — indicator that reflects the possible degree of provid-
ing power to consumers of the microgrid system in offline
mode and takes the value 0 < x, < 1.

RESULTS AND DISCUSSION

As part of the study, the structural reliability for the circuit
in Figure 1 was analysed, and a corresponding series of re-
placement schemes for all P, consumers was generated, as
shown in Figure 2.

01 12 13 38

bV H
01 12 13 38

' HZZHH T v

01 12 13 38 34 45 56 47
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01 12 13 38 34 45 56 47

W77z HH_ H HH

01 12 13 38 34 45 56 47

" - HHZZ- 2 5

- PiNt

= P3,N3

= P4 N4

Figure 2. Replacement schemes in terms
of reliability for consumers

Notes: Roman numerals I-IV — zones of microgrid struc-
tures; 01,..., 56 — equivalent elements of the replacement
scheme for the corresponding sections in terms of structural
reliability; reliability indicators; P, - power consumption of
the load node, N, - number of load node subscribers
Source: compiled by the authors

It is worth noting that in the case shown in Figure 2,
consumers 3 and 4 are in identical conditions, and there-
fore, 4 substitution schemes were chosen, which are indi-
cated by Latin numbers, which are possible zones for the
development of microgrid structures. It is accepted that
consumers are equidistant from the location of the oper-
ational field repair team of the distribution system opera-
tor, and therefore, the model of finding the recovery time is
simplified and taken as a basis:

Lfast switching = 2 hours,
trepair = 6 hours. )

Accordingly, the reliability indicators for these struc-
tures were calculated using the equation (Kozyrsky &
Gai, 2013):

Wpj Zijj'
Yo 3)
i =T

where j — total number of power grids on which the pow-
er supply to the i-th consumer depends; w,, - frequency of
power supply failures in the Pi-th consumer; z,, - time to
restore power supply in Pi-th consumer; w, - failure rate of
the j-th section; 7, - time of restoration of power supply to
the j-th section,;

Reliability indicators SAIDI . and SAIFI, . ob-
tained as a result of the operation of a particular dis-
tribution system facility are defined by the following
expressions:
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itpi-Npi
SAIDIpractical = 2 ,P ,P ’
ZLNPL 4
SAIFT oiea) = 2208 @
practical — YiNpi

where i — total number of actual emergencies in the elec-
trical network of the distribution system operator under
study; Yn. - total number of consumers that are discon-
nected during long emergency breaks is actually the alge-
braic sum of the products of the failure rate for each con-
sumer group w,, by the number of accounting points N, in
this group; n = 3 N,, - total number of accounting points
(in the selected research object, it is assumed that this
number is equal to the number of authentic substitution
schemes, which are indicated by Roman numerals in Fig. 2,
thatisn=4).

For theoretical research, the study moves on from the
actual data on outages (t,,, N,), which form a certain sam-
ple, up to the mathematical expectation of a certain event,
which is characterised by the normal distribution law and
the time for restoring power supply z,, and failure rate w,,
are determined.

Z;pj wpj'Npj

SAIDIiheoretical = ¥ Np;
X} wpjNpj ®)
SAIFIipeoretical = W:

where j - total number of combined consumer groups
(G =1.IV).

Based on a sufficiently large sample of data corre-
sponding to the objects of distribution system operators:

SAIDIpractical = SAIDItheoretical! (6)
SAIFIpractical = SAIFItheoretical-

It is assumed that the transition from the state of nor-
mal operation of groups of electric consumers, when in an
emergency situation in the electrical network, groups of
consumers are de-energised according to Figure 2 (which
corresponds to the state x; = 1), to the state of operation of
the system with microgrid structures according to criterion
4 is carried out in accordance with equation (1) (which cor-
responds to the state x; = 0). In this case:

_ LTy wpj-Npj(x))

SAIDItheoretical - YjNpj
(7)
™ wpiN, i"(x7)
SAIFItheoretiCal = %

To describe the effectiveness of investments (Eff(x)) in
newly developed microgrids, a logistic or sigmoidal func-
tion is used:

Eff() =1— —a= ®)

where k — parameter that determines the steepness of the
transition, and x0 — point where the function reaches the
value 0.5 (Fig. 3).
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Figure 3. Graph of the dependence
of capital investment efficiency
in the development of microgrid structures
Source: compiled by the authors

Accordingly, having similar expert assessments for
each possible microgrid structure, the investment level
was optimised according to the criterion of minimising
the SAIDI indicators of the overall structure, provided
that the investment fund is limited (C). Thus, two optimi-
sation functions are formed:

XjNpj

{SAIDI — ZiTey@pyNpy(xp) min,

X7 wpjNpj(x;)
ZjNpj
¢ Eff () < C,

OSXjﬁL

(saIFI = - min,

(10)

where j - total number of combined consumer groups
¢ = L..IV); ¢, - amount of capital investment for the full
implementation of the development of microgrids of
the structure according to the fourth feature based on
expression (1); Eff(x) — sign of the efficiency of capital
investments during the transition from the first to the
fourth features of the functioning of microgrids of the
structure according to the reliability criterion based on
expression (1).

Thus, the search for the optimal solution with a lim-
ited financial resource C leads to the most efficient distri-
bution of the levels of internal electricity supply to con-
sumers for the existing power supply scheme and possible
microgrid structures. The results of the mathematical
experiment are interpreted and it is indicated that as a
result of optimisation, the smaller is x, the more efficient
is this microgrid structure to be involved in the reliability
management of the object of study. Problem (9) and (10)
are described using the AMPL code:
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# parameters and variables

param n := 4; param C_1 := 7;

param p{i in 1..n}; param c{i in 1..n};
param k{i in 1..n}; param x0{i in 1..n};

var x{i in 1..n} = 0 = 1;

# objective and constraints
minimize obj: sum {i in 1..n} p[il*x[i];

subject to conl: sum {i in 1..n} c[i]*(1.0-1.0/(1.0 + exp(-k[i]l*(x[i]-x0[i1)))) = C_1;

option baron_options ¢barstats outlev=1 maxtime=120’;
problem NLPa: obj,x,conl;

Accordingly, the input data for the AMPL test case and the BARON solver run are formed as follows:

# prepare the Data
data;
# Data SAIDI

let p[1]1:=263.8919308; let p[2]:=149.9870317; let p[3]1:=819.27233u0; let p[u]:=3U6.4U81268;

# Data SAIFI

#let p[1]1:=0.7330331412; let p[2]1:=0.5015489914; let p[3]1:=2.494776657; let p[u]:=1.1992u3516;

let c[1]:=5; let c[2]:=5; let c[3]:=9; let c[u]:=6;

let k[1]:=10; let k[2]:=10; let k[3]:=10; let k[u4]:=10;

let x0[1]:=0.5; let x0[2]:=0.7; let x0[3]:=0.3; let x0[4]:=0.5;

display p,c,k,x0;
display C_1;

solve NLPa; display obj, _solve_time;
display x;

A mathematical experiment was performed for the
scheme shown in Figure 1, in accordance with the initial
information provided by the distribution system operator
regarding the number of accounting points (N,), which
are part of the scheme for certain groups of consumers
Pi (Table 1) and parameters of line lengths of the electric
power circuit segment (Table 2). Using expression (5), the

reliability indicators of the research object for the imple-
mentation of the recommended innovations are calculat-
ed and obtained:

X Tpjwp; Np;

SAIDIeoretical = % Np; = 1,579. 6 min;
n “Npi
SAIFIipeoretical = % = 4.93 times.

Table 1. Parameters of combined load groups of the electric power scheme segment

Pi I

111 1\

N. 323

570 274

Notes: Pi - power consumption of the load node, N, - number of load node subscribers

Source: compiled by the authors

Table 2. Parameters of line lengths of the power circuit segment

Land plot
number ij

01 12 13

34 45 56 47

2.7 3.2 1.5

3.6 2.2 1.8 4.1

Notes: L, - plot length
Source: compiled by the authors

Asaresult of calculations using the BARON solver from
the NEOS server, a result was obtained that shows that the
optimal value of the indicator SAIDI =780.4984666 to find
this value, 692 iterations were implemented, which helped
to distribute a limited investment resource of 7 units

between a possible four microgrid structures (Fig. 1) in
the ratio 1 — 0.654453; 2 - 0.930648; 3 — 0.300806; 4 -
0.640115, it is worth noting that the closer the result is to
zero, the more investment resources should be spent on
this particular facility:
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Iteration Open nodes Time (s) Lower bound Upper bound
11 0.06 592.312 780.498

* 138 6 0.32 741.616 780.498

* 531 9 0.70 780.105 780.498

692 0 0.83 780.498 780.498

Calculating duals

**% Normal completion ***

Wall clock time: 0.84

Total CPU time used: 0.83

Total no. of BaR iterations: 692

Best solution found at node: 531

Max. no.
All done

of nodes in memory: 13
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BARON 23.3.11 (2023.03.11): 692 iterations, optimal within tolerances.

Objective 780.498U666

Objective lower bound = 780.497572145, upper bound = 780.498352643

barstatus = 1, modelstatus =1
max nodes in memory = 13
optimum found at node 531
Baron run time (excluding setup) = 0.83 seconds
obj = 780.498

_solve_time = 0.846831

x [*] :=

1 0.654453

2 0.930648

3 0.300806

4 0.640115

i

sum{i in 1 ..

Table 3 summarises the results of calculations and
evaluates the effectiveness of capital investments in the

n} cl[il*(1 - 1/(1 + exp(-(k[il*(x[i] - x6[i1))))) = 7

development of microgrid structures according to the re-
liability criterion.

Table 3. Initial information on investment efficiency and modelling results in the NEOS Solver

1 I 1 v SAIDI_ ~ SAIFI_, A A% RIG%
5 5 9 6
0.5 0.7 0.3 0.5
X su 0.654 0.931 0.301 0.640  780.498 799.10 50.59 7.23
X 0.669 0.919 0.309 0.618 2.462 2.468 50.06 715

j SAIFI

Note: j - total number of combined consumer groups (j = I..IV); ¢, - amount of capital investment for the full implemen-
tation of the development of microgrid structures according to the 4 feature according to expression (1); x,; - point
where the function Eff(x)) reaches a value of 0.5; x, ,,, — solutions of the objective function for certain combined groups
of consumers (j = I..IV) when optimising SAIDI; x, ., — solutions of the objective function for certain combined groups of
consumers (j = I..IV) when optimising SAIFI; A, A,% - reduction of the reliability indicator in named and conventional units,
A, % / C - value of capital investment efficiency per conventional unit of resource spent from the investment programme

Source: developed by the authors using NEOS Solver (n.d.)

Table 3 summarises the results of a mathematical ex-
periment that determines the optimal distribution of avail-
able limited investment capital, provided that it is directed
to increase a certain legally regulated reliability indicator
(SAIDI and SAIFI are considered in the model). It is worth
noting that the use of limited investment capital in this way
partially compensates the owners of microgrid structures for

investment in their development and significantly improves
the reliability indicators of distribution system operators.
For example, in the proposed version, the improvement in
reliability indicators will be slightly more than 50%, while
%/ C — efficiency of capital investments per conventional unit
of resource spent from the investment programme is slight-
ly more than 7% per 1 conventional unit of resource spent.
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The study by A. Muhtadi et al. (2021) focuses on in-
tegrating microgrids into electrical distribution systems to
improve their reliability. At the same time, the research-
ers focused more on key aspects of microgrids based on
distributed energy resources (DER) and modelled the im-
pact of DER, electric vehicles (EV), and energy storage
systems (ESS) on network sustainability. It is worth not-
ing that approaches to ensuring reliability vary: since the
current study focuses more on mathematical optimisation
and algorithms, while A. Muhtadi et al. (2021) analyse the
impact of specific technologies and management strategies
on the practical aspects of implementing DER, ESS, and EV
to improve network reliability and sustainability.

M. Sandelic et al. (2021) explores the issue of sustain-
able electricity supply using microgrids using distributed
energy resources, which is consistent with this research.
Special attention in the study was paid to improving the
methods of reliability assessment through the analysis of
wear of power electronics and its impact on the system,
this approach is more technical, considering the algorithms
and response scenarios of dispatching services under the
condition of limited investment, which allows ensuring the
survivability of the power system. It is important to note
that the study by M. Sandelic et al. (2021) did not analyse
the impact of the reliability of microgrids on the develop-
ment of new procedures for designing and planning future
microgrids, which is an important aspect for ensuring the
long-term reliability and efficiency of microgrids.

Comparison of the findings of this study with the sci-
entific proposals of V.K. Garg et al. (2020), who developed
the optimal PV-BESS-based microgrid structure to provide
stable electrical energy in the face of load changes and
power shortages in rural India, showed that their study did
not analyse the possible risks or limitations that may arise
when implementing microgrids, in particular, in terms of
the reliability of power supply systems.

Comparison of this study with the approaches of
C.A. Cortes et al. (2017), who proposed an iterative pro-
cedure for optimal design of the microgrid topology in
active distribution networks, based on graph breakdown,
integer programming and performance index for optimal
design, however, the researchers did not consider the re-
liability indicators of microgrids under variable load and
equipment failures, which affects the survivability of both
microgrids and the distribution system as a whole, and did
not form recommendations on the influence of the relia-
bility of microgrid structures on the development of new
patterns of design and planning of electrical networks of
distribution system operators.

When analysing the results, it is worth referring to the
study by S. Peyghami et al. (2021), which developed the
reliability model of power electronic converters and inves-
tigated their impact on the reliability of the power system,
but their study does not cover the analysis of the possible
impact of reliability on the survivability of the power grid
in conditions of failures in the power system itself, and did
not conduct mathematical optimisation and did not form

algorithms that allow minimising integral reliability indi-
cators, considering financial constraints.

B. Zhang et al. (2020) developed a hierarchical struc-
ture for evaluating the reliability of an electric power sys-
tem and considered it from the level of a power electronic
converter to the general system. However, it is worth noting
that the developed models allow obtaining an estimate of
the reliability indicators of microgrid structures consider-
ing the system level, but do not form an integral assessment
of the reliability of the influence of microgrid structures on
the resulting efficiency of distribution systems as a whole.

When comparing the results, it is worth referring to
material of X. Guo et al. (2024), where the researchers re-
viewed an integrated index system that takes into account
two-level performance and reliability indices, and proposed
an agent-based model for modelling physical objects and
energy dispatching strategies. The researchers focused on
developing indexes, but did not consider exactly how the
integrated reliability assessment index system takes into
account the interaction between maintenance strategies
and limited investment resources.

Comparison of the results obtained with the findings
of K. Pang et al. (2024), who proposed a new method of
long-term planning based on deep learning in the face of
various uncertainties, in which the micro-network acts as a
backup energy source. They show that in the development
of microgrid, it is important to resolve the issue of redistri-
bution and dating of various technical solutions according
to the criterion of minimising reliability indicators with a
limited investment resource.

In order to compare the conclusions obtained, it is nec-
essary to refer to the study by P.S. Meera et al. (2022), which
provides an overview of the impact of distributed genera-
tion on reliability, considers various methods for evaluat-
ing the reliability of the distribution network — analytical,
simulation, and hybrid, which affect the optimal placement
of switching devices, the use of distributed generation and
network reconfiguration, in contrast to this study, where
the proposals are evaluated not only from the standpoint
of the facility owner, but also consider aspects of improving
the efficiency of the distribution system operator as a whole.

It is advisable to compare the findings with the devel-
opments of A. Nargeszar et al. (2022), which assessed the
impact on the reliability of microgrids of changes in the
energy characteristics of renewable resources, such as wind
speed, tidal flows, and solar radiation, based on the devel-
oped equations, but these researchers, unlike the present
study, did not interpret the proposed models on the level
of centralised power supply and did not assess the possible
impact of the reliability of microgrid structures on the effi-
ciency of the system as a whole.

When formulating and approving the investment pol-
icy of a distribution system operator in terms of ensuring
the planned performance in terms of reliability, it takes a
long time to develop adequate responses and scenarios.
This introduces significant restrictions on the develop-
ment of timely management decisions and assessments of
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effective areas for the development of investment policy
to optimise comprehensive indicators of the reliability of
the distribution system operator.

As a result of the current study, a mechanism for par-
tial compensation of the cost of forming microgrid struc-
tures through the rational allocation of funds from the
investment programme of the distribution system opera-
tor, the purpose of which is to increase the efficiency of
electricity supply to consumers in modern conditions, has
been proposed. A method for finding the optimal values
of reliability indicators has been developed based on the
distribution of the “depth” of microgrid structures at the
facilities of distribution system operators, which is formed
by the distribution system operator. It is indicated that
this approach can be used as an additional tool for the de-
cision-making system in the operational dispatching man-
agement of regional energy systems and the assessment of
effective areas for the development of investment policy,
the purpose of which is to optimise the integral reliability
indicators of the distribution system operator.

CONCLUSIONS

As aresult of the research, the main goal was achieved - to
substantiate the creation of models for ensuring the op-
timal structure of electrical distribution networks under
the conditions of connecting microgrids, considering the
criterion of reliability and limited investment. A method
for assessing the structural reliability of complex elec-
trical systems with microgrid structures was developed,
which helped to develop a rational power distribution of
such structures, optimising the reliability indicators of the
electric power system under study. The proposed mathe-
matical optimisation model based on a computational sys-
tem proved to be effective for solving non-convex prob-
lems with minimising integral reliability indicators, taking
into account financial constraints and the investment
efficiency curve. The use of the BARON solver available
on the NEOS server confirmed the possibility of optimi-
sation, demonstrating the results using examples, consid-
ering the parameters of distribution system objects and
their restrictions on network components. Using the ba-
sic example, the efficiency of the proposed solutions was
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demonstrated in the form of slightly more than 50% im-
proved integral reliability indicators and the relative co-
efficient of investment efficiency per conventional unit of
resource spent from the investment programme was deter-
mined, which was slightly more than 7% per 1 convention-
al unit of resource spent. An algorithm and programme for
solving the problem of targeting power flows of microg-
rid structures in multi-node regional power systems was
developed, which allows ensuring the survivability of the
power system under the condition of limited investments.
The results of the study showed that the development of
rational electricity flows of microgrid structures minimises
the under-supply of electric energy by specific load nodes
and determines their recommended shares in covering
demand in conditions of power shortage. The results ob-
tained are recommended for use in operational and stra-
tegic management of energy systems, which would help to
increase their reliability and efficiency of using a limited
investment resource.

An important area for further research is to combine
methods and models for optimising the number and types
of reliability enhancement equipment with the introduc-
tion of microgrid structures to increase the investment
attractiveness of such technical solutions. It is also ad-
visable to conduct additional research on the efficiency
of investments in each specific microgrid structure and to
form integral dependencies of the technical and economic
efficiency of island modes and the development of a solu-
tion based on a multi-criteria Pareto-optimal for a certain
group of reliability indicators, since the developed model
showed that the optimal solution is slightly different for
different reliability indicators.
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Abstract. The purpose of this study was to analyse methods of increasing the efficiency and environmental friendliness
of the use of solid organic fuels (SOF) in electricity generation. This study employed a comprehensive approach to the
analysis and optimisation of technological processes, operational systems, and environmental aspects of the use of SOF.
The study found that the use of modern technologies, such as gasification and pyrolysis, considerably increases the
efficiency of converting SOF into electricity. Optimisation of boiler and turbine designs and automation of fuel supply
systems helps to reduce energy losses and improve overall system efficiency. It was found that the use of new materials
for boilers increases their resistance to corrosion and erosion, which extends the service life of the equipment. The study
also showed that the introduction of gas cleaning and secondary combustion systems significantly reduces emissions of
harmful substances, which improves environmental performance. An analysis of ash utilisation opportunities showed that
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its use as a fertiliser or construction material is a promising area. The study proved that an integrated approach to the use
of SOF can substantially increase their efficiency and environmental friendliness. The findings of the study suggest that
the use of innovative methods of combustion process control allows achieving more stable and efficient power generation.
It was proved that the introduction of automated monitoring and control systems reduces operating costs and increases
the reliability of equipment. The study also found that the use of advanced analytical tools to predict equipment wear
and tear allows for prompt preventive maintenance, which further increases the efficiency and duration of uninterrupted

operation of energy systems

Keywords: solid organic fuels; gasification; pyrolysis; electricity; corrosion; erosion; ecology

INTRODUCTION

In the context of global climate change, accompanied by
an increase in the average global temperature, melting gla-
ciers, and an increase in the frequency of extreme weather
events, the global community is facing serious challenges
in reducing the adverse environmental impact. One of the
main tasks in this context is to ensure a stable supply of
energy necessary to support the vital activity of society,
industry, and transport, while minimising greenhouse gas
emissions that cause climate change. Considering this, the
search for efficient and environmentally friendly energy
sources has become particularly important. Solid organic
fuels (SOF), including wood, pellets, straw, and other bio-
mass, have gained considerable attention as promising al-
ternative energy sources that can partially replace fossil fu-
els such as coal, oil, and natural gas (Sivabalan et al., 2021).
Biomass, being a renewable resource, can be reproduced
in a relatively short time, making it a more environmen-
tally friendly alternative to fossil fuels, which are limited
and declining. The use of SOF not only reduces depend-
ence on conventional energy resources, but also helps to
reduce greenhouse gas emissions, as the plants that serve
as a source of biomass absorb carbon dioxide from the at-
mosphere as they grow (Palianytsia et al., 2014). The need
for this study is driven by current challenges in the energy
sector, such as growing global energy demand, limited fos-
sil fuel resources, and the need to reduce greenhouse gas
emissions. Due to their renewable characteristics, SOF can
play a key role in the transition to more environmentally
friendly energy sources. However, the efficient use of SOF
requires the improvement of existing processing and com-
bustion technologies, as well as the optimisation of me-
chanical systems to achieve maximum environmental and
economic benefits.

An analysis of the problem of increasing the efficiency
and environmental friendliness of the use of SOF points to
numerous studies that cover various aspects of this topic.
Z.Hameed et al. (2021) showed that innovative gasification
methods can significantly increase the calorific value of
fuel and reduce pollutant emissions. They also investigated
how these methods contribute to a more complete utilisa-
tion of biomass energy, increasing the overall efficiency of
the process. G. Mong et al. (2022) reviewed pyrolysis tech-
nologies, focusing on reducing waste and improving the
quality of end products. Their study also highlighted the
significance of temperature control to achieve best results

in pyrolysis plants. M. Soleh et al. (2023) highlighted the
impact of different types of biomass on the efficiency of the
combustion process, emphasising the significance of prop-
er fuel preparation. Furthermore, their results showed that
biomass preparation influences the reduction of harm-
ful emissions during combustion. L. Martinez-Valencia et
al. (2021) focuses on the automation of fuel supply sys-
tems, which reduces maintenance costs and increases pro-
cess stability. They also noted that automation contributes
to more accurate fuel dispensing, which reduces energy
losses. Further research by C. Tang et al. (2022) revealed the
benefits of using new materials for boiler structures that
considerably increase their durability and efficiency. They
also pointed to the reduction of corrosion processes due to
the use of these materials, which extends the service life
of the equipment. A. Islam et al. (2023) made a significant
contribution to the development of gas purification meth-
ods that reduce emissions of harmful particles and improve
environmental performance. Their research also focused
on the effectiveness of different filter media in cleaning
processes. J. Odzijewicz et al. (2022) focused on ash utili-
sation technologies, showing how these by-products can
be used as fertilisers or construction materials. They also
investigated the economic benefits of such approaches,
which help reduce waste. F. Mustafa et al. (2023) consid-
ered aspects of combustion monitoring and control, focus-
ing on the significance of automated systems to improve
efficiency and reduce costs. The researchers also stressed
that these systems ensure prompt detection and elimi-
nation of deviations in the operation of plants. L. Peir6 et
al. (2022) showed the promise of innovative approaches to
integrating biomass into existing energy systems, which
can improve their overall efficiency and environmental
performance. They also noted that such approaches can
contribute to greater flexibility of energy systems in the
use of different fuels. Overall, while these studies make a
valuable contribution to understanding the efficiency and
environmental friendliness of using SOF, there are gaps
that need to be further explored, particularly in terms of
the impact of various fuels on technological processes, the
long-term performance of new materials, and the econom-
ic aspects of biomass integration.

The purpose of this study was to analyse methods of
increasing the efficiency and environmental friendliness
of using SOF in electricity generation. Research objectives:
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0 to investigate modern technologies for SOF process-
ing, such as gasification and pyrolysis, to assess their im-
pact on the efficiency of electricity production;

O to analyse the mechanical systems used for combus-
tion of SOF and to identify opportunities for their optimi-
sation to improve energy efficiency;

O to evaluate the environmental aspects of the use of
SOF, including the reduction of harmful substances and ash
disposal, to determine their impact on the environment.

MATERIALS AND METHODS

The present study analysed the aspects of using SOF for
electricity generation. Various types of SOF, such as wood,
pellets, straw, and other types of biomass, which are wide-
ly used in the energy sector, were considered. Significant
attention was paid to the examination of each type of bi-
omass in terms of its availability, energy potential, envi-
ronmental impact, and the possibility of integration into
modern energy systems.

Methods for analysing the physical and chemical prop-
erties of biomass were also used, including determining
moisture content, ash content, calorific value, and compo-
sition of volatile substances. The moisture content of the
biomass was determined to assess its impact on combus-
tion efficiency and energy costs for grinding and drying the
fuel before combustion. The ash content was analysed to
determine the amount of residual material after combus-
tion, which can cause problems with equipment mainte-
nance. The calorific value was assessed to determine the
amount of energy that can be obtained during combustion,
which is a key indicator of fuel efficiency in power plants.
The study of the composition of volatile substances helped
to assess their impact on the formation of harmful emis-
sions during combustion.

Furthermore, the energy potential of various types of
biomass was assessed, considering the possibility of their
mass production and market availability. As the efficient
use of biomass for energy purposes requires a stable supply
of raw materials, the study addressed the regional specifics
of biomass cultivation and harvesting. The environmental
impact, including emissions of harmful substances during
combustion, and the fuel’s ability to recover were also con-
sidered. The main technologies used for converting SOF
into electricity, specifically gasification and pyrolysis, were
considered. The study analysed their advantages and dis-
advantages, process efficiency, and the potential for reduc-
ing emissions of harmful substances.

The operational mechanical systems, such as boilers,
turbines, and fuel preparation and supply systems used for
combustion of the SOF were analysed. Particular attention
was paid to the design features of these systems, their reli-
ability, and upgrade capabilities. The possibilities of using
new materials and engineering solutions that increase the
efficiency of heat transfer, reduce heat loss, and improve the
overall performance of energy systems were investigated.

The environmental impacts of the use of SOF, includ-
ing emissions of harmful substances such as CO,, NO,,

and slag and ash particles occurring from the combus-
tion process, were also investigated. Methods of reduc-
ing these emissions, such as the use of flue gas cleaning
systems and secondary combustion technologies, were
analysed. Furthermore, the study considered the issue of
utilisation of ash, which can be used as fertiliser or con-
struction material.

RESULTS

SOF play an important role in electricity generation, espe-
cially in the context of renewable energy sources. The use of
SOF, such as wood, agricultural waste, and other biomass,
can considerably reduce greenhouse gas emissions if used
efficiently. SOF occupy a special place among alternative
energy sources due to their availability and potential for
sustainable development (Angulo-Mosquera et al., 2021).
SOF includes various types of biomass, such as wood, pel-
lets, straw, husks, husks, and other organic waste generat-
ed by agricultural and industrial activities. These materials
are renewable resources that can be used to produce heat
and electricity with minimal environmental impact. Each
type of SOF has its unique characteristics that determine
their efficiency and environmental friendliness. Wood, as
one of the most common SOF, has a high energy potential
due to its calorie content. At the same time, its efficiency
largely depends on the level of humidity — the lower the
humidity, the more energy can be obtained by burning it.
Pellets produced by pressing wood waste have a stable cal-
orific value and low moisture content, which makes them
one of the most efficient types of SOF.

Straw, peelings, and husks, which are agricultural
wastes, are also widely used as a SOF. Although these ma-
terials have a lower calorific value than wood, their availa-
bility and low cost make them attractive for energy needs,
especially in rural areas. However, the use of such fuels is
accompanied by certain difficulties, specifically, high ash
content and the possibility of harmful emissions during
combustion. This requires the implementation of special
flue gas cleaning and ash disposal technologies to mini-
mise the negative impact on the environment. Thus, the
SOF represent a diverse group of materials, each of which
has its characteristics that affect the efficiency of their use
in the energy sector. The choice of the suitable type of SOF
and its processing technology depends on the concrete
conditions and requirements for energy efficiency and
environmental friendliness. Therefore, research and de-
velopment of technologies aimed at optimising the use of
SOF is crucial for the transition to cleaner energy sources.
Technologies for generating electricity from SOF are key
to the development of renewable energy sources (Wang &
Wright, 2022).

With the growing demand for environmentally friend-
ly energy solutions, it is important to consider modern
methods that enable efficient conversion of biomass into
electricity (Table 1). These include combustion, gasifica-
tion, and pyrolysis, each of which has its unique advantag-
es and challenges.
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Table 1. Technologies of electricity generation from the SOF

Technology Working principle Advantages Disadvantages
. Conversion of fuel into a gaseous High enough efficiency, proven CO, emissions, reduced efficiency
Combustion . 2 L .
coolant for steam production technology when used in intermediate modes
Gasification Conver51pn of solid and liquid fuels Reduced emissions, high efficiency Complgmty of equlpment, need for
into gaseous fuels additional gas cleaning systems
. o L. Complexity of the process, need for
Pyrolysis Heat treatment of fuel in the Possibility of obtaining several types special systems to handle the output

absence of oxygen

of fuel products

Source: compiled by the authors of this study based on O. Corigliano et al. (2022)

Combustion is one of the most conventional and wide-
spread technologies for generating electricity from SOF.
The principle of operation of such systems is to use biomass
to heat water, which leads to the formation of steam. This
steam drives turbine generators that generate electricity.
This method is efficient and reliable, but its effectiveness
depends on the quality of the fuel used and the design of
the equipment. An important aspect is the optimisation
of the combustion process to minimise the production of
harmful emissions, ash, and slag. Gasification is a more
innovative approach, which involves converting SOF into
gaseous fuel through partial oxidation at hot temperatures.
The resulting synthesis gas consists primarily of hydrogen,
carbon monoxide, and methane, and can be used for power
generation or as a raw material for the chemical industry.
Gasification reduces the amount of ash and harmful emis-
sions, making this method more environmentally friendly
than conventional combustion. At the same time, this pro-
cess requires sophisticated equipment and strict control of
parameters, which can increase the cost of implementing
the technology.

Pyrolysis is a process of thermal treatment of SOF in
the absence of oxygen, which results in the formation of
solid, liquid, and gaseous products. These products can be

used for further energy production or as raw materials for
other industries. The solid residue (biochar) can be used
as fuel or as fertiliser, the liquid fractions can be used as
biofuels, while the gaseous products can be used to pro-
duce electricity or heat. Pyrolysis is a flexible technology
that allows to produce various types of energy carriers but
requires precise control of temperature conditions and the
composition of the feedstock. Thus, technologies for gen-
erating electricity from SOF offer a wide range of opportu-
nities for the efficient and environmentally friendly use of
renewable resources. The choice of the suitable technology
depends on specific conditions, including the type of bio-
mass, availability of process equipment, and requirements
for process efficiency and environmental friendliness. The
integration of these technologies into the modern energy
sector will help reduce dependence on fossil fuels and re-
duce the negative impact on the environment.

The analysis of mechanical systems used for combus-
tion of SOF is a major step in improving the efficiency and
reliability of power plants (Table 2). These systems include
diverse types of boilers, turbines, and fuel preparation
and feeding systems, each of which plays a critical role
in ensuring efficient conversion of biomass to electricity
(Chehrmonavari et al., 2023).

Table 2. Analysis of mechanical systems for the use of SOF

System Description Key features Challenges and limitations
Solid fuel boilers Boilers for SOF combustion Heat outp l.lt’ materials, Short service !1fe, need for
operating mode regular maintenance
Turbines Turbines for converting thermal Efficiency, type (steam, gas) Dependence on steam/gas

energy into electricity

quality, maintenance costs

Automatic systems for fuel
preparation and delivery

Fuel preparation and supply
systems

Continuity of operations,
automation

Installation costs, problems
with fuel recycling

Source: compiled by the authors of this study based on J. Zhuang et al. (2022)

The design of boilers is one of the key elements in com-
bustion systems for SOF. The main focus of boiler design is
on heat transfer efficiency, which determines how fully and
efficiently fuel is converted into heat. The materials used
to make the boilers must be resistant to hot temperatures,
corrosion and erosion that occur during the biomass com-
bustion process. The choice of materials and optimisation
of the boiler design increase their durability and reduce
heat loss, which increases the overall efficiency of the en-
ergy system. Turbines, which are used to convert thermal
energy into mechanical energy and then into electricity,

also require careful analysis. The type of turbines and their
design features determine the efficiency of energy conver-
sion, which is a key factor in achieving high performance.
The optimum operating conditions of the turbines depend
on the parameters of the steam generated in the boilers, in-
cluding pressure and temperature. Furthermore, it is nec-
essary to consider the possibility of using different types
of turbines to work with different types of biomass, which
may require special adjustments and adaptations.

Fuel preparation and supply systems ensure uninter-
rupted and uniform supply of SOF to the boilers. These
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systems must be designed to minimise fuel losses during
grinding, drying, transport, and storage, and to ensure that
the fuel is delivered evenly to the combustion zone. Auto-
mation of fuel supply processes helps to optimise system
performance, reduce operating costs, and improve equip-
ment reliability. Modern fuel supply systems can include
dosing mechanisms, conveyors, augers, and other elements
that ensure the accuracy and stability of the process. Thus,
the analysis of mechanical systems for the use of SOF is a
vital component of improving the efficiency and environ-
mental friendliness of power plants. Optimising the design
of boilers, selecting the right turbines and automating fuel
supply systems not only increases productivity but also re-
duces the adverse impact on the environment. These as-
pects are critical to ensuring the sustainable development
of the energy sector and the transition to renewable energy
sources. Optimising the design of energy systems to im-
prove efficiency is a key area of development for modern
energy systems using SOF (Wang et al., 2021). This process
included several key aspects aimed at improving the oper-
ation of boilers, turbines, and fuel supply systems, which
would increase productivity and reduce energy losses.

The modernisation of boilers has become one of the
crucial steps in improving heat exchange efficiency. The use
of new materials that were highly resistant to corrosion and
erosion considerably increased the boilers’ service life and
reduced heat losses. The use of advanced designs and the
latest heat exchange technologies helped to optimise com-
bustion processes, which increased the overall efficiency of

the system. The use of combustion processes for combus-
tion of SOF in oxygen or oxygen-enriched air is important
in this area. Improvements to the turbines included the use
of more efficient models capable of operating at lower tem-
peratures, which helped reduce energy losses during the
conversion of heat into mechanical work. The introduction
of new types of turbines increased productivity and reduced
energy costs, which had a positive impact on the overall
efficiency of power plants. Automation of fuel preparation
and supply systems was an essential element in optimising
energy processes. The use of sensors and automatic control
systems ensured the accuracy and stability of fuel supply,
which reduced the cost of its transportation and ensured
the smooth operation of the plants. This helped to increase
the efficiency of fuel combustion and minimise losses,
which had a positive impact on the overall performance
of the system. Overall, optimisation of power system de-
signs and technologies enabled a substantial increase in
the efficiency of using SOF, which ultimately contributed
to reducing energy costs and improving the environmen-
tal friendliness of electricity generation. These measures
were critical to ensure the stable and efficient operation
of modern power plants using renewable energy sources.

The use of SOF for electricity generation has valuable
environmental aspects that directly affect the environment
and the efficiency of energy systems (Table 3). Improve-
ment of the environmental friendliness of the use of SOF
includes reducing pollutant emissions, efficient ash dis-
posal, and rational use of resources.

Table 3. Environmental aspects of using SOF

Environmental aspect Description

Reduction of emissions

Potential solutions

The use of SOF can lead to emissions of CO,, NO,, Use of the latest combustion technologies, modern
SO, and other pollutants

flue gas cleaning technologies, catalytic converters

Ash and slag remaining after combustion of SOF
may contain heavy metals and other harmful

Disposal of ash and slag
substances

Use of ash as fertiliser, in building materials or for
land reclamation

Rational use of resources

Loss of thermal energy during combustion of SOF
can reduce the efficiency of energy systems

Optimisation of the combustion process,
introduction of high-efficiency boilers and
turbines, utilisation of biomass residues

Source: compiled by the authors of this study based on M.A. Abdelkareem et al. (2021)

Reduction of emissions is one of the key tasks when us-
ing SOF. For this, gas purification technologies are actively
used to reduce the concentration of harmful substances in
exhaust gases. Secondary combustion systems provide ad-
ditional combustion of the remaining particles in the flue
gas, thereby reducing emissions of inorganic compounds
and soot particles. Catalytic converters are used to convert
toxic gases such as nitrogen and carbon oxides into less
harmful compounds. The introduction of these technolo-
gies substantially reduces the negative impact on the en-
vironment, making the use of SOF more environmentally
friendly. The disposal of ash and slag is another notable
aspect of the environmental benefits of using SOF. The ash
and slag produced during biomass combustion can be re-
cycled and used as fertiliser or building material. Biomass
ash contains a considerable amount of nutrients such as

potassium, calcium, and phosphorus, which are useful for
improving soil quality. It can also be used as an ingredient
in the manufacture of building materials such as concrete
or tiles, which reduces the need for virgin raw materials
and reduces the environmental footprint of the construc-
tion industry.

Efficient use of resources includes reducing energy
losses and using biomass residues. Improvement of the
combustion efficiency and conversion of SOF helps to re-
duce the amount of unused fuel and reduce overall energy
costs. Another major aspect is the use of biomass residues,
such as husks, stalks, or wood waste, which are often over-
looked. Reusing them as fuel or raw materials for new prod-
ucts reduces waste and improves overall system efficiency.
Thus, the environmental aspects of using the SOF include
reducing pollutant emissions, ash disposal, and efficient
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use of resources. The introduction of relevant technologies
and practices helps to reduce the negative impact on the
environment, increasing the environmental friendliness
of electricity production from biomass, and ensuring the
sustainable development of the energy sector (Al-Ghouti et
al., 2021). With the future challenges of the energy sector
related to the need to reduce emissions and increase effi-
ciency, the development of innovative technologies in the
field of using SOF is becoming critically important. The key
areas of this development include new materials for boil-
ers and turbines, innovative methods of processing SOF, as
well as automation and digitalisation of processes (Wang
& Wright, 2021).

Modern research in the field of materials science fo-
cuses on the development of new alloys and coatings that
can considerably improve heat resistance and reduce wear
and tear on energy system components. New materials,
such as ceramic composites and high-strength alloys, can
withstand extreme temperatures and aggressive operat-
ing conditions. They ensure a longer service life for boil-
ers and turbines, which reduces the frequency of repairs
and replacements and increases the overall efficiency of
power plants. The introduction of such materials can con-
siderably reduce maintenance costs and improve system
reliability. Innovative methods of processing SOF focus
on integration with renewable energy sources and the
development of innovative processing technologies. For
instance, biomass can be combined with solar or wind
energy to improve the efficiency of energy systems. Gas-
ification and pyrolysis processes are becoming increas-
ingly sophisticated, enabling the conversion of SOF into
high-quality gaseous or liquid fuels with higher energy
density. Integrating these technologies into a combined
heat and power system can significantly improve overall
efficiency and reduce emissions.

Automation and digitalisation of the SOF combustion
process is another major area of development. Artificial in-
telligence (AI) and big data allow optimising management
processes, improving the accuracy of system regulation
and monitoring. Intelligent control systems can automat-
ically adjust combustion parameters to achieve maximum
efficiency and reduce emissions. For instance, AI-powered
systems can predict energy needs, optimise fuel supply,
and ensure more efficient integration with other ener-
gy sources. Digitalisation also facilitates maintenance by
monitoring the condition of equipment in real time. The
development of new materials, innovative methods of pro-
cessing SOF, and automation of processes are key to im-
proving the efficiency and environmental friendliness of
SOF-based energy systems. These technological advances
not only reduce the negative impact on the environment,
but also provide economic benefits through reduced main-
tenance costs and improved overall system reliability. Ac-
cording to current research and innovations, the future use
of SOF will be closely linked to the integration of innova-
tive technologies, which opens new opportunities for sus-
tainable energy development (Singh et al., 2021).

Kravets et al.

Increasing the efficiency and environmental friend-
liness of using SOF for electricity generation requires a
comprehensive approach, including technology improve-
ment, design optimisation, and the use of modern mechan-
ical systems. Efficient use of SOF can considerably reduce
greenhouse gas emissions and promote the development of
renewable energy sources.

DISCUSSION

The analysis of the results showed a significant potential
for increasing the efficiency and environmental friendli-
ness of the use of SOF in electricity generation. Modern
technologies such as combustion in pure oxygen, gasifica-
tion, and pyrolysis were found to considerably reduce emis-
sions compared to conventional methods of use. However,
these technologies required complex gas purification sys-
tems, which increased production costs. Optimisation of
boiler and turbine designs and the introduction of the lat-
est materials have helped to improve heat transfer efficien-
cy and reduce energy losses. This was also investigated by
V. Ashokkumar et al. (2022), where the findings confirmed
that the introduction of technologies such as carbon cap-
ture and storage systems significantly reduced carbon di-
oxide emissions. The use of gasification and pyrolysis of
solid fuels has contributed to cleaner combustion, thereby
reducing emissions. Z. Xie et al. (2021) also showed that
modern combustion technologies for combustion of SOF,
such as particulate filters and desulphurisation systems,
effectively reduce the concentration of harmful substanc-
es in emissions. Optimisation of combustion processes
ensured more complete combustion of fuel, reducing the
amount of residual emissions. Notably, the effectiveness of
technologies largely depends on their proper application
and integration into existing energy supply systems. Suc-
cessful emissions reduction also requires constant moni-
toring and adaptation of technologies to changing operat-
ing conditions. Investing in innovative solutions and their
adaptation can substantially improve the environmental
impact of using SOF, making it more competitive with oth-
er energy sources (Chupa & Zhovtulia, 2023).

The study of mechanical systems for the use of SOF
has demonstrated the significance of process automation,
especially in the context of fuel supply systems. The use of
automatic control systems has reduced fuel losses and en-
sured the stability of power plants (Stoliarov, 2024). On the
other hand, the high complexity of such systems required
considerable investment and regular maintenance, which
raised the question of the feasibility of their implementa-
tion in a context of limited funding. A. Marot et al. (2022)
concluded that automation in energy supply systems with
SOF ensures stability and efficiency. Automated control
systems help maintain optimised combustion parameters,
reducing emissions and increasing efficiency. L. Angu-
lo-Mosquera et al. (2021) found that research into mechan-
ical systems for the use of SOF highlighted the significance
of automation, especially in fuel delivery systems. Auto-
matic control systems reduce fuel losses and increase the
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stability of power plants, which has a positive impact on
their efficiency. However, the high complexity of such sys-
tems requires major investment and regular maintenance,
which raises questions regarding their feasibility in a con-
text of limited funding. These findings support the cited
study, as they demonstrate that automation truly contrib-
utes to the efficiency and sustainability of power plants. At
the same time, they emphasise the need for a thorough sub-
stantiation of the economic feasibility of such investments,
especially for enterprises with limited financial resources.
The introduction of automated systems must be balanced
with the enterprise’s ability to maintain and adapt them to
ensure long-term sustainability and economic benefit.

Optimisation of boiler and turbine designs has prov-
en to be effective in increasing the overall efficiency of
systems using SOF. The use of new materials, such as
high-temperature alloys and nanomaterials, has improved
thermal conductivity and corrosion resistance (Orum-
bayev et al., 2021). This helped to reduce maintenance costs
and extend the life of the equipment. It is worth noting the
study by M. Nemitallah et al. (2023), who also found that
optimising boiler and turbine designs is key to improving
the efficiency of power plants. Improvements in the ge-
ometry of heat exchange surfaces, turbine aerodynamics,
and fuel combustion systems can reduce energy losses and
increase efficiency. This also helps to reduce emissions,
which increases the environmental sustainability of pro-
duction. Y. Guo et al. (2023) concluded that new materials
with high thermal conductivity, corrosion and temperature
resistance allow for more efficient heat transfer and reduce
energy losses. They also increase the equipment’s resist-
ance to stress, which extends its service life and reduces re-
placement costs, contributing to higher efficiency and low-
er operating costs. These data are in line with the theses
presented in the previous section of this study, confirming
the significance of both design optimisation and the use
of innovative materials to achieve maximum efficiency.
Improvements in boiler and turbine designs, together with
the use of the latest materials, create a synergistic effect
that increases the overall efficiency of power plants (Pry-
poten et al., 2022). This demonstrates that innovative ap-
proaches in engineering and materials science are essen-
tial for achieving sustainable development and reducing
operating costs in the modern energy sector.

From an environmental standpoint, improving the en-
vironmental friendliness of the use of SOF required a com-
prehensive approach, including both the modernisation of
existing technologies and the introduction of innovative
methods of reducing emissions. It was found that efficient
ash utilisation can considerably reduce the environmental
impact of electricity generation if the ash is used as fertil-
iser or in building materials. However, the issues of safe-
ty and economic feasibility of such disposal necessitated
additional research. R. Permatasari & A. Sodri (2023) also
conducted a study that confirmed that ash utilisation and
emission reduction are critical for environmental safe-
ty when using SOF. Ash contains toxic substances, and

therefore its efficient utilisation, for instance in construc-
tion materials, reduces the negative impact on the envi-
ronment. Modern technologies, such as flue gas filtration,
help to reduce emissions of harmful substances in line with
environmental standards. N. Rajendran et al. (2021) also
found that a comprehensive approach includes reducing
pollutant emissions, optimising the combustion process to
minimise ash, and upgrading equipment and using alterna-
tive energy sources. This helps to significantly reduce the
environmental impact of using SOF. Comparing the data
obtained during the studyj, it can be stated that an integrat-
ed approach to improving the environmental friendliness
of the use of SOF has a substantial impact on reducing the
environmental burden. The implementation of efficient
ash utilisation methods and modern emission reduction
technologies is proving to be effective in reducing toxic
emissions and improving environmental quality (Mysak et
al., 2017). This data confirms that the integration of inno-
vative solutions in the field of recycling and pollution con-
trol is the key to achieving sustainable and environmental-
ly friendly use of the SOF.

Innovative developments in the use of SOF, such as in-
tegration with other renewable energy sources and the use
of Al to optimise processes, have demonstrated the pros-
pects for a considerable increase in the efficiency of energy
systems. The use of these technologies would enable the
creation of more sustainable and cost-effective SOF-based
solutions for electricity generation. A. Shah et al. (2022) con-
cluded that innovative technologies such as pyrolysis and
gasification considerably increase the efficiency of SOF use,
reducing pollutant emissions and lowering operating costs.
Automation systems and new materials for flue gas clean-
ing make the use of the SOF more environmentally friendly
and economical. M. Hasan et al. (2022) found that integrat-
ing SOF with renewable sources such as biomass or solar
energy can ensure a stable energy supply, reduce depend-
ence on fossil fuels, and lower greenhouse gas emissions.
Combining SOF with renewable sources increases econom-
ic efficiency and reduces the environmental footprint of
energy systems. When analysing the results of the study;, it
is clear that the introduction of innovative technologies in
the use of SOF substantially increases their efficiency and
reduces the negative environmental impact. Specifically,
improved combustion processes and new methods of flue
gas treatment provide a significant reduction in emissions
and lower operating costs. At the same time, the integra-
tion of SOF with renewable energy sources opens pros-
pects for more sustainable and economical use of energy
resources, improving environmental performance, and re-
ducing dependence on fossil fuels. Thus, a comprehensive
approach to technology optimisation and integration with
renewable sources is key to achieving sustainable energy.

Thus, the analytical study confirmed the need for fur-
ther modernisation and optimisation of the systems that
use SOF to achieve high efficiency and minimise negative
environmental impact. The results also highlighted the
significance of investing in innovative technologies and
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increasing automation to ensure sustainable and environ-
mentally friendly electricity production in the future.

CONCLUSIONS

The analytical study revealed that the use of SOF for elec-
tricity generation can be efficient and environmentally
friendly, provided that modern technologies and approach-
es are applied. It was found that the introduction of the
latest technologies, such as combustion in pure oxygen,
gasification, and pyrolysis, can reduce emissions of harm-
ful substances, which has a positive impact on the envi-
ronmental situation. However, these technologies require
sophisticated gas purification systems, which considerably
increases the cost of electricity production.

The optimisation of boiler and turbine designs using
high-temperature alloys and nanomaterials has substan-
tially improved heat transfer efficiency. High-tempera-
ture alloys increased operating temperature and corro-
sion resistance, while nanomaterials reduced heat loss
and increased wear resistance. This helped to increase the

Kravets et al.

of such systems has considerably increased the efficiency
of electricity generation and reduced maintenance costs.
Environmental aspects, such as ash and slag recycling and
emissions reduction, have become key to improving envi-
ronmental safety. The use of ash and slag as fertilisers or
building materials reduced waste and provided additional
economic benefits, while modern gas cleaning technol-
ogies reduced emissions of harmful substances into the
atmosphere.

Thus, the study confirmed the significance of modern-
ising and optimising SOF-based systems to achieve high ef-
ficiency and environmental safety in electricity generation.
The economic feasibility and safety of utilising ash and slag
from solid organic fuels as fertiliser or construction materi-
al should be further investigated. A limitation of this study
was the lack of a detailed analysis of the economic efficien-
cy of implementing modern gas cleaning technologies and
automation of fuel preparation and supply systems.
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in optimal by settling time control problems

Abstract. When developing control systems, an important issue arises of choosing an operator, which forms the control
function. The standard approach is to use a PI- or PID-controller, a more advanced approach involves ANNs training
for this purpose. A comparative analysis of the PI- and neurocontroller performances makes it possible to establish
the disadvantages and advantages of each of the compared controllers, which is an important scientific and applied
problem. The purpose of the work was to conduct a comparative analysis of the performance of the PI-controller and
the neurocontroller based on a set of evaluation indicators for plants of the second and third orders. Such a comparison
was carried out by using an approach to the synthesis of both controllers, which involved the minimization of a complex
objective function. The latter is obtained as a result of reducing the problem of optimal control with constraints to the
problem of unconstrained optimization. The analysis showed that according to the settling time indicator (optimization
criterion), the neurocontroller has an advantage of 6.1...96.2% for the modelled plants. At the same time, according to
other indicators of the control quality, the PI-controller has an advantage. In addition, the synthesis of a neurocontroller
in terms of finding the minimum of the objective function is a more difficult problem. For its solution, a bigger number
of iterations of the VCT-PSO optimization algorithm is required. It is rationally to set more than 1000 iterations and
swarm population in the range 30...50 particles. A comparative analysis by the settling time of the neurocontroller and
PI-controller, which is tuned according to engineering methods, showed significant reserves for improving this indicator.
Thus, if the requirements for settling time minimization are quite strict, then it is advisable to use a neurocontroller.
The obtained results will make it possible to develop recommendations for the rational choice of the control operator
when solving practical problems of the control systems synthesis
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INTRODUCTION

State of technology development, particularly in the fields
of electromechanics, electronics, and automation, involves
the use of feedback control (regulation) systems. For their
synthesis, engineers may use an extremely diverse range
of mathematical methods. Quite often, the same con-
trol problem can be solved by using different approach-
es. PID-controllers are simple and very common (O’Dw-
yer, 2009). H,-controllers (Brand & Cole, 2021) are optimal
in a sense of quadratic criterion. Fuzzy-controllers (Tong et
al., 2020) and neurocontrollers (Ghahramani et al., 2020)
implement a soft-computing approach for solution of con-
trol problems.

This is far from a complete list of types of controllers,
that may be used to solve a specific control problem. At the
same time, there is a need to determine which approach
will be rational. In order to give an answer to this question,
it is necessary to perform a comparative analysis of the
qualitative indicators of the work of various controllers.

Certain steps in this direction have already been taken.
For example, M. Dhandapani et al. (2024) reviewed the use of
a PI- and a neuro-controller when charging the batteries of
vehicles with electric traction ensures a stable voltage of the
direct current link. However, suppression of higher harmon-
ics is somewhat better performed by the neurocontroller.

According to A. Nouri et al. (2024), combined schemes
of controllers make it possible to obtain a better effect
when controlling the accumulation of electrical energy in
photovoltaic energy technologies. In their work, it is proved
that the ANN in combination with the linear-quadrat-
ic-regulator (LQR)-controller provides better performance
and stability of the energy storage installation compared
to the artificial neural network — proportional-integral
(ANN-PI)-controller.

Interesting are the comparative studies of M. Yessef et
al. (2022) on the use of PI-, fuzzy-, neuro-controllers, slid-
ing controllers, and controllers in which the “backstep-
ping” method is applied to control the parameters of wind
turbines. The results of the comparison showed that the
neurocontroller has the best values of response duration,
static error, and accuracy when changing the set point
among the compared controllers. The worst quality indica-
tors correspond to the work of the PI-controller.

In a study by D.E. Beladjine et al. (2021), the authors

Romasevych et al.

used PI- and neurocontrollers for the problem of control
of the brushless motor rotation speed. The PI-controller
showed a response time of 0.0523 s, and the neurocontrol-
ler — 0.0447 s. Such a difference can be significant in appli-
cations where precision and high speed of the actuator are
required.

Forasimilar taskin the study of H.S. Sridhar et al. (2020)
used a slightly different approach. Here, for the control
problem of a brushless motor, the performance of a PI-con-
troller and a PI-controller configured by using ANN technol-
ogy are compared. As these studies have shown, the opera-
tion of the last controller is not characterized by overshoot,
it has a much higher speed and almost zero static error.

In these works, the authors usually focus on one plant
(wind turbine, brushless motor, etc.). However, the involve-
ment of a certain class of plants of different orders in the
research will make it possible to obtain more general re-
sults. This is the approach implemented in this study.

Thus, the results of a comparative analysis of the work
of one or another controller will make it possible to estab-
lish the disadvantages and advantages of each of them,
which is an important scientific and applied problem to
solve.

The aim of the work was to conduct a comparative
analysis of the work of the PI-controller and the neurocon-
troller based on a set of evaluation indicators for plants of
the second and third orders, since they are the most com-
mon in practice.

MATERIALS AND METHODS
The methodology of the research was as follows:

1) carry out the statement of the control problems of
linear the second and third orders plants;

2) find solutions to control problems by using linear
(PI-) and nonlinear (based on ANN) control operators;

3) conduct a comparative study of the results of the
work of controllers for selected plants;

4) to establish the peculiarities of the application of
controllers for the problem of optimal control of linear
plants.

To ensure the general applicability of the technique,
test plants described by Yu. Romasevych et al. (2019) were
utilized. Their transfer functions are given in Table 1.

Table 1. Plants and their features

Plant transfer

function R
Gy (s) = _r
! (s+1)? Systems with such transfer functions are very common in practice. These transfer functions have been used for a
N long time for the problems of testing the developed controllers.
G2(s) = (s+1)3
Gs(s) = 1-0.1s These transfer functions have three identical poles and zero, which is in the right half-plane. The quality of control
3 (s+1)3 is determined by the parameter 0.1 in the numerator: when this value increases, the controls quality deteriorates.
Gu(s) = e™® This transfer function has been used in many studies of PID-controllers. When the value 0.5 increases, the delay
* (055+1)2 of the plant increases.

Source: compiled by the authors
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For plants whose transfer functions were given in Ta-
ble 1, it was necessary to synthesize optimal control op-
erators. In this study, the settling time was taken as the
optimality criterion:

t,—min, (1)

where t_- settling time, i.e. time moment, when the follow-
ing condition is meet:

Ol 2t @)
where r — setpoint; x — process variable; A - relative accept-
able deviation of process variable from the setpoint (ac-
cording to the engineering requirements A was set A=0.05).

In addition to the requirement to minimize criterion
(1), the absence of overshoot was required:

max(x(t))-r

<0,t €[0,t]. 3)

The main requirement for the synthesis of any con-
troller operator is to ensure the stability of the closed-loop

control system. This requirement was written in the fol-
lowing form:

gimx(t) =r;

lim(6) = 0;
-
limx () = 0, 4)

where n — plant order. Here and further, the number above
the symbol means the order of the time derivative.

In order to ensure that all conditions (1)-(4) are met,
the objective function was considered:

Cr=Ter+QOsh+t,— min, (5)

where Ter and Osh — the terminal criterion and the criteri-
on responsible for the meeting of the condition of no over-
shoot (3), respectively.

The components of the objective function (5) Ter and
Osh impose penalties when conditions (3) and (4) are not
met, respectively. They were written as follows:

(Ix(t) —r| 4y, |Jic(t)|) Srem if|X(E) = 7] > A, V |%(E)] > A, V ..V |§é(t)| > A;

0,if [x(t) = 71 < Ay AlE(D)] < Az Ao A [3(0)| < 4n;

max(x(t))-r ) if max(x(t))-r

Osh = r

max(x(t))-r

Sosn;

' (6)

0,if BT <,

where &, and §,, — weighting coefficients that form the
desired topology of the objective function and were set as
follows: 6, =105, =10* (these values were set in order
to provide a “pit-in-pit” topology of the objective function.
When optimizing the objective function (5), a solution that
satisfies the condition Ter=0 was first found, and only then
a solution for which Osh =0 was found. Consistent fulfill-
ment of the specified conditions facilitates the process of
finding the minimum of the function (5), A, ..., A" — respec-
tively, the limit values of the process variable and its high-
er derivatives by time, including the order of the plant (all
these values were set equal to 1073; this further ensures the
achievement of the desired solutions of the problem and
allows the conditions (4) to be approximately fulfilled).
Within the framework of the study, a mathematical op-
erator - ANN was chosen to control the test linear plants
the second and third orders (Table 2). This choice is due
to the nonlinear properties of ANNs, which, as is known

(Cybenko, 1989), form powerful approximation properties
of ANNs. They, in turn, can be used to design a control op-
erator that would meet the conditions of the control prob-
lem (1)-(4) - i.e. perform the required nonlinear mapping
of input variables (state variables of the plant) into the
output control function. In addition, for the synthesis of
the operator that ensures the control conditions (1)-(4), a
PI-controller was chosen. It is described by the following
expression:

t
u = Ky — x(t)) +f (r —x(t))dt, (7
0

where K and T, - proportional and integral gains of the
PI-controller, respectively, which are should be found as
arguments on which the objective function (5) reaches a
minimum. Features of the control operators used in the
study (linear — PI-controller and nonlinear — neurocontrol-
ler) are shown in Table 2.

Table 2. Features of control operators

Plant Neurocontroller PI-controller

transfer  Inputs  Outputs Numbe.r @it N?urqn Paramete'rs Search K search T.search
5 neurons in the activation number (weights . . i .
function number number . . A domain omain domain
hidden layer function and biases)
G,(5) 2 21
G,(s) 3 26
1 5 t. -1...1 0...20
G,(5) 3 arctg 26
G,(9) 2 21

Source: compiled by the authors
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Since this research used the settling time criterion (1),
the presence of constraints on the control function, which
is formed at the output of the control operator, was a sig-
nificant factor. It had a significant effect on the ¢_value.
Taking into account the constraints was also related to
the possibility of technical implementation of the control
strategy with the help of existing executive devices of the
control system. In this study, for this the following expres-
sion was used:

SU,!f uminssuS U max 5
= U min > ifumin>5u; (8)

uma)u U(‘ Su > umaxs
where u_and u_, — maximum and minimum control val-
ue, respectively (v, =2; u_. =0).In expression (8), the em-
pirical coefficient 5 is used in order to increase the value of
control at the output of one or another controller and, thus,
to increase the speed of the reaching of the setpoint r. The
modified VCT-PSO particle swarm method (Romasevych et
al., 2022) was used to minimize the objective function (5).
Its characteristics are given in Table 3.

Table 3. Features of VCT-PSO algorithm

Feature Numerical value

Iterations number 100
Swarm population 30
Coefficients values:
ow 0.72
Oc, 1.19
Oc, 1.19
ORC 5

Source: compiled by the authors

The choose of the VCT-PSO algorithm was grounded
by its strong search features. Indeed, it localized a glob-
al minimum for quit complex objective functions (Roma-
sevych et al., 2022). Thus, one may hope, that this optimi-
zation algorithm will found the needed solutions of the
stated problems.

RESULTS AND DISCUSSION
As a result of the application of the VCT-PSO algorithm,
the K, and T, coefficients of the PI-controller, as well as
the values of the weights and biases of the neurocontrol-
ler were obtained for all optimization problems. Moreover,
for different problems, a different nature of the process of
minimization of the objective functions (5) was observed.

Romasevych et al.

To evaluate it, the plot the convergence of the objective
function (5) (in a logarithmic scale) was built (Fig. 1).

.

L}
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1000f 8

0 20 40 60 80 100

Iterations

Figure 1. Plots of objective function (5) reducing
in the problem of optimal PI-controllers (grey plot)
and neurocontroller (black plot) for the plant with transfer
function G(s)
Source: compiled by the authors

From Figure 1, it can be seen that for the case of using a
PI-controller, the VCT-PSO algorithm already finds a solu-
tion on the sixth iteration that ensures the fulfillment of
conditions (6). In the future, only the minimization of cri-
terion (1) is performed. In contrast, finding a similar solu-
tion in the case of using a neurocontroller occurred at the
twenty-sixth iteration. This is explained by the more com-
plex topology of the objective function. Indeed, the num-
ber of arguments that must be determined in the process of
neurocontroller training is 26, which is 13 times more than
the number of PI-controller coefficients. In addition, since
the neurocontroller is a nonlinear operator, the topology of
the corresponding objective function (5) will be much more
complicated.

The minimization of the objective function for other
plants has a similar to that shown in Fig. 1 feature. The
only difference lies in the number of iterations at which
the components of the function (5) Ter and Osh are become
zero. For cases with a smaller number of arguments of the
Cr function (the number of parameters of the neurocon-
troller of second-order plants is equal to 21), there is a
faster search of a solution in which the Ter and Osh compo-
nents become zero. As a result of the conducted research,
the numerical values of the coefficients of the PI-controller
K, and T, as well as the weights and biases of the neuro-
controller (Table 4) were obtained for each plant (Table 1).

Table 4. Values of the obtained controllers’ parameters

Plant Neurocontroller PI-controller
transfer Matrix weights of Vector of biases of  Vector of weights of Bias of
function hidden layer hidden layer output layer output layer
-0.687 0.688 0.733 0.256
0.570 -0.367 -0.827 1.000
G,(s) -0.237 -0.566 0.187 0.866 0.874 0.334 6.568
0.207 -0.598 0.402 0.899
-0.960 -0.984 0.941 0.962
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Continued Table 4.
Plant Neurocontroller PI-controller
transfer Matrix weights of Vector of biases of  Vector of weights of Bias of
function hidden layer hidden layer output layer output layer
-0.400 -0.146 -0.581 0.231 0.238
-0.018 -0.398 -0.111 0.198 -0.01
G,(s) 0.347 -0.114 -0.912 -0.814 -0.284 0.646 0.124 15.735
-0.590 -0.659 -0.068 0.358 -0.221
0.043 -0.405 -0.879 0.506 -0.259
-0.766 -0.239 0.471 0.787 0.946
0.232 0.027 -0.973 0.923 0.201
Gs(s) 0.521 0.962 -0.989 -0.849 0.301 0.311 0.124 15.735
0.863 0.675 0.319 -0.503 -0.677
-0.506 -0.405 0.985 -0.045 -0.790
0.447 -0.166 0.406 0.211
-0.991 -0.511 0.796 -0.212
G,(s) 0.978 -0.068 -0.872 -0.682 0.770 0.259 8.815
-0.212 0.112 0.402 0.788
-0.382 0.007 -0.400 -0.833

Source: compiled by the authors

The results of modelling the reaching the process
variable x(t) the set point r=1 (black curve) and the con-

Figure 2. Here, the graphical dependences on the left corre-
spond to the control carried out with the help of a PI-con-

trol function (gray curve) for various plots are shown in troller, and on the right - a neurocontroller.
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Figure 2. Plots of control function and process variable under PI-controller
and neurocontroller application for the plants with transfer function
Note: a) G,(s); b) G,(s); ©) G,(5); d) G,(5)
Source: compiled by the authors

the control quality, corresponding to the application of the
PI-controller and the neurocontroller (Table 5) were given.

For the completeness of the analysis of the obtained
results, the numerical values of the estimated indicators of

Table 5. Values of quality control indicators

Plant transfer Settling time Mean error value Mean control value
function PI-controller = neurocontroller PI-controller neurocontroller PI-controller neurocontroller
G,(s) 2.19 1.79 0.511 0.544 1.432 1.636
G,(s) 5.73 2.92 0.533 0.595 0.988 1.430
G,(s) 5.73 2.95 0.533 0.606 0.988 1.393
G,(5) 2.09 1.97 0.743 0.763 1.504 1.775

Source: compiled by the authors
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The analysis of graphical dependencies (Fig. 2) shows
that for all cases of transfer functions G (s)...G,(s) the use
of a neurocontroller is associated with the reaching the
u_. constraint. This reduces the settling time ¢_. In addi-
tion, from Figure 2a, 2d, it can be seen that after reaching
the set point r, the process variable x(t) does not change.
The characteristics described above favorably distinguish
the use of a neurocontroller from a PI-controller. For the
cases, indicated in Figure 2b, 2c, the process variable x(t)
has only slight change.

A comparison of the qualitative indicators of control,
which are given in Table 5, shows that the neurocontroller
allows to significantly decrease the settling time. The rela-
tive value of such an increase in speed for all cases of trans-
fer functions G,(s)...G,(s) is within 6.1...96.2%. Larger val-
ues of the specified range refer to third-order plants, which
are described by the transfer functions G,(s) and G,(s). Such
an increase in the control performance (by settling time)
occurred at the expense of a slight deterioration of other
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control quality indicators. For example, the mean error val-
ue when using a neurocontroller increased by 2.7...13.7%,
and the mean control value — by 18.0...44.7% (Table 5).

Comparing the obtained results on the indicator of
the settling time with other studies of Yu. Romasevych et
al. (2019), it may be concluded that the neurocontroller
shows better efficiency by 21.8...71.2% than the PI-con-
troller, the coefficients of which were found as a result of
solving the optimization problem (1)-(4). A comparison of
this indicator was also carried out with PI-controllers tuned
by methods widely used in engineering practice. They are
classical Ziegler-Nikols (Ziegler & Nichols, 1942) meth-
od and some of its recent variations: Kappa-Tau (Astrom
& Higgelund, 1995), AMIGO (Astrom & Higglund, 2004).
Comparison was carried out based on other methods:
Chien-Hrones-Rewick (Chien et al., 1952), Cohen-Coon
(Cohen & Coon, 1953), Lambda (Eriksson, 2008). Skogestad
(Skogestad, 2003), Tures-Luyben (Luyben, 1997) methods
also were used for comparison purposes (Table 6).

Table 6. Increasing of control speed of neurocontroller comparing

to PI-controllers tuned by engineering methods, times

Methods of PI-controller tuning

Plant
transf X Ziegler- it Lambda Tyreus-
function ) Kappa-Tau AMIGO Hrones- Cohen-Coon 5 Skogestad
Nichols ) Tuning Luyben
Reswick
G(5) 1.68 2.57 3.18 3.35 3.24 7.37 2.18 -
G,(5) 4.18 3.32 4.66 7.84 6.95 5.62 3.08 6.06
G.(5) 5.29 3.56 4.92 9.08 8.14 5.59 2.03 7.93
G,(5) 15.68 4.72 4.21 27.21 - 30.46 2.08 28.53

Source: compiled by the authors

The analysis of the data shown in Table 6 allows us to
state that the neurocontroller provides significantly higher
performance compared to the PI-controller, which is tuned
by using engineering methods. It should be noted that
although the specified engineering methods for tuning a
PI-controller are quite common in practice, they do not
always provide optimal control parameters. At the same
time, the purpose of the conducted comparative analysis
is to identify reserves for decreasing the settling time. As
can be seen, no matter what approaches are used to tune
the PI controller - engineering (Table 6) or optimization
(Table 5) — in the case of switching to the use of a neuro-
controller, such reserves exist.

From the data presented in Table 6 one may conclude,
that there is a tendency - the higher a plant order, the big-
ger the decreasing of the settling time. The only exception
is the tuning method developed by S. Skogestad (2003).
Providing the comparative analysis of the settling time
values referred to the mentioned tuning methods and neu-
rocontroller performance some statements become obvi-
ous. The most of the commonly used tuning Ziegler-Nikols
method (Ziegler & Nichols, 1942) shows good settling time
value, but only for plant with transfer function G(s). In-
deed, the difference of this control quality indicator is only
68%. For the rest of the involved in the calculations plants

the difference is in magnitudes (especially for the plant
with transfer function G,(s)). Similar statements may be
done for PI-controller performances, which are obtained by
Chien-Hrones-Rewick (Chien et al., 1952), Lambda (Eriks-
son, 2008), Tures-Luyben (Luyben & Luyben, 1997) tuning
approaches. For them settling time differs 27.21...30.46
times (Table 6).

Other domain of PI-controller tuning methods Kap-
pa-Tau (Astréom & Higglund, 1995), AMIGO (Astrom &
Hagglund, 2004), Skogestad (Skogestad et al., 2003) in-
dicates low influence by a plant order. The varying of the
times of settling time increasing for these cases is quite
low: for Kappa-Tau (Astrém & Higglund, 1995) is in the
range 2.57...4.72; for AMIGO (Astrom & Higglund, 2004) -
3.18...4.21; for Skogestad (Skogestad, 2003) — 2.03...3.08.

Note, that all the numerical experiments (both for
PI-controllers and for a neurocontroller) were carried out
with plants, which described transfer functions given in
Table 1. However, the important difference between neuro-
controller performance and PI-controllers, which are tuned
with mentioned methods, are in outputs (control function).
Such improving of settling time indicator is connected with
more flexibility of neurocontroller. It has dozens of adjust-
able parameters (degrees of freedom). Their proper tuning
allows forming the needed control function. In general, it is
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may be concluded that the developed (trained) neurocon-
troller has better settling time for all cases - an indicator
that was used as an element of the optimal control state-
ment (1)-(4). Such an advantage was obviously achieved
due to the fact that the neurocontroller is a non-linear
control operator that can do the optimal control strategy
quite well. Unlike a PI-controller, it has a much larger num-
ber of degrees of freedom (weights and biases). Their pur-
poseful change makes it possible to obtain a significant im-
provement of one or another quality control indicator. At
the same time, in order to fully realize the approximation
properties of the neurocontroller, it is necessary to have
a powerful optimization algorithm, which can ensure the
minimization of the appropriately constructed objective
function on multiple degrees of freedom of the neurocon-
troller. Therefore, the solution of the problem of optimal
control (by settling time) largely depends on the applied
optimizer. It is likely that this conclusion can be extended
to a number of other optimization criteria and other plants.
However, this thesis is not asserted — within the framework
of this study, it remains only a hypothesis that will be prov-
en or disproved in further research by the authors.

CONCLUSIONS

This study presents the results of a comparative analysis
of the work of the PI-controller and the neurocontroller
for four test plants of second- and third-order. Optimiza-
tion approaches for tuning PI-controller and training the
ANN for control problems (the ANN acts as a control op-
erator) makes it possible to obtain a significant increase
in the speed of control. This thesis is based on a compari-
son of the performance of optimally tuned controllers and
PI-controllers that are tuned by using engineering meth-
ods. The use of a neurocontroller makes it possible to in-
crease the speed of operation in the range of 6.1...96.2% for
the plants, which are described by the transfer functions
G,(5)...G,(s). To a greater extent, the improvement of this

indicator is associated with the third order plants. At the
same time, it is necessary to note a certain increase in other
undesirable indicators (the mean error value by 2.7...13.7%,
the mean control value - by 18.0...44.7%). Therefore, the
optimization of the settling time is associated with a cer-
tain decrease in other qualitative indicators of control,
which quite naturally leads to the idea of using complex
optimization criteria. The latter will be used in further
research by the authors. The use of ANNs for the control
problem requires a justified choice of the optimization al-
gorithm. Within the framework of this work, the VCT-PSO
algorithm made it possible to solve all optimization prob-
lems, and therefore it may be recommended it for solving
problems of this kind. Cases of more complex problems
(larger number of ANN parameters, higher orders of con-
trol plants, their nonlinearity, etc.) will require careful ad-
justment of the parameters of the VCT-PSO method (the
number of particles in the swarm - 30...50, the number of
iterations — more than 1000).

In addition to the above, it is may be indicated other
prospects for further research in this direction: the use of
more complex models of neurocontrollers for delayed and
unstable plants; taking into account other significant con-
straints that affect the dynamics of control (for example,
constraints on the rate of change of the control function ,
which is caused by the electromagnetic and mechanical in-
ertia of the executive device of the control system); optimi-
zation of other control modes (for example, neutralization
of external disturbances).
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MopiBHANBHUM aHanNi3 po6oTu Mi-perynartopiB Ta HeMpoperynaTopis
Yy 3ajayvyax onTUMaJibHOro 3a LUBUAKOAIEIO perynioBaHHSs

AHoTauig. [Ipyu po3pobiii C1cTeM aBTOMATUUHOTO PETY/TI0OBaHHS BasK/IMBE IIUTAaHHS BUGOPY OriepaTopa Jjist KePyrUIoro
BIUIMBY Ha 06’€KT MOXKHA BUPILIUTH 32 AOTIOMOTOI0 cTaHmapTHuX I11- un IIIJI-peryasaTopiB abo HaBYaHHS IITYIHOL
HefpOHHOI MepeXxi, 1[0 TOTpebye MOPiBHSUIBHOTO aHai3y iXHiX MmepeBar i HefomikiB. MeTa po60TH MoJsirana y mpoBefeHHi
MOPiBHSUIBHOTO aHai3y poboTu I1I-perynaropa Ta HeitpoperysiTopa 3a KOMIUIEKCOM OLIiHOUHMX TTOKa3HMKIB JJIsI 06’€KTiB
peryyioBaHHS JPYroro Ta TPeTboro NopsiikiB. Take MOPiBHSHHS MPOBOAMIOCH i3 3aCTOCYBaHHSIM €JMHOTO MigX0AY 010
CUHTe3y 000X PeryasaTopiB, IK1ii epenbavyaB MiHiMi3alliio ckiIagHOi 1[inboBOi GyHKIiI. OCTaHHS OTPUMAaHAa y pe3y/abTaTi
3BeJIeHHS 3a/iaui ONTUMMaJbHOTO PETYJIOBAaHHS i3 0OMeXeHHSIMM [0 3aaui 6e3yMoBHOI onTumisaliii. PesynbraTu
aHasi3y 1oKasasmu, o 3a TOKa3HMKOM IIBUIKOAIT (KpUTepiit onTuMi3allii) Helipopery/siTop Ha MOJe/bOBaHUX 00’ €KTax
peryJiloBaHHSI Ma€ TepeBary Ha 6,1...96,2 %. Pa3oM 3 TuM, 3a iHIIMMM ITIOKa3HUKAMU SIKOCTi peryaloBaHHS epeBakae
II-perynsiTop. CMHTEe3 HelipoperyisiTopa y IUiaHi BigyKyBaHHs MiHIMyMYy 11inboBoi GyHKIIii € CKIaHINIO0 3aavelo,
LTSI BUPIiIIeHHS sIKOi HeobximHa 6isibIna KifbKicTh iTepauiit ontumisanirinoro ajsroputma VCT-PSO. IIpu npbomy
palioHaJIbHO 3a4aBaTy KiJbKicTb iTepariit 6ispine 1000 Ta po3mipHicTh poto 30...50 yacTuHOK. IIopiBHSUIbHMIT aHAITI3
mIBMAKOAi1 HelipoperynsiTopa Ta [1I-peryasiTopiB, sKi HamalITOBaHi 3a iH)KeHEPHMMM MeTOAMKaMM IoKa3aB 3HAUHi
pesepBM MOKpalleHHS 1bOro NMoKa3HMKa. TaKMM YMHOM, SIKI[O BUMOT'M MaKCUMi3allii MBUKOAIT peryaoBaHHS € JOCUTD
SKOPCTKMMMU, TO JOLIIbHO 3aCTOCOBYBAaTHU HelipoperynsaTop. OTpMMaHi pe3y/nbTaTi afyTh 3MOTY BUKOHATU palliOHaIbHUIA
BMOGIp omepaTopa peryaioBaHHs MPU BUPilIeHHI TPAKTUIHUX 38724 CMHTE3Y CUCTEM PeryTi0BaHHS

Knio4yoBi cnoBa: 06’eKT pPeryaiBaHHs; 1iboBa (YHKIIiSI; MOPiBHSIHHS; HEPOPETYIsATOp; OLHOYHI MMOKAa3HUKU
perynoBaHHS
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Search for innovative solutions to improve the energy system of Ukraine:
World experience

Abstract. This study analyses the global experience of introducing innovations in the energy sector to identify effective
solutions that can be applied to improve the energy system of Ukraine. The research methods included a comparative
analysis of international experience in the energy sector, an assessment of the possibilities of adapting innovative
technologies to Ukrainian conditions, and an examination of technical and economic aspects of integrating new solutions.
The study analysed the experience of countries such as Germany, Denmark, the United States, Finland, the Netherlands,
Sweden, Japan, China, France, and South Korea, which have succeeded in implementing innovative solutions in the energy
sector, in particular, in the integration of renewable energy sources (RES), the development of smart networks, energy
decentralisation, energy storage technologies, and energy efficiency improvement. It is identified that the most efficient
approaches include the integrated use of renewable energy sources in combination with energy storage, which ensures
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Search for innovative solutions to improve the energy system of Ukraine...

the stability of energy supply even in conditions of uneven electricity production. The importance of smart networks for
optimising energy distribution and reducing losses is also emphasised. The decentralisation of energy and the development
of energy cooperatives contribute to improving energy security and community engagement. The study also showed that
the introduction of smart energy management systems at the consumer level helps to increase the flexibility of the energy
system and effectively respond to fluctuations in demand. In addition, it is determined that the successful implementation
of innovative projects in the energy sector requires state support through subsidies and regulatory incentives. Based on
international experience, it is concluded that combining technical solutions with effective management and political
initiatives is key to ensuring the sustainable development of the Ukrainian energy system

Keywords: supply stability; smart networks; decentralisation; sustainable development models; subsidies; policy

initiatives

INTRODUCTION

In the context of the global energy crisis, the need for sta-
ble energy supplies and the challenges caused by shelling,
Ukraine faces an important task of modernising its energy
system. Substantial reliance on traditional energy sources
and low energy efficiency jeopardise national energy secu-
rity. It is critically important to consider the global experi-
ence of implementing innovative solutions that contribute
to the development of renewable energy sources (RES),
energy decentralisation, and the introduction of smart
networks and energy storage technologies. The experience
of countries that have successfully implemented these ap-
proaches can become an important source of knowledge
and practical recommendations for improving the energy
system of Ukraine and increasing its resilience to the chal-
lenges of the modern world.

In the examined area of the Ukrainian energy system,
there are several substantial problems that need to be
solved. There is a substantial dependence on traditional
energy sources, which threatens energy security and the
environmental situation (Shahini et al., 2024). Insufficient
integration of renewable energy into the national energy
system and the lack of efficient energy storage mechanisms
limit the ability to ensure a stable and sustainable energy
supply. C. Lamnatou et al. (2022) focus on the integration
of renewable energy sources into national energy systems,
especially their impact on reducing CO, emissions. In addi-
tion, the study examines problems and solutions for inte-
gration in the context of existing infrastructure. D.K. Panda
& S. Das (2021) examine the efficiency of smart networks,
in particular, their ability to optimise energy distribution
and reduce energy costs. Their paper also focuses on the
practical aspects of implementing such networks in differ-
ent regions. S. Sahoo & P. Timmann (2023) analyse current
energy storage technologies, especially their impact on the
stability of energy supply in irregular production. Their
study includes evaluating the efficiency of various types of
energy storage systems.

J. Fouladvand et al. (2022) explore the role of decen-
tralisation in energy, focusing on the impact of energy co-
operatives on improving energy security at the local level.
They also explore the benefits and challenges of decen-
tralised energy supply models. Y. Shao & Z. Chen (2022)
examine the impact of government subsidies and regula-

tory incentives on innovation in the energy sector. In the
study, they considered the impact of these mechanisms on
the development and implementation of new technologies.
M. Meliani et al. (2021) demonstrate how smart energy
management systems can increase the flexibility of ener-
gy systems. The study also showed how these systems help
adapt to changes in energy demand. U. Datta et al. (2021)
describe in detail the benefits of integrated renewable en-
ergy use together with energy storage to ensure supply sta-
bility. The study includes an analysis of various approaches
and their impact on energy stability.

A. Kumar et al. (2021) focus on improving energy ef-
ficiency through the latest technologies in construction
and industry. The study highlights the importance of in-
novation in reducing energy consumption and reducing
costs. M. Fowlie & R. Meeks (2021) analyse the experience
of countries that have successfully implemented energy
efficiency programmes. They emphasise the importance
of adapting such practices to the conditions of other
countries to improve the energy situation. M. Guertler &
N. Sick (2021) emphasise the importance of international
partnerships and the exchange of experience in implement-
ing innovative projects in the energy sector. Their study
also examines the role of international cooperation in the
introduction of new technologies. Gaps that require further
study include the lack of adaptation of smart networks to
the specific conditions of Ukraine and the lack of detailed
studies on the effectiveness of various energy storage tech-
nologies in the context of local climatic and economic real-
ities. In addition, it is necessary to explore more deeply the
possibilities of energy decentralisation through energy co-
operatives and local initiatives and to examine the impact
of regulatory and financial incentives on the development
of innovative solutions in the energy sector of Ukraine.

The purpose of the study was to investigate the world
experience of innovations in the energy sector for further
use in Ukraine. Objectives of the study:

O analyse the world experience of implementing inno-
vative solutions in the energy sector to identify the most
effective practices;

O evaluate technologies and approaches that contrib-
ute to the integration of renewable energy sources and im-
prove energy efficiency;
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O consider the possibilities of adapting these inno-
vative solutions to the conditions of the Ukrainian energy
system and their impact on ensuring a stable energy supply
and improving economic efficiency.

MATERIALS AND METHODS
The study examined key aspects of renewable energy in-
tegration, the use of smart grid technologies, the decen-
tralisation of the energy system, the introduction of energy
storage technologies, and improving energy efficiency.

The study compared different types of electricity gen-
eration in Ukraine to assess their efficiency and impact on
the country’s energy system. The analysis included aspects
such as power, efficiency, CO, emissions and the cost of
electricity for each type of generation. This allowed de-
termining the most efficient and environmentally friendly
solutions for ensuring Ukraine’s energy security.

The experience of Germany, which is actively develop-
ing programmes to support wind and solar power plants,
has been of considerable interest in analysing the regulato-
ry mechanisms and technical integration of renewable en-
ergy into the national energy system (Krug et al., 2022). The
experience of Denmark was considered, which has achieved
success in the development of offshore wind farms that
can have potential for the coastal regions of Ukraine (Har-
guindéguy and Wokuri, 2024). An important aspect was the
investigation of the possibilities of technical integration
and ensuring the reliability of the power system at the ex-
pense of renewable energy sources.

The introduction of smart grid technologies that can
improve the efficiency of energy supply management is
analysed. The experience of the United States was consid-
ered, where the introduction of such networks allowed sub-
stantially optimising the balance of energy supply and de-
mand, and reduce losses in power grids (Butt et al., 2021).
Finland’s experience in using smart electricity metering
technologies to improve energy consumption control and
improve energy supply efficiency (Tuomela et al., 2021).

The decentralisation of the energy system has also be-
come an important element of the study. The experience
of the Netherlands (Warbroek et al., 2023) and Sweden
(Lundmark et al., 2021), where the development of energy
cooperatives and the use of local resources such as biomass
contributed to improving regional energy security. The
prospects for using these approaches in rural regions of
Ukraine were considered, considering the specifics of local
energyresources and the need to decentralise energy supply.

The study also focused on energy storage opportu-
nities, which are becoming increasingly relevant in the
context of the growing share of renewable energy sources.
The experience of Japan, where the development of energy
storage technologies allows stabilising energy supply, was
reviewed (Zhang et al., 2021). In addition, Chinese experi-
ence in the development of large-scale energy storage bat-
teries was considered (Fan et al., 2021).

Special attention is paid to improving energy efficien-
¢y, which is important for reducing the load on the power
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system. In this context, the experience of France on pro-
grammes to improve the energy efficiency of buildings and
industrial facilities (Belaid et al., 2021) and South Korea’s
experience in implementing subsidies for energy-saving
technologies was examined (Park et al., 2023). These aspects
are of great importance for optimising the use of energy re-
sources in the industrial and residential sectors of Ukraine.

The study considered a thermal power plant with the
following characteristics: mains voltage V=230V, current
I1=100 A, and power factor Cos(¢) =0.9. These parameters
are typical for medium-power stations that are used to
power large industrial enterprises and residential areas
(Zhang et al., 2024). The calculation was conducted for a
typical thermal power plant that provides consumers with
heat and electricity, typical for regions with high demand
for stable energy supply. The following formulas were used
in the study:

1. Formula for calculating the power plant capacity (1):

P=VxIxcos(), (1)

where P is power (W); V is Voltage (V); I is current (A);
cos(¢) — power factor.
2. Formula for calculating generation efficiency (2):

N = Duseful ¢ 1000, 2)
Pinput
where n - efficiency; P
power (W).
3. Formula for calculating CO, emissions per unit of
energy produced:

- net power (W); P.

input

- input

useful

_ _Mco,
EC02 Eproduced’ (3)
where Eco, — CO, emissions per unit of energy (t/GW-h);
Mco, — mass of CO, emissions (t),E_ ., — produced energy
(GW-h).
4. Formula for calculating the cost of electricity:

C=—0>"

4
Eproduced’ ( )
where C is the cost of electricity (UAH/kW-H); T - total ex-
penses (UAH).
5. Formula for calculating the return on investment
time:

C;
T — investment , 5
payback Cenergy saved ( )
where T . - payback period (years); C,_ ... - total in-
vestment (UAH); C_ . .. ... — savings in energy costs for the
year (UAH).

The research methods included a comparative analysis
of innovative solutions, adaptation of international expe-
rience to Ukrainian conditions, and assessment of oppor-
tunities for implementing new technologies. Comparing
data from different countries allowed forming recommen-
dations for integrating international practices into the na-
tional energy system of Ukraine, which can substantially
increase its efficiency and stability.
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RESULTS

The energy system of Ukraine is a critical component of the
national infrastructure that ensures the functioning of the
economy, industry, and social sphere. It consists of tradi-
tional energy sources such as coal, gas, and nuclear power,
and renewable energy sources such as solar and wind pow-
er. However, in light of global changes and national needs,
the Ukrainian energy sector faces numerous challenges
that require urgent solutions and modernisation.

One of the main problems is the high dependence on
traditional energy sources, in particular, imported gas,
which creates risks for energy security and economic sta-
bility. Declining domestic coal reserves and an ageing en-
ergy infrastructure are also having a negative impact on

the energy sector. In addition, the limited integration of
renewable energy sources into the national energy system
hinders the development of sustainable and environmen-
tally friendly technologies.

The war with Russia, which has been going on since
2014 and has particularly worsened since 2022, has sub-
stantially complicated the situation. The war caused the
destruction of critical infrastructure, in particular, energy
facilities (Lazor et al., 2024). Damage to power plants, pow-
er lines, and gas pipelines has led to frequent power out-
ages and reduced energy security. These factors not only
complicate the provision of energy to the population and
industry but also substantially increase the cost of infra-
structure restoration and modernisation (Table 1).

Table 1. Impact of war on Ukraine’s energy system

Impact of war Description

Damage to power plants, power

Infrastructure destruction . S
lines, and gas pipelines

Frequent power outages,
increased recovery costs

Consequences Possible solutions

Repair and modernisation of
damaged facilities, strengthening
infrastructure protection

Risks of lack of stable energy

Reducing energy security supply due to fighting

Deterioration of the quality
of energy services, economic

Development of alternative energy
sources, decentralisation of the

losses energy system

High costs for the repair and
reconstruction of energy
infrastructure

Increased recovery costs

Financial pressure on the state
budget, delays in modernisation

Search for international financial
assistance, effective resource
management

Disruption of energy supply Problems with energy supplies
chains due to blockades and fighting

The emergence of energy
shortages, higher prices

Expansion of national production,
diversification of suppliers

Pollution and damage to
environmental systems due to
fighting

Environmental impacts

Negative impact on the
environment, additional costs
for environmental restoration

Implementation of environmental
standards in restoration, monitoring

of the ecological state
work

Source: compiled by the authors on the basis of data obtained by O. Lazor et al. (2024)

Table 2 shows the technical characteristics and econom-
icindicators of various types of power generation in Ukraine.
Data include power, efficiency, CO, emissions, the cost of
electricity, and other characteristics such as flexibility and

speed of response. The analysis of these indicators allows
assessing the advantages and disadvantages of each type of
generation, and their impact on the environmental situation
and economic efficiency of the Ukrainian energy system.

Table 2. Comparison of different types of electricity generation in Ukraine

Generation type Power (MW) Efficiency (%)

CO, emissions (t/

GW-h)

Electricity cost

(UAH/KW-h) Other features

Coal-fired thermal

Less flexibility, higher CO,

power plant 5,000-7,000 33-40 900-1,000 23 emissions, high pollution
Higher flexibility, lower CO,
Gas-fired thermal 3,000-5,000 45-55 400-500 2.5-3.5 emissions compared to coal-
power plant
fired thermal power plants
Nuclear power plant  1,000-3,000 33-37 10-15 1-1.5 Low CO, €missions, high safety
level, high capital cost
. High flexibility, minimal
Hydroelectric power ), + 70-90 0.5-1 CO, emissions, impact on
station 2
ecosystems
Wind farms 50-1,500 35-45 1.5-2.5 Weather dependence, minimum
CO, emissions
Solar power plants 10-1,000 15-20 2-3 Dependence on solar activity,

minimum CO, emissions

Source: compiled by the authors
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Various analytical tools and mathematical formulas are
used to assess the efficiency of electric generating plants
and their impact on the economy and environment. They
allow calculating such key indicators as generator power,
efficiency, carbon dioxide emissions, the cost of electricity
production and the payback period for investments in en-
ergy-saving projects. The following calculation examples
provide a deeper understanding of how to evaluate the effi-
ciency of energy projects and reduce their negative impact
on the environment.

Formula (1) is used to determine the power of an elec-
tric generator or network. Voltage, current, and power fac-
tor are the main parameters for estimating system power.
When the voltage in the electrical system is V=230V, the
current flowing through the system is I=100 A, and the
power factor (phase) cos(¢) =0.9. Then, the power is cal-
culated as:

P=230x100x0.9=20.7 kW.

Thus, the power of the system is 20.7 kW, which
means that the power plant can provide consumers with
this amount of energy every second. Efficiency shows how
much of the input power is converted into useful work.
High efficiency indicates the performance effectiveness
of the system. If the power plant consumes input pow-
er P, =250 kW and the net power used by consumers is
P . =200 kW. Then efficiency:

useful

200

=250 X 100% = 80%.

This means that 80% of the incoming energy is con-
verted to usable energy, and the remaining 20% is lost, for
example, in the form of heat or other undesirable forms of
energy. Formula (3) helps estimate how much carbon di-
oxide emissions are produced per GW-hour of energy. CO,
emissions is one of the key indicators of the environmental
impact of power plants. If a thermal power plant produc-
€S E_ yueea = 2 GWhour of electricity and emits Eco, = 500
tonnes of carbon dioxide during its operation, then:

Eco, = 5° =250 t/GW - h.

This means that for each GW-h of energy produced,
250 tonnes of CO, are emitted. This indicator can be used
to compare different types of energy generation by their
impact on the environment. The cost of electricity allows
determining how much it costs to produce one kW-hour of
energy. This indicator is important for assessing the eco-
nomic feasibility of various generation technologies. If the
power plant produces E_ . .,=1,000,000 kW-hour of ener-
gy and the total cost of its production is T=500,000 UAH.
Then the cost of electricity will be:

C = 500,000
= 1,000,000

= 0.5 UAH/KW - h.

This means that the production of one kW-hour of en-
ergy costs 0.5 UAH. Formula (5) allows determining how

Mikhailova et al.

many years the investment in the project will be repaid by
saving on energy consumption. If the project for installing
solar panels cost C._ __ =1,000,000 UAH and the annu-
al savings in electricity costs are C, . .,=200,000 UAH.

Then the payback time of the project will be:

T 1,000,000
payback ™ 50 g9

= 5 years.

Consequently, the investment will pay off in 5 years,
after which the project will begin to bring a net profit. The
results of the study show that the efficiency of a thermal
power plant with an efficiency of 80% and an emission in-
dex of 250 t/GWH is substantially lower compared to mod-
ern technologies implemented in other European coun-
tries. For example, German renewable energy-based power
plants achieve substantially higher efficiency through the
use of innovative energy storage technologies and reduced
heat losses. In addition, CO, emission indicators in Germa-
ny are substantially lower due to the active introduction of
“green” technologies and the rejection of the use of fossil
fuels (Ibrahim et al., 2024). Consequently, the calculation
results emphasise the need to modernise power generation
systems and introduce renewable energy sources to im-
prove energy efficiency and reduce environmental impact.

In the context of current challenges, two main strat-
egies are important: the modernisation of existing ca-
pacities and the implementation of innovative solutions
(Treshchov, 2024). Modernisation of the energy infrastruc-
ture is aimed at improving efficiency and reducing the cost
of energy resources. Important aspects include upgrading
equipment in thermal power plants, improving energy
storage technologies, and integrating smart grids to opti-
mise energy distribution. Special attention should be paid
to the restoration and protection of the energy infrastruc-
ture affected by the fighting.

Implementing innovative solutions is another impor-
tant component of the strategy. In particular, the develop-
ment of renewable energy sources, such as solar and wind,
can substantially reduce dependence on imported resourc-
es and reduce the environmental footprint. In addition,
decentralising the energy system through energy coopera-
tives and local initiatives can help improve energy security
and involve local communities in energy resource manage-
ment. It can also help reduce the system’s vulnerability to
external threats.

Government policies and regulatory initiatives play an
important role in this process. The introduction of subsi-
dies and tax incentives for investors in innovative technol-
ogies, and the creation of favourable conditions for solving
bureaucratic obstacles, can substantially accelerate the
transition to sustainable energy. In particular, state sup-
port for the restoration of infrastructure and ensuring the
safety of energy facilities is critical in the current condi-
tions. Thus, the energy system of Ukraine is at an impor-
tant stage of transformation, which is complicated by the
war. It is necessary to actively implement innovative solu-
tions, modernise infrastructure, and provide state support
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to ensure its stability and development. Only through an
integrated approach to solving these problems can the ef-
ficient and sustainable functioning of the energy system
be ensured, which will meet the needs of the economy and
society in the face of military threats and global challenges.

The energy system of Ukraine faces challenges that re-
quire not only the modernisation of existing technologies
butalso the introduction of innovative solutions. One of the
key areas is the integration of renewable energy sources. In
this context, the experience of Germany and Denmark can
provide valuable lessons for Ukraine. Germany is a lead-
er in renewable energy due to its ambitious Energiewende
programme, which was introduced to gradually move from
fossil energy sources to renewable energy sources (Krug et
al., 2022). The main aspects of this programme are the ex-
pansion of wind and solar energy, which reduces depend-
ence on traditional energy sources and reduces greenhouse
gas emissions. One of the key elements of Germany’s suc-
cess is the regulatory system, which includes substantial
subsidies for renewable energy investors. This allowed to
reduce financial risks and make investments in renewable
energy more attractive. The system of maintaining prices
for electricity produced from renewable sources also en-
courages the development of new projects.

The technical integration of renewable energy into the
national energy system is another important aspect. Ger-
many is actively developing energy storage infrastructure
and improving networks to effectively cope with the unpre-
dictability of renewable energy production. Network man-
agement systems that allow the integration of large vol-
umes of renewable energy are an important component of
this strategy. Germany is a leader in the introduction of re-
newable energy sources. Since 2010, the share of renewable
energy sources in the country’s electric grid has increased
from 20% to 47% in 2023. Modernisation of electrical net-
works, including the introduction of new transformers
and high-voltage lines, allowed increasing the capacity by
15%. For example, the introduction of new standards for
power lines has increased their capacity from 5,000 MW to
5,750 MW. Ukraine can use the experience of Germany to
create its own strategy for the development of renewable en-
ergy sources. The German model of subsidies and regulation
can provide an opportunity to build reliable support for in-
vestors. In addition, the modernisation of the energy infra-
structure, including energy storage, is important for the in-
tegration of new energy sources into the Ukrainian system.

Denmark also demonstrates substantial progress in
the development of wind energy, in particular, in the use of
offshore wind farms (Harguindéguy & Wokuri, 2024). Den-
mark is one of the pioneers in this field, and its experience
can be extremely useful for Ukraine, especially in coastal
areas. Denmark’s offshore wind farms allow efficient use
of offshore winds, providing a stable and powerful ener-
gy source. Denmark has developed advanced technologies
for the construction and operation of such parks, includ-
ing innovative solutions to reduce the impact on the ma-
rine environment and increase the cost-effectiveness of

projects. Denmark is actively developing offshore wind
farms. In 2023, the share of wind farms in total electricity
production reached 61%. The introduction of new energy
storage systems, such as large-scale batteries, has helped
stabilise the power supply, reducing dependence on wind
fluctuations by 20%. The Black and Azov Seas have poten-
tial for offshore wind power in Ukraine. Denmark’s experi-
ence can help create efficient wind farms that will expand
the renewable energy sector. The use of modern technol-
ogies will ensure minimal impact on ecosystems and in-
crease the productivity of energy production.

RES integration is an important component of the
strategy for the sustainable development of the Ukrainian
energy system. The experience of Germany and Denmark
in the field of renewable energy development can provide
Ukraine with valuable guidelines for adapting its own en-
ergy strategy. Borrowing successful practices such as the
German regulatory system and Danish offshore wind farm
technology can substantially improve the efficiency and
stability of Ukraine’s energy system, contributing to its in-
dependence and sustainable development.

The modern energy system faces new challenges that
require innovative solutions to improve the efficiency and
reliability of electricity supply. One such solution is smart
grids, which can substantially improve the management of
energy systems. The experience of the United States and
Finland in implementing these technologies can become
an important guide for Ukraine in its efforts to modernise
its energy infrastructure. In the United States, smart grids
have become an important component of energy infrastruc-
ture due to their ability to improve energy efficiency, reduce
energy losses, and improve system management (Butt et
al., 2021). Smart networks in the United States integrate
the latest technologies into traditional electrical networks,
which reduces energy costs and increases its reliability.

The main elements of smart networks are sensors, au-
tomated control systems, and real-time data acquisition
systems. These components provide the ability to monitor
and analyse the state of the power system in real time, which
allows responding faster to failures and optimising energy
distribution. The introduction of smart grids in the United
States has reduced energy losses, improved the quality of
electricity supply, and ensured more efficient use of renew-
able energy sources. The introduction of smart grids in the
United States has reduced power losses by 7-10% due to
automated management and monitoring. Currently, about
25% of American households use smart meters, which can
reduce energy costs by 5%. An important area for Ukraine is
the introduction of smart networks. They can improve the
efficiency of renewable energy integration and ensure the
stability of the power system. Such networks help to bet-
ter manage non-constant electricity generation and ensure
uninterrupted supply even during failures.

Finland demonstrates successful experience in imple-
menting smart electricity metering technologies (Tuome-
laetal.,2021). Smart metering technologies allow consum-
ers to control their electricity consumption and improve
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energy efficiency better. Smart meters used in Finland pro-
vide detailed monitoring of electricity consumption in real
time and provide consumers with information regarding
cost optimisation. The smart accounting system in Finland
includes integration with energy networks for automat-
ic data collection and analysis, which allows identifying
trends and anomalies in consumption. This, in turn, helps
to manage energy resources more efficiently and reduces
the cost of energy services. Such technologies also allow
consumers to better understand their energy consumption
and make better-informed decisions about saving it. In
Finland, the use of smart electricity metering has reduced
energy costs by 12% in a number of cities due to accurate
monitoring and management of consumption. The intro-
duction of new energy storage technologies has helped re-
duce peak load costs by 15%.

Smart accounting technologies will help Ukraine im-
prove energy efficiency at both the household and indus-
trial levels. They provide consumers with the opportunity
to control electricity costs and implement energy-saving
measures, which, in turn, will have a positive impact on
the country’s economy. The integration of smart grids
into the Ukrainian energy system is an important step to-
wards its modernisation and efficiency improvement. The
experience of the US in implementing smart networks and
Finland’s experience in developing smart accounting tech-
nologies can serve as important guidelines for Ukraine.
Following these practices and adapting them to national
conditions will allow Ukraine to substantially improve the
management of energy resources, reduce costs, and in-
crease the stability of the energy system.

Current trends in the development of energy systems
increasingly point to the importance of decentralisation
and active participation of local communities in energy
production and consumption. The approaches implement-
ed in the Netherlands and Sweden are of considerable in-
terest to Ukraine, where the issue of energy security and
stability remains relevant. Energy cooperatives and decen-
tralised energy models implemented in these countries can
become important elements in the formation of an effi-
cient and sustainable energy infrastructure in Ukraine. The
Netherlands is an example of a country where energy coop-
eratives are actively developing (Warbroek et al., 2023). In
this context, local communities take the initiative to pro-
duce and consume energy, which contributes to the decen-
tralisation of energy systems and improving energy secu-
rity. Energy cooperatives in the Netherlands allow citizens
to pool their resources, creating and managing local energy
sources such as solar panels and wind turbines.

Such cooperatives not only provide local residents
with clean energy but also contribute to economic develop-
ment at the local level. Members of cooperatives have the
opportunity to control energy costs and benefit from the
sale of excess energy. In addition, energy cooperatives help
reduce dependence on centralised energy suppliers and in-
crease the sustainability of the energy system. The Neth-
erlands has focused on the decentralisation of the energy
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system. The development of energy cooperatives and the
use of biomass allowed increasing the share of renewable
energy sources to 20% in 2023. It also helped reduce energy
security costs by 10%. Ukraine can borrow the experience
of the Netherlands in creating energy cooperatives, which
will help increase energy autonomy at the local level. This
is especially important for regions where there is a need to
reduce dependence on centralised suppliers and encourage
local development.

Sweden has successfully applied models of decentral-
ised energy, in particular, in the use of local resources such
as biomass (Lundmark et al., 2021). The Swedish model is
based on the principle that local resources can meet the
energy needs of regions, reducing dependence on external
energy sources and increasing the sustainability of the sys-
tem. The use of biomass, agricultural waste, and other local
resources allows Sweden to create efficient energy supply
systems that meet the specific conditions of each region.
This not only helps reduce greenhouse gas emissions but
also encourages rural development by creating new jobs
and supporting local businesses. Sweden has made sub-
stantial strides in introducing biomass as an energy source,
increasing its share to 35% in total production. The in-
troduction of new biomass combustion technologies has
reduced CO, emissions by 25% over the past 10 years. The
use of Swedish practices in processing biomass and agri-
cultural waste for energy production is a promising path
for Ukraine. This can reduce emissions, increase energy ef-
ficiency, and boost economic development in rural areas.

Energy cooperatives and decentralised energy models
implemented in the Netherlands and Sweden represent
valuable experience for Ukraine. The integration of these
approaches can substantially improve the efficiency and
sustainability of energy systems in Ukraine, ensure a more
even distribution of energy resources, and promote the de-
velopment of local communities. The use of local resources
and the participation of communities in energy production
can be important factors in improving energy security and
stability in Ukraine.

In the context of the global transition to renewable en-
ergy and the growing demand for energy stability, energy
storage technologies have become an important compo-
nent of modern energy systems (Shram & Kachan, 2023).
Japan and China are leaders in this area, and their achieve-
ments can serve as a guide for Ukraine, which seeks to
reduce its dependence on traditional energy sources and
ensure the stability of its energy system. Japan is one of
the leading countries in the development of energy storage
technologies. Japanese companies are actively investing in
the latest battery systems that allow efficient storage and
use of energy from renewable energy sources (Zhang et
al., 2021). One of the key technologies is the use of lithi-
um-ion batteries, which provide high energy density and
long service life.

Japanese developments in this area not only improve
the efficiency of renewable energy use but also contribute
to the stability of the energy system. They allow storing
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energy during periods of low consumption or excessive
production and using it when consumption exceeds pro-
duction. This helps reduce dependence on traditional en-
ergy sources and ensures an uninterrupted power supply.
Japan is actively developing energy storage technologies.
Large-scale batteries introduced after Fukushima can store
up to 10 GW-hour of energy that helps stabilise the ener-
gy system. This reduces fluctuations in energy supply by
30%. Japanese energy storage technologies can be useful
for Ukraine in the context of improving the stability of the
energy system. Considering the Japanese experience will
help reduce the risks associated with fluctuations in energy
production from renewable sources and ensure the smooth
operation of networks.

China is also actively investing in developing and
producing high-capacity batteries (Fan et al., 2021). The
Chinese approach focuses on large-scale production and
improvement of energy storage technologies. Chinese
company Contemporary Amperex Technology Co. Limited
is a global leader in the production of lithium-ion batteries
used in electric vehicles and energy storage systems. China
is a world leader in the development of large-scale energy
storage batteries. Investment in this area allowed the coun-
try to install 30 GW of energy storage capacity in 2023. This
reduced energy infrastructure costs by 15%. With a large
amount of investment and technological innovation, China
has the ability to provide high-quality batteries at compet-
itive prices. This makes energy storage technologies more
accessible to developing countries, including Ukraine. The
introduction of Chinese technologies can help Ukraine cre-
ate energy storage systems that will ensure a stable supply
of electricity even in conditions of uneven production from
renewable energy sources.

Energy storage technologies developed in Japan and
China can substantially affect Ukraine’s energy infrastruc-
ture. Japanese experience in the development of high-effi-
ciency batteries and Chinese achievements in large-scale
production of high-capacity batteries represent a substan-
tial potential for improving the stability and efficiency of
the Ukrainian energy system. Adapting and implementing
these technologies can reduce dependence on traditional
energy sources, ensure reliable electricity supplies, and
contribute to the sustainable development of the country’s
energy sector.

In today’s world, the growing emphasis on sustaina-
ble development and energy security forces countries to
look for ways to reduce energy consumption and improve
energy efficiency. France and South Korea are prime ex-
amples of countries successfully implementing energy ef-
ficiency programmes, and their experience can serve as a
valuable guide for Ukraine in this direction. France is one
of the European countries that actively implements ener-
gy efficiency programmes in both the construction sector
and industry (Belaid et al., 2021). The French approach to
energy efficiency is based on an integrated approach that
includes regulations, financial incentives, and technolog-
ical innovations. One of the main initiatives is the Plan

Batiment Durable programme, which aims to reduce en-
ergy consumption in buildings through the introduction
of new construction standards, modernisation of existing
buildings, and the use of energy-saving technologies.

France also implements support programmes that
promote the energy modernisation of industrial facilities,
through the provision of subsidies and tax incentives for
enterprises implementing energy-saving technologies.
These initiatives not only reduce energy consumption
but also energy costs and the negative impact on the en-
vironment. In France, energy efficiency programmes for
buildings have reduced energy consumption by 20% in a
number of new projects. This was achieved by introducing
the latest thermal modernisation technologies, such as en-
ergy-saving windows and insulation. Ukraine can use the
French experience to develop energy-efficient regulations
and support innovations in industry and the construction
sector. This will reduce energy consumption and increase
the overall efficiency of using energy resources.

South Korea is another example of a country that is
actively developing energy efficiency programmes (Park et
al., 2023). An important part of the Korean strategy is to
provide subsidies and encourage the introduction of ener-
gy-saving technologies through various financial instru-
ments, such as compensation programmes and tax breaks
for companies implementing energy projects. Korea is also
actively implementing energy efficiency technologies in
construction and industry. In particular, the programmes
promote the use of highly efficient heating and cooling
systems, the introduction of modern energy management
systems, and infrastructure modernisation. This allows re-
ducing energy consumption at all levels, reducing the load
on the energy infrastructure and energy costs. South Korea
has introduced subsidies for energy-saving technologies,
which has reduced energy costs by 18% in the industrial
sector. The introduction of new accounting technologies
has reduced the cost of energy resources by 10%. Ukraine
can consider the experience of South Korea, which has
made substantial progress in improving energy efficiency
through financial incentives and technological innova-
tions. The introduction of subsidies and compensations for
energy-saving technologies will contribute to improving
energy efficiency at the national level.

Reducing energy consumption and improving energy
efficiency are critical aspects of ensuring energy security
and sustainable development. The experience of France
and South Korea in implementing energy efficiency pro-
grammes provides Ukraine with the opportunity to im-
plement proven practices to achieve these goals. Learning
and adapting these approaches can substantially improve a
country’s energy efficiency, reduce the burden on energy in-
frastructure, and promote sustainable development. Thus,
innovative solutions, such as the integration of renewable
energy sources, the introduction of smart networks, the de-
velopment of energy storage technologies, energy decen-
tralisation, and energy efficiency improvement, are criti-
cal to improving the energy system of Ukraine (Table 3).
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These solutions will not only help ensure the stability and
efficiency of the energy system but also contribute to the
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economic and environmental development of the country
in the face of modern challenges.

Table 3. Key innovative solutions for improving the energy system of Ukraine

Innovative solution Description

RES integration power plants

Introduction of solar, wind, and hydroelectric

Advantages

Reducing dependence on imported energy
carriers, reducing CO,emissions

Smart networks

The use of digital technologies for monitoring
and managing the energy network

Optimising energy distribution, reducing losses,
and improving efficiency

Energy storage technologies technologies

Introduction of battery systems and other storage

Ensuring the stability of power supply,
supporting renewable energy sources

Energy decentralisation

Creation of local energy cooperatives and
independent energy sources

Improving energy security, involving
communities in management

Improving energy efficiency

Introduction of new technologies in construction
and industry to reduce energy consumption

Reduce overall energy consumption, reduce costs

Source: compiled by the authors on the basis of L. Mykhailova & O. Dumanskyi (2024)

Adaptation and implementation of international ex-
perience in the energy system of Ukraine can be a crucial
factor in ensuring its sustainability, efficiency, and inde-
pendence. Innovative solutions, such as renewable energy
integration, smart grid development, energy decentralisa-
tion, energy storage, and energy efficiency improvement,
can substantially change the energy landscape of Ukraine,
making it more adaptive to modern challenges.

DISCUSSION
As a result of the analysis of innovative solutions for im-
proving the energy system, it was determined that the inte-
gration of renewable energy sources is a key aspect for en-
suring energy stability. The identified data confirm that the
use of solar and wind power plants contributes to reducing
dependence on traditional, imported energy carriers, and
substantially reducing greenhouse gas emissions. This ap-
proach allows for a more sustainable energy environment
and meets international environmental standards. Howev-
er, it is also necessary to consider potential risks, such as in-
stability in renewable energy production, which may affect
the reliability of energy supply. This was also investigated
by M. Farghali et al. (2023), where the results confirmed
that the integration of renewable energy sources, such as
solar and wind energy, reduces the negative environmental
impact of traditional fuels by reducing emissions of pol-
luting gases. However, RES can affect local ecosystems, for
example, wind turbines can harm birds, and hydroelectric
power plants can alter river ecosystems. It is important to
conduct environmental assessments and take measures
to minimise negative impacts. A study by S. Erdogan et
al. (2021) also showed that switching to renewable energy
can substantially reduce dependence on traditional energy
resources such as oil, gas, and coal. This not only reduces
greenhouse gas emissions but also the economic depend-
ence on imported fuels, which can improve the country’s
energy security. Notably, this transition also has econom-
ic advantages since renewable energy sources often have
reduced operating costs compared to traditional sources.
Despite the advantages of renewable energy sources, their

integration into energy systems requires careful planning
and investment in new technologies. The effectiveness of
renewable energy sources may depend on the geographi-
cal location, climatic conditions, and level of infrastructure
development (Stoliarov, 2024). In addition, it is necessary
to consider potential environmental impacts, such as the
need for backup systems to ensure the stability of energy
supplies. Existing challenges can be overcome through
innovations in energy storage technologies and improved
management practices.

The second important aspect is the introduction of
smart networks, which has been confirmed by the results
of the study. Smart grid technologies allow managing en-
ergy flows more efficiently, reducing energy losses, and in-
creasing overall system efficiency (Selvakumar et al., 2024).
However, the implementation of such systems requires
substantial investment and adaptation to the specific con-
ditions of the Ukrainian market, which can be a challenge
for large-scale implementation. M. Judge et al. (2022) con-
cluded that the introduction of smart grids ensures the in-
tegration of modern technologies into energy systems to
improve their efficiency and reliability. Smart networks use
sensors, automated systems, and data analytics to monitor
and manage electrical networks in real time. This allows
optimising energy distribution, reducing the likelihood of
supply disruptions, and improving response to changing
consumption conditions. Key benefits include increased
fault tolerance, the ability to integrate renewable ener-
gy sources, and improved load management. T. Ahmad &
D. Zhang (2021) established that smart grids show high ef-
ficiency in reducing energy costs by being able to accurate-
ly measure and monitor energy consumption. They provide
more precise control of electrical loads, which reduces
energy costs and optimises the operation of generators.
The use of data analytics is used to predict demand and
adjust energy generation in accordance with the needs of
consumers, which reduces the cost of maintaining excess
capacity. These results support the above study, as they
demonstrate the benefits of smart grids in reducing ener-
gy costs and improving system efficiency. They show that
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such networks optimise energy distribution, reduce costs,
and improve the reliability of energy supply, confirming
their role in ensuring economic and energy efficiency.

Energy storage technologies have also demonstrated
their importance. Battery systems ensure a stable power
supply, compensating for periods of low renewable energy
production (Amidu et al., 2023). The study results showed
that such systems were successfully implemented in the
Kyiv region, where they helped to save excess energy and
ensure its availability during peak periods. Therewith, the
cost of implementing and maintaining battery systems re-
mains high, which requires additional funding and support
from the state. A paper of Q. Wu et al. (2021) is notable,
who also determined that energy storage technologies
such as batteries, pumped storage stations, and systems
based on new materials play a vital role in ensuring the
stability of energy systems. They provide for storing excess
energy obtained during periods of high generation or low
consumption and its usage at times of peak load or short-
age. This helps equalise fluctuations in renewable energy
generation, such as wind and sun, which can be unstable.
In turn, M. Hannan et al. (2021) concluded that battery sys-
tems have a substantial impact on ensuring the stability
of power supply since they provide the ability to store and
distribute energy depending on needs. These systems allow
reducing the load on the network during peak consumer
periods and provide backup energy sources in the event of
interruptions. Batteries also facilitate the integration of
renewable energy sources by loading the network during
periods of high generation and unloading it during peri-
ods of low generation. These data are consistent with the
theses presented in the previous section, as they confirm
the critical role of energy storage technologies in ensuring
the stability of energy systems. In particular, it is shown
that battery systems effectively smooth out fluctuations in
energy supply and help maintain a balance between gener-
ation and consumption. This confirms that increased use of
such technologies can reduce dependence on traditional,
less stable energy sources and improve the overall reliabil-
ity of energy infrastructure.

Energy decentralisation, which was analysed in detail,
also proved to be an effective tool for improving energy
security. The creation of energy cooperatives and the de-
velopment of local energy sources reduces dependence on
centralised suppliers and ensures greater participation of
local communities in the management of energy resources
(Stepanov et al., 2023). For example, in the Cherkasy re-
gion, implemented projects on energy cooperatives have
demonstrated a positive impact on the energy independ-
ence and economic development of local communities.
However, scaling up such initiatives requires a compre-
hensive approach to state funding and support. A. Berka &
M. Dreyfus (2021) also conducted a study that confirmed
that energy decentralisation involves the transition from
centralised power supply systems to distributed models
where energy resources are produced and managed local-
ly. This can have a substantial social impact, in particular,

contribute to improving the energy independence of the
community, creating new jobs, and developing local econ-
omies. However, decentralisation can also lead to uneven
access to new technologies and resources, especially in re-
mote or economically weaker regions. M. Rabbi et al. (2022)
also established that energy cooperatives play an impor-
tant role in improving energy security through collective
ownership and management of energy resources at the
local level. Such cooperatives allow communities to invest
together in renewable energy sources, such as solar or wind
installations, and provide reliable energy supplies, espe-
cially in remote or poorly connected areas. It also helps re-
duce energy costs and increase resilience to energy crises.
Comparing the data obtained in the course of the study, it
can be argued that the decentralisation of energy and ener-
gy cooperatives substantially increases social and econom-
ic sustainability. Decentralised systems provide greater
energy independence and create new jobs, improving the
social structure. Energy cooperatives increase energy secu-
rity by reducing costs and stabilising supplies, especially in
remote regions. Data confirm that these models effectively
contribute to development and stability but their success
depends on equal access to new technologies.

Improving energy efficiency, as the results of the
study showed, is crucial for reducing overall energy con-
sumption. Projects for the thermal modernisation of
buildings in large cities, such as Kyiv and Kharkiv, have
confirmed that the latest technologies can substantial-
ly reduce the cost of heating and air conditioning, which
has a positive impact on the economic situation and en-
vironmental balance. However, the successful implemen-
tation of such projects requires ensuring the appropriate
level of qualification of performers and compliance with
high quality standards. H. Sun et al. (2021) concluded
that the latest technologies, such as intelligent energy
management systems, high-performance thermal insula-
tion materials, and state-of-the-art automation systems,
play an important role in improving the energy efficiency
of buildings and industrial processes. In particular, the
introduction of intelligent control technologies allows
optimising energy consumption in real time, reducing
costs, and improving the overall efficiency of energy
systems. Highly efficient materials and automation sys-
tems provide a substantial reduction in energy consump-
tion for heating and cooling, which also has a positive
impact on economic performance. R. Blazy et al. (2021)
note that thermal modernisation, which includes updat-
ing thermal insulation, replacing old windows and doors,
and improving heating and ventilation systems, has a
substantial impact on overall energy consumption. It re-
duces heat loss and the need for energy for heating or
cooling buildings. This, in turn, helps reduce energy costs
and improve living comfort. When analysing the results
of the study, it is clear that the latest technologies and
thermal modernisation substantially increase energy ef-
ficiency. Intelligent control systems and efficient mate-
rials reduce energy consumption, resulting in economic
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and environmental benefits. Thermal modernisation also
substantially reduces overall energy consumption and re-
duces costs, confirming its effectiveness in reducing heat
loss and improving comfort.

In general, the results obtained highlight the need
to integrate innovative solutions into all aspects of the
Ukrainian energy system. Despite the positive trends
demonstrated by various innovative approaches, there are
substantial challenges associated with financing, tech-
nological adaptation, and state support. In the future, to
achieve sustainable development of the energy system, it
is necessary to continue research, improve existing solu-
tions, and adapt them to the specific conditions of Ukraine.

CONCLUSIONS

A comparative analysis of international experience shows
that the introduction of innovative solutions in the energy
sector can substantially improve the efficiency and stabil-
ity of energy systems. For Ukraine, where modernisation
of energy infrastructure is critical, it is advisable to adapt
successful practices from other countries, in particular, op-
timise networks, integrate renewable energy sources, and
use modern energy storage technologies. This will ensure
the sustainability of energy supplies and reduce energy in-
frastructure costs.

The integration of renewable energy sources, such
as solar and wind power plants, has demonstrated its ef-
fectiveness in reducing dependence on traditional energy
resources and reducing greenhouse gas emissions. The
introduction of such technologies ensures environmental
stability and meets international standards.
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stability of the energy supply and help compensate for pe-
riods of low renewable energy production.

Decentralisation of energy, including the creation of
energy cooperatives and the introduction of innovative
technologies, has proven to be an important factor in im-
proving energy security and engaging local communities.
Improving energy efficiency through the latest technolo-
gies, such as the thermal modernisation of buildings and
the use of energy-saving materials, has shown a positive
impact on the overall reduction of energy consumption and
lower energy costs.

However, the implementation of these innovative
solutions in Ukraine requires additional investment and
state support. An assessment of international experience
shows that success in implementing innovative projects is
possible when combining technical solutions with effective
management and political initiatives. Thus, to ensure the
sustainable development of the Ukrainian energy system,
it is important to adjust international practices to the spe-
cific conditions of the country and provide the necessary
support for the implementation of these solutions.

It is necessary to examine the effectiveness of inte-
grating new technologies in the specific conditions of the
regions of Ukraine, including economic and social aspects,
to ensure their scalability and sustainability at the nation-
al level. A limitation of this study is the lack of a detailed
analysis of the economic and social impacts of implement-
ing innovative solutions in different regions of Ukraine,
which may affect the overall accuracy of recommendations.
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MowyK iHHOBaLWiMHUX pilleHb A9 BAOCKOHANEHHS
eHepreTUYHoOI cucTeMmn YKpaiHU: CBIiTOBUM AOCBIA

AHoTauiq. Lle foctimkeHHS aHaTi3ye CBiTOBMIT JOCBi/ BIIPOBAKEHHS iHHOBAIIii B eHepreTUuHii cdepi A/st BUSBIEHHS
edeKkTUBHUX pillleHb, SIKi MOKYTb OyTY 3aCTOCOBAHI IJISI BLOCKOHAJIEHHS] eHepreTUYHoi cuctemu Ykpainu. Metongu
JOCTiIPKeHHS BK/II0YaIy MOPiBHSIbHMI aHali3 Mi>KHapOIHOTO I0CBily B @eHepreTMYHOMY CEKTOPi, OI[iHKY MOKJIMBOCTe
ajarnTallii iHHOBaIliifHMX TeXHOJIOTi 10 YKPaiHChbKMX YMOB, a TAKOX AOCTiIKeHHSI TEXHIUHMX i eKOHOMIUYHMX acIeKTiB
iHTerpanii HOBUX pimeHb. Y goctigkeHHi 6y/0 mpoaHa/li30BaHO JOCBiA TakuX KpaiH, Ik HimeuunHa, Janis, CIIA,
Oiungaupis, Hinepnauau, lseuis, Anonist, Kuraii, ®panuis ta [liBnernHa Kopest, ki ocsrim ycIixy y BOpoBaKeHHi
iHHOBaIiliHMX pillleHb B eHepTreTUUHi cdepi, 30Kkpema B iHTerpartlii BizHOBMIOBaHMX Iykepen eHeprii (BIE), po3BUTKY
PO3YMHMX MEPEX, MelleHTpasli3allii eHepreTuKu, TEXHOJIOTiH 36epiraHHs eHeprii Ta MigBUIEHHS eHeproeeKTUBHOCTI.
BusiieHo, 110 HajieeKTUBHIIII TTiAX0AY BKIIOYAOTh KOMITIEKCHe BUuKopyucTtanHs BIIE y moegHaHHi 3i 36epiraHHSIM eHeprii,
1110 3a6e31euye cTabiIbHICTh eHePTOTIOCTauYaHHSI HaBiTh 32 YMOBM HEPiBHOMipPHOTO BUPOGHUIITBA eJleKTpoeHeprii. Takosk
MiIKpeciIeHo BasKIMBIiCTh PO3YMHMX Mepexk Jj1s1 ONTUMi3allii po3Iofiny eHeprii Ta 3HV>KeHHS BTparT. [lelieHTpasnisaiis
€HepreTUKM Ta PO3BUTOK eHepreTMYHMUX KOOTIePATUBIB CIIPUSIIOTH MiIBUIIEHHIO eHepreTUUHOI 6e31eKy Ta 3aTyYeHHIO
rpomaf. loctigykeHHS TaKOX II0Ka3aslo, 110 BIIPOBaIKeHHSI PO3YMHMX CUCTEM YIIPaBJIiHHS eHepri€io Ha PiBHi CIIOXMBaviB
CTIpUSIE MiIBUIIIEHHIO THYYKOCTi eHeprocucteMu Ta eeKTMBHOMY pearyBaHHIO Ha KOMMBaHHS rmonuty. Kpim Toro, BUsIBIEHO,
IO YCITiIIHA peati3allisi iHHOBaL[ifHMX MTPOEKTiB y eHepreTulli MoTpebye MiATPUMKY IepskaBu uepe3 cyocuaii Ta perynsiTopHi
ctumMynn. Ha 0CHOBI CBITOBOTO JOCBiy 3p06/1€HO BMCHOBOK, III0 TIO€IHAHHS TeXHIUHMX pillleHb 3 e(eKTUBHMUM yIIpaBIiHHIM
Ta MOMITUYHUMMU iHilliaTMBaMM € KJIIOUOBMUM )15 3a6e3TeUeHHsI CTaJIOT0 PO3BUTKY €HepreTUUHOI cucteMu YKpaiHu

KniouoBi cnoBa: cTabibHICTh MTOCTaYaHHST; PO3YMHI MepesKi; JelieHTpasisalisi; MoJesi CTajoro po3BUTKY; Cy6CuIii;
MOJIITUYHI iHilliaTUBU
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Optimisation of solar power plant parameters
for use in sprinklers in Southern Ukraine

Abstract. The study aimed to assess the effectiveness of integrating solar power plants into sprinklers in the Mykolaiv
region. Modelling methods, practical tests and analysis of system efficiency were used to optimise the parameters of a
solar power plant in the South of Ukraine. The results showed that for sprinklers in this region, a solar power plant should
have sufficient capacity to meet the energy needs without significantly increasing the weight of the equipment. The
most effective solution was to place the solar panels near the Zimmatic-354M machine, which ensures maximum solar
energy production. The analysis showed that the use of batteries allows for uninterrupted operation of the system even
with partial shading. Field tests confirmed the theoretical findings and revealed the need to improve the materials of the
panels to increase their durability and resistance to dust and temperature fluctuations. Improvements to the design and
use of new materials are recommended to increase the efficiency of the system in specific climatic conditions. The study
also determined that the integration of solar panels into sprinklers would not adversely affect their manoeuvrability
and stability. The results showed that the energy system, designed to meet the specific climatic conditions of southern
Ukraine, can ensure the stable operation of sprinklers for a long time. In addition, the study revealed the need for regular
maintenance of the panels to maintain their efficiency at the optimum level
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INTRODUCTION

In the South of Ukraine, where the level of solar radiation
is quite high for most of the year, the use of solar power
plants to power agricultural machinery is gaining rele-
vance. One of the most promising areas is the integration
of solar systems into the design of sprinklers. This can sig-
nificantly reduce energy costs, which is an important factor
in reducing the overall cost of farming, and contributes to
the environmental friendliness of processes, reducing de-
pendence on fossil energy sources. Solar power plants can
provide sprinklers with the energy they need to operate,
which can include powering pumps, drive wheels, con-
trol systems and other electronic components. However,
to achieve maximum efficiency of such systems, specific
operating conditions must be addressed. This includes as-
sessing local climatic conditions such as temperature, hu-
midity, rainfall and solar radiation intensity. It is necessary
to optimise the parameters of solar systems, such as panel
power, panel placement and battery efficiency, to ensure
stable and uninterrupted operation of sprinklers. Opti-
misation of these parameters will not only reduce energy
costs but also increase the overall efficiency of the system,
which will affect the productivity of agricultural processes
and the ecological balance in the region. Thus, research in
this area is key to developing effective solutions that meet
the requirements of the modern agricultural sector and the
specific conditions of southern Ukraine.

Optimising the parameters of solar power plants for
sprinklers is an important problem that requires a compre-
hensive approach to be solved effectively. Various aspects
of this problem have been studied by different authors, but
certain gaps require further research. A study by C.M. Ku-
mar et al. (2023) confirms that solar panels can significant-
ly reduce the energy costs of agricultural machinery while
increasing its environmental friendliness. They also note
that to maximise the benefits, it is necessary to properly
consider local climatic conditions. O. Al-Shahri et al. (2021)
analysed in detail the methods of optimising the place-
ment of solar panels on machinery to improve their per-
formance. This study shows that the correct positioning of
solar panels can increase their efficiency by 20%. P. Chaur-
asiya et al. (2022) studied the impact of partial shading
on solar panel performance and found that high-capacity
batteries are critical to ensure stable system operation in
variable conditions. Z. Quan et al. (2021) emphasised the
importance of choosing materials for solar panels, in par-
ticular their ability to withstand high temperatures and
dust. Y. Mases et al. (2021) demonstrated that the integra-
tion of solar systems into sprinklers can increase their au-
tonomy, reducing the need for traditional energy sources
and lowering operating costs. S. Gorjian et al. (2021) ad-
dressed the impact of different types of batteries on the ef-
ficiency of solar systems in the agricultural sector, pointing
out the advantages of using modern lithium-ion batteries.

M. Ghodki (2022) emphasised the need for regular mainte-
nance of solar panels to maintain their efficiency, which is
an important aspect of ensuring the smooth operation of
sprinklers. A. Pascaris et al. (2021) demonstrated that prop-
erly configured solar systems can significantly improve the
efficiency of agricultural processes, enabling farmers to re-
duce their energy costs. M. Jamali et al. (2021) highlighted
that the integration of solar systems into sprinklers can
help reduce greenhouse gas emissions, which has a positive
impact on the environment. S. Alsadi & T. Fogha (2021)
showed that to optimise the performance of solar systems,
specific climatic conditions such as the frequency of sun-
ny days and humidity levels need to be considered, which
is particularly important for efficient operation. Thus, al-
though there is a significant amount of research covering
various aspects of solar power in agriculture, there are gaps
in understanding the impact of the specific climatic condi-
tions of southern Ukraine on the efficiency of such systems
that require further study.

The study aims to determine the efficiency of using
solar energy to power irrigation systems in the South of
Ukraine. The objectives of the study are:

O to analyse the effectiveness of hybrid irrigation sys-
tems combining traditional methods with solar energy in
the arid climate of the Mykolaiv region;

O to analyse the technical parameters of solar systems
and their impact on the performance of sprinklers;

O to develop recommendations for improving the
performance and durability of systems in specific climatic
conditions.

MATERIALS AND METHODS
The study was conducted at Mykolaiv National Agrarian
University in 2024. The study carried out a comprehensive
analysis and practical tests to optimise the parameters of
a solar power plant for use in sprinklers in the Mykolaiv
region of southern Ukraine.

The first step was to calculate the optimal capacity
of the solar power plant to meet the energy needs of the
sprinkler. This process included considering the insolation
variability that is typical for the South of Ukraine. To en-
sure the smooth operation of the system, seasonal chang-
es in insolation, daylight hours, and potential cloud cover,
which can significantly affect the system’s efficiency, were
addressed. The task was to choose a system capacity that
would guarantee the reliable operation of the machine
even in adverse weather conditions while reducing energy
costs. Calculating the required power of solar panels (1):

P

Ppamels = H;]:]’ e))

where P — power of the solar panels (kW); P, — power
consumption of the sprinkler (kW); H — average number
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of sunny hours per day (h); n — system efficiency (dimen-
sionless value).
Calculating the area of solar panels (2):

Ppanels

A = pover perm® @)
where Power per m? — power of solar panels per unit area
(kW/m?). An important part of the study was the determi-
nation of the optimal location for the solar panel on the
Zimmatic-354M sprinkler (USA). Several options were con-
sidered, including the installation of panels on the roofs
and sides of the machines. It was necessary to choose the
location of the panels, which would minimise shading and
maximise solar energy absorption. At the same time, the
impact of the weight and size of the panels on the stability
and manoeuvrability of the machine was analysed. It was
necessary to ensure that the additional components did
not reduce efficiency or adversely affect the machine’s per-
formance, including its cross-country ability and ability to
work on different types of soil.

The study also included the development of an energy
storage and management system. Efficient batteries were
selected to provide sufficient energy storage to keep the
system running during shading or at night. The develop-
ment of control algorithms optimised the distribution of
energy between the various working elements of the ma-
chine, as well as between the direct operation of the ma-
chine and battery charging. This was aimed at ensuring
that the sprinkler operates stably regardless of external
conditions, especially during periods of low insolation.

Another important aspect was modelling the system’s
performance under different climate scenarios specific to
the South of Ukraine. Theoretical modelling was used to
predict the system’s operation during different seasons,
which identified potential risks and assessed theirimpact on
overall efficiency. This approach also provided for the pos-
sibility of adjusting the system parameters based on the re-
sults obtained, which could ensure stable operation even in
conditions of partial shading and variable weather factors.

Technical and economic analysis was used to assess
the efficiency of using different materials in the construc-
tion of solar systems in the South of Ukraine. This method
was used to study the effect of materials on the durability
and resistance of panels and batteries to dust, moisture and
temperature fluctuations. Based on the results obtained,
recommendations were developed to improve the design of
the solar system, including the use of more efficient ma-
terials and improved panel design to reduce the impact of
adverse climatic conditions such as dust storms.

RESULTS

Agriculture, especially in southern Ukraine, is in constant
need of efficient and reliable energy solutions. In this
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regard, the introduction of solar power plants to power
agricultural machinery, including sprinklers, is one of the
key areas for the development of the agricultural sector.
However, to achieve maximum efficiency and productivity
of such systems, it is necessary to calculate and optimise
the capacity of the solar power plant to be used.

One of the most important aspects of this process is
to consider the variability of insolation, i.e. the amount of
solar energy reaching the Earth’s surface in a particular
region. In the South of Ukraine, where solar activity is quite
high but subject to seasonal fluctuations, this factor is par-
ticularly important (Klymenko et al., 2023). To ensure effi-
cient operation of the sprinkler throughout the year, it is
necessary to account for changes in insolation in different
seasons, as well as the impact of daylight hours and poten-
tial cloud cover.

The main step in optimising the capacity of a solar pow-
er plant is to determine the energy needs of the sprinkler
system. This includes analysing the power consumption in
different operating modes and estimating the maximum
loads that may occur during operation. It is important that
the system capacity not only meets these needs but also pro-
vides a reserve in case of reduced efficiency due to deterio-
rating weather conditions or seasonal changes in insolation.

Seasonal changes in insolation are another important
factor to consider when calculating system capacity. In sum-
mer, when solar activity is at its highest, the sprinkler can
receive enough energy to run smoothly. However, in winter,
when daylight hours are shortened and insolation levels de-
crease, there is a need for additional energy sources or amore
powerful energy storage system that can keep the machine
runningevenin partial or full shade (Oudes & Stremke, 2021).

In addition, when choosing the optimal capacity of a
solar power plant, it is necessary to account for the pos-
sibility of cloud cover, which can significantly reduce the
efficiency of the system. In this regard, it is advisable to
provide a certain power reserve that will allow the sprinkler
to operate stably even in adverse weather conditions.

Thus, choosing the optimal capacity of a solar power
plant for sprinklers in Southern Ukraine is a multifactori-
al process that requires a careful analysis of the machine’s
energy needs, insolation variability, daylight hours and po-
tential cloud cover. Only when all these conditions are met
can the system operate stably and efficiently throughout
the year, reducing energy costs and improving the environ-
mental friendliness of agricultural processes.

Modern technologies are trying to ensure the integra-
tion of renewable energy sources into various areas of ac-
tivity, and agriculture is no exception. Incorporating solar
panels into the design of sprinklers, such as the Zimmat-
ic-354M (Fig. 1), is one way to improve energy efficiency
and reduce energy costs. The main technical parameters of
this machine are shown in Table 1.

Machinery & Energetics. Vol. 15, No. 3




Optimisation of solar power plant parameters...

24.7m

Figure 1. Diagram of the sprinkler Zimmatic-354M
Note: a - general view; b — irrigation scheme of two machines at two positions; 1 - fixed support; 2 — stop device; 3 -
water pipeline; 4 - trolley; 5, 6, 7 and 8 — cable systems for automatic control of the trolley speed, as well as mechan-
ical and electrical protection; 9 — sprinklers; 10 — drain valve; 11 - system for shutting down the final sprinkler; 12 -
final sprinkler; 13 — pumping station
Source: Spraying Machine Zimmatic-354M (n.d.)

Pressure at the machine inlet, MPa
Water consumption, 1/s
Operating width, m
Productivity, ha per hour of working time (m =600 m3/hour)
Specific fuel consumption, I/ha
Effective irrigation coefficient
Average rain intensity, mm/min.

Rated power of the generator, kW

Rated motor power, kW

Source: Spraying Machine Zimmatic-354M (n.d.)

The sprinkler is designed for irrigation of grain, fod-
der, industrial and vegetable crops, including tall-stemmed
crops, the sprinkler has a power trolley consisting of a sup-
port frame, supporting posts and crossbars, which are sup-
ported by two pneumatic wheels. This trolley is equipped
with a power unit, fuel tank, water supply riser, diesel engine
control panel, battery, main machine control panel, furrow
guidance devices, limit switches and a flexible water hose.

The power unit, consisting of a diesel engine and a
generator, is equipped with a control and monitoring panel
with an emergency protection system for water tempera-
ture and oil pressure. The automatic guidance of the ma-
chine in the furrow is ensured by the tracking devices. The
water pipeline, consisting of seven trusses, transports wa-
ter to the sprinkler heads and is a prefabricated structure
with hinged joints.

The kit includes low-pressure deflector nozzles with
circular action and pressure regulators. The gear motor
transmits the torque to the wheel gearbox via a propeller

Table 1. Experimental data of the prototype sample of the SEMC

0.3

81.4

354

0.49

2.8

0.77-0.84

1.1

10

16.4

shaft. The gimbaled span joint consists of brackets weld-
ed to the pipe and a metal ring. The hydraulic connection
between the spans is made by a rubber coupling wrapped
in a steel cage. The control panel has manual process con-
trol and a percentage timer for setting the machine speed.
The control system includes a control cabinet, trolley and
machine synchronisation devices, stop sensors in a given
sector and cable connections to ensure automatic control,
monitoring and protection of the machine. The integration
of such systems requires a careful approach to choosing
the location of the panels, as well as analysing the impact
of their weight and size on the machine’s performance.
Choosing the optimal location for the solar panels on
the Zimmatic 354M is critical to maximising the efficiency
of the system. Options include mounting the panels on the
roofs or sides of the machine. Placing the panels on the
roof tends to maximise solar energy harvesting, as this part
of the machine is usually less prone to shading by other ob-
jects such as vegetation or buildings (Selvi et al., 2023). The
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roof also provides a large area for the panels to be placed,
allowing for more energy to be captured from sunlight.

However, mounting the panels on the sides of the ma-
chine also has its advantages. This option can be useful for
sprinklers that often operate in difficult conditions where
the roof may be partially shaded or dirty. Side-mounted
panels can help in cases where the roof cannot be used due
to design or technical limitations. In addition, side panels
can be easier to install and maintain. The placement of
panels on any part of the machine also has an impact on its
overall performance. One of the most important aspects to
consider is the impact of the weight and size of the panels
on the stability and manoeuvrability of the machine. Heavy
solar panels can change the centre of gravity of the ma-
chine, which can affect its stability and driving behaviour.
This is especially important for sprinklers that often oper-
ate on uneven or slippery surfaces.

The analysis of the impact of panel weight on machine
stability includes an assessment of changes in the weight
distribution and the impact on handling. It is necessary to
ensure that the placement of the panels does not compro-
mise the overall stability and manoeuvrability of the ma-
chine, which could affect its performance in the field. Tech-
nical solutions, such as using lighter materials for panels
or weight distribution, can help maintain optimal machine
performance (Ahmadnia et al., 2022). Lastly, the integra-
tion of solar panels into the design of the Zimmatic-354M
sprinkler requires a comprehensive approach to selecting
their location and assessing their impact on performance.
Carefully planned panel placement will help ensure maxi-
mum efficiency of the solar system while maintaining the
stability and manoeuvrability of the machine. The success-
ful integration of such systems can significantly improve
the energy efficiency of sprinklers and help reduce their
environmental impact.

Ensuring the smooth operation of sprinklers in agricul-
ture is critical to maintaining a stable water supply and op-
timal crop growth. Modern technologies offer solutions to
improve energy efficiency, one of which is the integration
of energy storage and management systems using solar
panels (Tan et al., 2021). In this context, efficient batteries
and the development of energy management algorithms
that can ensure uninterrupted operation of the system
even during shading or at night deserve special attention.
Efficient batteries are a key component for storing energy
from solar panels (Fagiolari et al., 2022). They can be used
to store excess energy during the day, when solar activity is
at its highest, and used during periods when sunlight is not
available, such as at night or during cloud cover. Choosing
batteries with high energy density and long service life is
important to ensure the stability of the sprinkler system.
The batteries must be able to withstand charging and dis-
charging cycles without significantly reducing efficiency to
ensure reliable system operation.

The development of energy management algorithms is
the next important step in ensuring efficient system op-
eration. The control algorithms must optimally distribute
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energy among the various operating elements of the ma-
chine, such as pumps, control systems, and other power
consumers (Sadeeq & Zeebaree, 2021). This includes de-
veloping strategies to prioritise energy allocation, ensure
that critical functions have sufficient power, and optimise
battery charging processes. This can be done using special-
ised software solutions that account for the current battery
level, the energy needs of the machine and weather fore-
casts. The integration of energy storage and management
systems not only increases the efficiency of solar energy
use but also reduces dependence on external energy sourc-
es, which can be especially important in remote or hard-
to-reach areas (Wang et al., 2022). The smooth operation
of the system is critical to ensure the proper functioning of
sprinklers, as any decrease in efficiency can lead to insuffi-
cient watering of crops and, as a result, lower yields.

The use of efficient batteries for energy storage and
the development of control algorithms for optimal energy
distribution is integral to the successful integration of so-
lar systems into sprinklers. This ensures stable operation of
the equipment even in adverse weather conditions and at
night, which significantly increases its efficiency and relia-
bility in the field. Proper management of energy resources
is key to ensuring the sustainable development of agricul-
tural production and increasing its efficiency. Evaluating
the performance of a solar panel system for sprinklers is
a critical step in ensuring its successful implementation
in real-world conditions. This includes using modelling to
predict system performance under different climate sce-
narios and conducting field trials to verify theoretical cal-
culations and adjust system parameters.

System performance modelling is the first step in the
process of assessing system efficiency. It can be used to
predict how the system will perform in different climatic
conditions, considering variable factors such as solar radi-
ation intensity, temperature, humidity and seasonal fluc-
tuations. Computer simulations can predict how a system
will respond to different scenarios, which can help iden-
tify potential problems and adjust the system design be-
fore actual testing begins. Modelling can also be used to
optimise energy distribution, address changes in operating
conditions, and determine the best parameters to ensure
maximum efficiency.

To calculate the optimal power of solar panels for
sprinklers in the South of Ukraine, the energy needs were
first determined. The power consumption of the sprinkler
is 5 kW. The following formula (3) was used to determine
the required capacity of solar panels, given the average
number of sunny hours per day, which is 5 hours in the
South of Ukraine, and the system efficiency of 75%:

Ppancls = o= = 1.33 KW. 3)

The next step was to calculate the area of the solar pan-
els. The average capacity of the solar panels is 300 W/m?,
or 0.3kW/m?. The area of the panels is calculated using the
formula (4):
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1.33 kW
A=—TFrw
m2

= 4.33m?. )

Thus, to ensure the smooth operation of a sprinkler
with a power consumption of 5 kW in the conditions of av-
erage insolation in the South of Ukraine, the power of solar
panels is about 1.33 kW, and the corresponding panel area
will be about 4.43 m?.

After the theoretical analysis, it was necessary to con-
duct field tests to confirm the theoretical calculations and

identify the actual results of the system. The field tests veri-
fied the accuracy of the predictions made during the model-
ling phase (Table 2). It also contributed to the identification
of problems that might not have been noticed during the
theoretical calculations, such as unexpected effects from
the interaction of solar panels with other machine com-
ponents or the impact of unforeseen climatic conditions.
The field trials provided real-world data on the system’s
performance that could be used for further improvements.

Table 1. Evaluation of the efficiency of the solar panel system for the Zimmatic-354M sprinkler

Value Description

Intensity of solar radiation in different seasons

Average value of solar radiation intensity

Value Note

800 W/m? (summer) According to weather conditions

Temperature Average temperature in different seasons 30°C (summer) May affect efficiency
Humidity Average humidity levels that can affect 60% (humidity) Affects the performance of the
system performance panels
Water consumption Average water consumption provided by 81.41/s Indicated for the main time
the system
Productivity Total area that can be watered per hour 0.49 ha/hour Depends on tsl;iteeféilmency of the
Fuel consumption per unit Fuel consumption per unit of cultivated 2.8 1/ha Depends on the operatlon of the
area machine
Effective irrigation coefficient Ratio of actual watgrmg to planned 0.77-0.84 Depends on the accuracy of the
watering system
Average rain intensity Rain intensity provided by the system 1.1 mm/min Affects the quality of watering
Rated power of the generator The power of the generator that provides 10.0 kw Affects system performance
energy for the system
Rated power of the motor Power of the motor that drives the system 16.4 kW Impact on work efficiency

Source: compiled by the authors based on A. Matheswaran et al. (2021)

Adjusting the system parameters based on the data is
the next important step. If the field tests reveal deficiencies
or opportunities for improvement, adjustments to the sys-
tem design or control algorithms should be made accord-
ingly. This may include optimising panel placement, im-
proving batteries, or tweaking software to better manage
energy. Flexibility in adjusting system parameters is key to
ensuring that the system operates efficiently under condi-
tions that may vary in real-world operating situations.

Evaluating the performance of a solar panel system in
real-world conditions is an important process to ensure its
success. Using modelling to predict performance and con-
ducting field trials to validate theoretical calculations can
ensure that the system is operating at maximum efficiency.
It also helps identify possible problems and find solutions
to address them, which in turn helps to improve the perfor-
mance of sprinklers and ensure that they are stable in the
real-world operating environment.

Solar systems used in sprinklers have significant po-
tential to improve efficiency and reliability in the specific
conditions of southern Ukraine (Atamanyuk et al., 2016).
This region is characterised by extreme climatic conditions
such as dust storms, high humidity and significant tem-
perature fluctuations. To ensure the durability and per-
formance of solar systems, it is necessary to address these

factors and develop recommendations for improving the
design and use of materials.

It is important to improve the design of solar panels
to meet the specific conditions of southern Ukraine. Dust
storms, which are common in the region, can have a nega-
tive impact on the efficiency of panels, reducing their per-
formance and service life. To counteract this, it is neces-
sary to use special protective coatings that would reduce
the accumulation of dust on the surface of the panels.
Additionally, the optimal location of the panels, consider-
ing the possibility of self-cleaning during rain or cleaning
systems, can significantly increase their efficiency (Stavin-
skiy et al., 2021; Myyas et al., 2022).

High humidity is also an important factor affecting the
efficiency of solar systems. Humidity can lead to corrosion
and reduced panel performance. To prevent this, it is rec-
ommended to use materials that are resistant to moisture,
such as specially treated panel coatings and sealed bat-
tery enclosures. This will help ensure the longevity of the
system by preventing possible moisture-related problems
(Dhass et al., 2022). Temperature fluctuations in southern
Ukraine can affect the performance of solar panels and bat-
teries. High temperatures can lead to overheating and re-
duced panel efficiency, while cold temperatures can reduce
battery capacity. The use of heat-resistant materials and
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cooling systems for panels, such as heat sinks or passive
cooling systems, can help maintain optimal temperatures
and ensure consistent performance. Batteries should also
be equipped with thermal management systems to main-
tain their efficiency in extreme temperatures.

An important aspect is the use of more efficient ma-
terials for the manufacture of solar panels and batteries.
Modern materials with improved characteristics can in-
crease the performance and durability of the system. For
example, the use of panels with high efficiency can reduce
the area required for panel installation while providing
greater energy output. Newer generation batteries, with
higher capacity and faster charging times, can improve
overall system efficiency and reduce maintenance (Rubi-
no et al., 2023). In the South of Ukraine, particularly in the
Mykolaiv region, the efficient use of solar energy to power
sprinklers is an important task to ensure sustainable crop
irrigation. Given the high potential of solar energy in the
region, optimising the parameters of a solar power plant
is essential to increase the efficiency of irrigation systems
and reduce dependence on traditional energy sources.

The first step in optimising a solar power plant is to
choose the right capacity. For the Mykolaiv region, where
the annual amount of solar radiation is about 1400-
1500 kWh/m?, it is advisable to choose a capacity that will
ensure uninterrupted operation of sprinklers throughout
the irrigation season (Avdieieva et al., 2022; Shahini et
al., 2024). Tt is recommended to calculate the capacity
of the plant accounting for the daily water consumption,
pump efficiency and efficiency, as well as energy losses
during transmission. For maximum power generation, it
is necessary to determine the correct angle of inclination
of solar PV modules. In the Mykolaiv region, the recom-
mended angle of inclination should be approximately 30-
35° to the horizon, which allows for the highest efficiency
throughout the year (Global Solar Atlas, n.d.; Atamanyuk
& Kondratenko, 2015). Seasonal changes in insolation and
the possibility of adjusting the angle of inclination to in-
crease productivity in summer should be considered. Given
the unevenness of solar radiation throughout the day and
weather fluctuations, it is advisable to introduce energy
storage systems (batteries). This will ensure the uninter-
rupted operation of sprinklers even in conditions of in-
sufficient power generation. It is recommended to choose
batteries with high energy density and long service life to
minimise operating costs.

The efficient operation of a solar power plant also
depends on proper management and monitoring of its
parameters. It is recommended to implement automat-
ed systems that monitor the performance of PV modules,
the condition of batteries, and the energy consumption of
power sprinklers. The use of modern data monitoring and
analysis systems will help to quickly identify and elimi-
nate possible malfunctions in the plant. Optimising the
parameters of a solar power plant for use in sprinklers in
the South of Ukraine requires a comprehensive approach,
including the right choice of power, adjusting the angle
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of the PV modules, implementing energy storage systems
and automating the control process. Adherence to these
recommendations will increase the efficiency of irrigation
systems, reduce operating costs and ensure a stable water
supply in the region’s unstable climate.

Implementation of these recommendations will signif-
icantly improve the efficiency and reliability of solar sys-
tems in the South of Ukraine. This will not only increase the
productivity of sprinklers but also ensure their stable oper-
ation in extreme climatic conditions, which will help to im-
prove the efficiency of agricultural processes in the region.

DISCUSSION

The study on optimising the parameters of a solar power
plant for use in sprinklers has yielded results that demon-
strate the effectiveness of the proposed solutions. The
focus was on calculating the optimal power of solar pan-
els, taking into account the specific climatic conditions of
the South of Ukraine. According to the data obtained, the
chosen system capacity provided a stable power supply to
sprinklers, even under conditions of variable insolation,
which proved the effectiveness of the choice in practice.
This was also investigated by H. Satria et al. (2021), where
the results confirmed that the analysis of optimisation re-
sults focuses on comparing actual performance with predic-
tions and assessing the impact of factors such as tilt angles
and weather conditions. It is important to determine how
effective the adjustments made, such as upgrading system
components or improving control technologies, were and
whether an increase in energy production was achieved.
K. Hoffer & G. Savini (2021) also showed that assessing the
effectiveness of the designed capacity involves comparing
planned and actual performance, using metrics such as sys-
tem performance factor, and considering financial aspects.
It is important to determine how well the system meets
energy needs and whether investments in its optimisation
are justified. It is worth noting that optimising the capacity
of solar panels can have a significant impact on the overall
efficiency of the system (Babii & Sologub, 2023). Improving
the accuracy of calculations and adjusting system param-
eters can lead to a significant increase in energy produc-
tion and a reduction in energy costs. In addition, successful
optimisation not only increases productivity but also im-
proves the economic return on investment in solar energy.
It is also necessary to consider that regular monitoring and
analysis of performance allows for the timely detection and
elimination of possible problems, which contributes to the
long-term stability and reliability of the system.

After modelling the performance of the system, it was
determined that the location of the panels on the roofs of
the sprinklers was the most efficient (Stoliarov, 2024). The
modelling confirmed that this option minimises shading
and maximises solar energy absorption. After implement-
ing the model in real-world conditions, the data confirmed
that the optimal location of the panels allows for maximum
energy efficiency, which has a positive impact on the over-
all performance of the sprinklers. S. Shorabeh et al. (2022)
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concluded that the assessment of the optimal location
includes the selection of the correct tilt angles and orien-
tation of the panels to maximise solar radiation absorp-
tion. It is important to consider shading from surrounding
objects to ensure maximum system performance. V. Gjor-
gievski et al. (2021) found that the location of the panels
directly affects their efficiency. Incorrect tilt angle or ori-
entation can reduce the amount of solar energy collected
and the overall system performance. Considering season-
al changes in the sun’s path is also important to ensure
optimal results. These results confirm the above study, as
they demonstrate that the optimal positioning of solar
panels significantly increases their efficiency. In particu-
lar, the correct choice of panel angle and orientation, as
well as the consideration of possible shading, confirm the
importance of accurate calculations to maximise solar en-
ergy collection. This confirms that the results of the study
adequately reflect the real conditions and the effective-
ness of the proposed solutions.

The use of efficient batteries for energy storage also
proved to be important. The batteries ensured uninter-
rupted operation of the system during periods of shade or
night (Amidu et al., 2023). Tests confirmed that the select-
ed batteries have sufficient capacity to cover the energy
needs of the machines at night and during limited solar
radiation, which ensured the reliability of the system. It is
worth noting the work of T. Abdul-Jabbar et al. (2021), who
also determined that batteries are critical to ensuring the
smooth operation of solar systems by storing energy for use
when the sun is not shining. Their efficiency is determined
by capacity, charging and discharging speed, and service
life. Modern batteries provide high performance, but their
efficiency can vary depending on the type and operating
conditions. In turn, D. Kong et al. (2021) concluded that
the analysis of battery performance in different conditions
includes an assessment of their performance when tem-
perature and loads change. Cold temperatures can reduce
efficiency, while high temperatures can cause overheating
and shorten the service life (Smyk & Arkhypova, 2023).
This analysis helps to optimise the system to ensure stable
battery performance in different conditions. This data is
consistent with the discussion in the previous section, as
it confirms that battery efficiency is critical to the smooth
operation of the system and demonstrates how different
conditions affect battery performance. The results of the
analysis confirm that the right choice of batteries and
their proper operation are key to ensuring the stability
and reliability of the power system. It also confirms the
importance of considering variable conditions to optimise
system performance.

The developed energy management algorithms have
demonstrated their effectiveness in the optimal distribu-
tion of energy between the machine’s working elements
and battery charging. Modelling and field tests have shown
that these algorithms reduce energy costs and increase the
efficiency of using stored energy. This confirmed the need
to fine-tune the control system to ensure stable operation

in different conditions. D. Wang et al. (2021) also conduct-
ed a study that confirmed that the analysis of energy man-
agement algorithms helps to evaluate the effectiveness
of real-time energy distribution planning and adaptive
control. This includes identifying the benefits and limita-
tions of algorithms, such as their ability to respond to load
changes and store energy. Optimal algorithms can sig-
nificantly improve system performance and reduce costs.
J. Hu et al. (2021) also determined that optimising energy
distribution includes the use of algorithms to increase re-
source efficiency, reduce energy losses, and improve load
management. This helps to reduce costs by minimising
energy losses and improving overall system efficiency.
Comparing the data obtained in the course of the research,
it can be concluded that the effectiveness of energy man-
agement algorithms has a significant impact on the overall
system performance. The analysis shows that optimising
energy distribution and using advanced algorithms can
reduce costs and increase efficiency. These results con-
firm that the implementation of such algorithms is key to
achieving high energy efficiency and economic benefits in
power systems.

Field tests conducted in real-world conditions showed
that the solar panel system can operate efficiently even
under partial shading and variable weather conditions.
This proved to be critical for ensuring the reliability of
sprinklers, as variable weather conditions often affect the
performance of solar power plants (Serikuly et al., 2022).
The test results confirmed the theoretical calculations and
allowed for timely adjustments to the system parameters.
S. Fan et al. (2021) concluded that the impact of panels
on energy efficiency is assessed through their ability to
generate energy under test conditions. Different types
of panels can show different performances depending on
their characteristics. Tests can identify the advantages
and disadvantages of panels, which helps to more accu-
rately predict their performance in real-world conditions.
C. Mokhtara et al. (2021) determined that determining
system performance in a variable climate allows them to
assess how changes in temperature and humidity affect
solar panel performance. This helps to identify how cli-
mate conditions can change system efficiency and what
adjustments are needed to maintain optimal performance.
When analysing the results of the study, the efficiency of
solar panels depends on their characteristics and operat-
ing conditions. Tests have shown that different types of
panels react differently to changing climatic conditions,
which confirms the importance of taking these conditions
into account when designing and installing systems. Reg-
ular monitoring and adaptation of the system to climate
change is essential to maintain stable performance and
reduce negative impacts.

CONCLUSIONS

Optimisation of the parameters of a solar power plant
for sprinklers in the South of Ukraine is a critical step to
ensure the efficient operation of the system in specific
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climatic conditions. The results of the study showed that
the main factors for ensuring proper performance are the
calculation of solar panel capacity, consideration of aver-
age insolation and system efficiency.

Modern technologies have actively integrated renewa-
ble energy sources into various fields of activity, including
agriculture. The introduction of solar panels in the design
of sprinklers, such as the Zimmatic-354M, has significantly
improved the efficiency of energy systems, providing sus-
tainable and reliable power in a specific climate.

The analysis showed that to meet the energy needs of
the sprinkler, the solar panels need to have the appropriate
capacity. This will provide enough energy for the system to
operate smoothly under average insolation. The system’s
efficiency factor, which considers energy losses, was re-
fined to determine the required panel capacity.

Further calculation of the panel area showed that to
meet these needs, an appropriate panel area with optimal
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Through modelling and field tests, key aspects were
identified to improve system efficiency, including adjust-
ments to panel placement and improvements to the ener-
gy storage system. The recommendations made will help
to improve the overall efficiency of solar power plants in
sprinklers, which will ensure stable and reliable operation
in the specific climatic conditions of southern Ukraine.

To further improve the solar power system in sprin-
Kklers, it is necessary to address the impact of different
types of solar panels and batteries on the overall system
efficiency under variable climatic factors and long-term
operation. A limitation of the study is that the experimen-
tal tests were conducted only in the limited climatic con-
ditions of southern Ukraine, which may not fully reflect
the system’s effectiveness in other regions with different
weather characteristics.
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OnTuMi3auis napaMeTpiB COHAYHOI eneKTpocTaHuii
NPy BUKOPUCTaHHI y AoLlyBasibHMX MalUMHaX B yMoBax MiBaHSA YKpaiHu

AHoTaUiq. [JocmiKeHHST Majio Ha MeTi OliHUTY epeKTUBHICTb iHTerpailii COHTYHUX eJIeKTPOCTAHIIiN Y HOIIYBaIbHUX
MalllHax B yMoBaxX MuKojaiBCcbKoi 06sacTi. Y JOC/iIKeHHi Oy BUKOPUCTaHi METOAM MO ENI0BaHHS, TPaKTUYHI
BUIPOOYBaHHS Ta aHasi3 e(eKTMBHOCTI CUCTeMM IJIsI ONTMUMIi3allii mapaMmeTpiB COHSIYHOI eJIeKTPOCTaHIIii B yMOBax
[TiBgHs Ykpainu. Pe3ynbraT okasasnu, 1o s JOLyBaJbHMUX MalllMH Y IbOMY DerioHi COHSUHA eJIeKTPOCTaHILisl TOBYMHHA
MaTu AOCTATHIO TTOTYKHICTD [7151 3a6e31eUeHHs] eHepreTMUHMUX MOTpe6 6e3 3HAaUHOTO 36ibIIeHHS Baru o6ia HaHHSI.
Haii6inpin edeKTMBHMUM BUSIBUIIOCSI PO3MIllleHHSI COHSTYHMX TTaHesieit 6ins MmamnHu Zimmatic-354M, 1o 3a6e3mneuye
MaKCMMaJIbHe OTPMMAaHHSI COHSIUHOI eHeprii. AHaJli3 TToKa3as, [0 BUKOPUCTAHHST aKyMYJISITOPIiB 103BOJIsIE 3a6€3MeUnT
6e3mepebiliHy pobOTY crCTeMM HaBiTh ITPM YACTKOBOMY 3aTiHeHHi. [101b0Bi BUTTPOOGYBAHHS ITiATBEPAIIN TEOPEeTUUHI
BMCHOBKM Ta BUSIBWIN MTOTPe6Y B MOKpallleHHi MaTepialiB maHesei ojis miABUIEHHS iX JOBroBiYHOCTI Ta CTiffKoCTi 10
MUJTy i TeMIlepaTypHUX KOMMBaHb. PeKOMEHJ0BaHO BJOCKOHAIEHHS KOHCTPYKIil Ta BUKOPUCTAaHHS HOBUX MaTepiasiB AJist
MigBUIIeHHs e(QeKTUBHOCTI cucTeMu B crielMiuHnX KIiMaTUIHMX YMOBaX. Takosk 6y/i0 BCTAHOBJIEHO, 110 iHTerpariis
COHSIUHMX I1aHeJsIeli 10 AOUTYBaAbHMX MalllMH He BIJIMHE HeraTYBHO Ha 1X MaHEeBPEHICTb i CTiiiKicTb. Pe3ynbraTy mokasanu,
10 eHepreTUYHA CUCTeMa, CIIPOEKTOBAaHA 3 ypaxXyBaHHIM crienydiuHuX KaiMaTuyHux yMoB IliBgHs YKpainy, 3maTHa
3a6e3neynTy cTabibHy pO60TY JOIIYBaJbHUX MAIIMH IIPOTITOM TpUBAIoro yacy. Kpim Toro, mociimkeHHsT BUSBUIIO
HeOOXiTHICTh PeryJsipHOTO 06CTYTOBYBaHHSI ITaHesel Ijisl MigTpUMaHHs ix eeKTMBHOCTI Ha ONTMMaIbHOMY PiBHI

KniouoBi crnoBa: akymynaTopHi 6aTtapei; eHepreTMuyHa CHUCTeMa; TeMIIepaTypHi KOIMBaHHS; O6GCIYrOBYBaHHS;
iHTerpailisi COHSTUYHMX TIaHeJIeit; CiTbCbKe TOCTIOIapCTBO
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Analytical justifications of constructive parameters
of bionic colters for vertical soil treatment

Abstract. Bionic coulters imitate natural forms and functions, which help reduce energy costs for soil tillage. The aim
of the research was to justify the design and structural parameters of turbo discs (coulters) for vertical tillage based on
the principles of bionic reverse engineering. Using this method, an equation for the shape of the turbo discs (coulters)
was derived, which was obtained by approximating the shell of the argonaut (Argonauta argo). The equation takes into
account the main structural parameters of the turbo discs: diameter D, cutout height H , wave height H , number
of cutouts n, and spiral coefficient k. As a result of analytical studies on the interaction process between a solid disc
and plant residues, the optimal diameter value was determined to be D,=460 mm under the condition of submerging
stems with a thickness of 10-20 mm to a depth of 80 mm. The analytical studies confirmed that the presence of cutouts
on the disc prevents stem deflection and ensures better stem capture. In analysing the obtained dependencies using
the Wolfram Cloud software package, the optimal values for the cutouts were determined: cutout height H =40 mm,
number of cutouts n=_38. The presence of waves on the disc surface ensures that the interaction with plant residues is
independent of their position on the field surface and creates conditions for vertical soil tillage. It was found that, to
minimize specific cutting resistance and maximize the degree of soil fragmentation, the optimal wave parameters for
the coulter are a wave height of H =24.4 mm. The justified parameters of the coulters provide the best balance between
soil fragmentation efficiency and reduction in energy consumption for soil tillage. The obtained results can be used to
adapt existing agricultural machinery to the new structural parameters of coulters to improve its efficiency

Keywords: vertical tillage; turbo disc; shape; shell; argonauts; analytical studies

INTRODUCTION
Optimization of agricultural machinery helps preserve erosion and contribute to sustainable agricultural practic-
soil structure, enhancing aeration and water permeability, es. By tailoring the design to different soil types, these col-
which is essential for maintaining soil fertility. Bionic col-  ters can be used more effectively in various agro-climatic
ters, designed based on natural analogues, minimize soil  conditions. Implementing such advanced technologies in
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farming not only increases productivity but also reduces
environmental impact, promoting more sustainable and
eco-friendly agricultural practices.

Management of crop residues along with compacted
soil under intensive farming systems requires highly effi-
cient and well-adapted soil cultivation tools. According to
Yu. Belovol (2014), vertical tillage has been gaining pop-
ularity involves vertically oriented turbo discs with wavy
turbines, also known as colters, which impact the soil in a
vertical direction. Due to their wave-shaped cutting edge,
they fragment plant residues, and soil loosening occurs
through the formation of cracks. G.V. Teslyuk et al. (2016)
researched that there were many variations of such discs,
but their design could be generalized into two main types:
with radial waves and waves directed at an angle to the axis
of rotation. To enhance the efficiency of fragmenting plant
residues and turning the soil, some manufacturers produce
discs with serrations on the edge. This type of disc can be
successfully used as part of a turbo disc cultivator. Evalua-
tion of such soil cultivation tools requires proper determi-
nation of their technical design, as well as the dynamics of
their interaction with soil and plant residues.

Some studies on the interaction of turbo discs (colters)
with soil and plant residues are considered. In the study of
Z.Zeng et al. (2021), an experimental comparison of three
vertical soil cultivation discs of different shapes, namely
toothed, plain, and serrated, was conducted. The analysis
found that the serrated disc was the most efficient among
the three discs based on measured performance indicators.
The results indicate that changing the working depth would
be an effective approach to altering soil dynamics and the
cutting performance of residues by discs for vertical tillage.

Field tests of vertical tillage tools in of Z. Zeng (2019)
demonstrated that serrated discs leave fewer residues on
the surface, incorporate more residues into the soil, create
a wider furrow, and cover a larger area than plain discs. The
impact of working speed was more dominant than the ge-
ometry of the openers on the soil processing efficiency of
serrated openers.

In the study of 1. Torotwa et al. (2022), the soil cultiva-
tion effort, structural strength, straw cutting performance,
and uniformity of soil cultivation depth of a toothed disc
with curved edges were evaluated in comparison to a
straight-toothed disc. The design of the curved-toothed
disc was inspired by the arc-shaped structure of a digger’s
claw. It was found that using such a disc reduced soil cul-
tivation effort by 22.8%, ensured uniform soil cultivation
depth, and increased straw cutting efficiency by 26.3 %.

J.L.Zhao et al. (2021) developed a stubble chopper based
on the analysis of bionic prototypes. Inspired by the unique
mouthpart structure of a locust, the bionic stubble chop-
ping device acquired a new multi-segment toothed bionic
structure and symmetrical rotational motion, significantly
increasing stubble chopping speed. Also noteworthy is a

patented design of a wavy disc (Piccat, 2006), whose wave
profile is asymmetric and offset in the direction of rotation.

The article of I.V. Sobolevsky et al. (2021) present-
ed methods and results of the bionic approach in the
agro-mechanics system, which theoretically substantiated
the main parameters of the model of working elements of
wavy discs using two bionic prototypes - the digging leg
and radial ribs of the bivalve mollusk Cerastoderma edule,
and the digging leg of the dung beetle Geotrupes stercorari-
us. The model of the working elements of wavy discs helps
to maintain soil erosion resistance in the upper cultivat-
ed layer to preserve its structure and stubble background
during no-till soil cultivation in soil conservation farming
systems using Verti-till and Strip-till technologies.

The aim of the research is to justify the design and
constructive parameters of turbo discs (colters) for vertical
soil tillage based on bionic reverse engineering.

MATERIALS AND METHODS

Taking into account the bionic reverse engineering ap-
proach, the shape equation for turbo discs (colters) had
been derived by approximating the form of the Argonaut
(Argonauta argo) shell. The shells of argonaut octopuses
(Argonauta argo) served as a fascinating example for math-
ematical analysis in engineering design as M. Oudot et
al. (2020) emphasized. The geometric complexity of the
shell, particularly its wavy shape, had been explored in pre-
vious studies. J. Finn & M. Norman (2010) demonstrated
that the wave patterns aid in vertical movement through
water, while H. Hoving et al. (2022) identified the functional
significance of these shapes in burrowing into seabed sand.
According to analysis of the mathematical description of
various shell shapes (Roccatano, 2018; Larsson et al., 2020;
Contreras-Figueroa & Aragén, 2023) particular attention
particular attention of this reserch was given to spiral
forms, while planar wavy forms have been less explored.
Based on the reverse engineering method, the boundary of
the shell was represented as shown in Figure 1

In analytical form, the equation of the shell surface can
be represented as follows:

10000 = (1 =22 sin(g,)] ) sin (g, + K 2) 0,
V(@ 0,) = ( - I;—': |sin(n(pu)|) cos ((pu +k %) Doy

2
29w ®2) = Hy cos(np,) (£2),
0< ¢, <2m, 1
0< @, <D, M

where ¢ _is the parametric angular variable in radians; ¢, is
the parametric linear variable in meters.

The graphical interpretation of the equation (1) in
Wolfram Cloud with different parameters D, H , H , n and
k is shown in Figure 2.
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Figure 1. Approximation of the Argonaut Shell (Argonauta argo)
Note: D, - diameter; H - notch height; H - wave height; n — number of waves; k - spiral coefficient; x, y, z - spatial
coordinates in meters
Source: compiled by the authors

Figure 2. Constructed Variants of Turbo Discs (Colters) Based on the Bionics of Argonaut Shells
Note: a - Flat solid disc (D,=460 mm; H =0 mm; H =0 mm; n=10; k=0), b - Wavy disc (D,=460 mm; H =0 mm;
H_ =30 mm; n=10; k=0); c - Flat notched disc (D,=460 mm; H =50 mm; H =0 mm; n=10; k=0); d - Wavy notched disc
(D,=460 mm; H =50 mm; H =30 mm; n=10; k=0); e - Wavy spiral notched disc (D,=460 mm; H =50 mm; H, =30 m;
n=10; k=0.6); f — Wavy spiral notched disc (D,=460 mm; H =20 mm; H =30 mm; n=26; k=0.6)
Source: compiled by the authors
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Analytical justifications of constructive parameters...

The next step involved analytical studies of the inter-
action process between the turbo disc (colter) and the soil
environment, as well as plant residues. In determining the
forces acting within the model soil environment, the fol-
lowing simplifications and assumptions were made: the soil
was conditionally modelled as a medium with internal fric-
tion and specific cohesion that did not depend on external
pressure. The likelihood of this assumption being valid was
confirmed by (Semenyuta, 2014). The soil environment was
considered anisotropic in its various properties (Shevchen-
ko, 2001). At pressures of 0.4-0.6 MPa, and for soils with
significant compaction up to 0.9 MPa, the relationship
between pressure and deformation was considered linear.
Thus, to establish the forces acting in the soil environment,
elasticity theory was used. The propagation of cleavage
lines (cracks) in the soil occurred in a vertical-transverse
plane at an angle of ¢, +71/2 to the cutting edge of the tool,
where ¢, was the internal friction angle of the soil (Ko-
bets et al., 2011). The predominant direction of crack prop-
agation remained unchanged throughout the process (Ko-
bets et al., 2009). The specific cohesion of soil particles was
a key indicator that encompassed other mechanical and
technological properties. Analytical studies were conduct-
ed for different types of colters: flat solid, flat notched, and
wavy notched discs. The research was carried out in the
software package Wolfram Cloud (Wolfram company, USA).

RESULTS AND DISCUSSION
A mulcher made up of flat solid discs (H, =0 mm; H =0 mm;
k=0) can perform cutting of plant residues and surface loos-
ening of the soil environment without mixing and rotating
its layers. The scheme for calculating the interaction of the
disc with the soil and plant residues is shown in Figure 3.

Figure 3. Interaction of a flat solid disc
with soil and plant residues

Note: O, A, B, O, - points on the drawing; a, H, R, Aa -
length in meters; a, ¢, — angles in radians; F,, - the force
of friction between the disk and plant remains in Newtons;
N - the force of normal pressure between the disc and plant
remains in Newtons; F, - soil resistance in Newtons; F, -
disc reaction force in Newtons; F, - the force of inertia in
Newtons

Source: compiled by the authors

Consider the conditions for cutting plant residues (us-
ing a stem as an example) with a disc. The interaction of
the disc with the stem can have four possible outcomes:

O forward displacement: this option is unacceptable as
it excludes the possibility of cutting;

O side displacement: this occurs with short stems of
5-8 cm in length (which meets agronomic requirements);

O pulling under the disc: although this option does not
guarantee cutting of plants, it meets agronomic require-
ments (Fig. 4), as part of the stem is buried to the depth at
which the disc operates;

O stationary stem: this option ensures guaranteed cut-
ting of the plant.

W

Gi=2xaxlgy;

a b

Figure 4. Interaction of the flat solid disc with soil
and plant residues
Note: 1 - disk; 2 - stem; a - moment of interaction between
the disk and the stem; b - after the disk passes; a, b, - length
in meters; g, — angles in radians
Source: compiled by the authors

The achievement of cutting a stationary stalk can be
accomplished in two ways: by cutting without support at
increased cutting speeds or by creating conditions for sup-
ported cutting. Unambiguously supported cutting can be
achieved with a blade speed up to 15 m/s for crops with
thin stalks and up to 60 m/s for crops with thick stalks (Kir-
ichenko et al., 2011). The specified speeds are not achieved
by passive working elements, so analytical studies need to
be considered under the scheme of supported cutting with-
out moving the stalk by the disc (Fig. 3).

As indicated by informational analysis, there is no ex-
cessive need for cutting thin-stemmed plant residues (the
option shown in Figure 4 is sufficient), but the problem of
shredding residues of coarse-stemmed crops is present. Un-
shredded residues decompose slowly and significantly com-
plicate the operation of seeders. Therefore, it is worth exam-
ining the interaction of the disc with crops with thick stalks.

Assumptions made: The stalk to be cut is cylindri-
cal; stalk characteristics are homogeneous and isotropic
throughout its length; the strength parameters of the stalks
are proportional to the square of their diameters (Kobets et
al., 2011); the interaction of the disc with the soil is deter-
mined by the wall support law (Kozachenko et al., 2021).

The forces acting on the stalk by the disc are: normal
pressure force N; resistance force from the soil F; friction
force F,,. The condition for cutting the stalk is the zero
sum of the horizontal components of all forces acting on
it (Fig. 3). The most rational option is a small displacement
of the stalk backward along the disc’s path. The stalk will
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be pressed into the soil until the pressure force of the blade
exceeds the critical cutting force. This depth of immersion
is denoted as Aa. The value Aa will determine the coeffi- = 0.5L [RZ arccos% —(R—-4a)/R2— (R - Aa)z], )
cient of volumetric soil displacement. According to the cal-

culation scheme (Fig. 5), the volume of the stalk immersed  where R is the stem radius; L is the stem length; Aa is the

V =0.5LSgcp =

in the soil is calculated by the equation: penetration depth.
A-A
i e — -
/ , Ie % %g 5 0/ «
| r f
| )
A

Figure 5. Diagram for calculating stem immersion parameters under the action of the disk
Note: A-A - designation of the section on the drawing; A, B, C, D — points on the drawing; Aaq, L, b, R — length in meters;
a - angles in radians
Source: compiled by the authors

The relationship for determining the immersion depth  acting on its cross-section, the immersion depth rang-
is as follows: es from 4 to 6 mm. In other words, stems with diameters
less than 4 mm will be reliably driven into the soil. It is
qV = 0.5qL important to note that the plastic deformation of the stem
[RZ arccosR_R# — (R —4a){/R?— (R — Aa)2] > [P], (3) itself does not affect the immersion depth, as this aspect
is already accounted for in the stem resistance. According
where [P] — stem shear resistance; g — soil volume change to Figure 3, the balance of forces acting in the horizontal
coefficient. plane can be expressed as:
Solving equation (3) in the Wolfram Cloud software . N i = f .
yields a graph showing the relationship between the stem N-cosa+f, N'sina=f,-Fy, @
immersion depth in the soil and its diameter under the ac-  where f, - coefficient of friction between the stem and the
tion of a solid disk (Fig. 6). The analysis of this relationship  soil; f, - coefficient of friction between the stem and the
indicates that, for real values of stem radius and the force steel; a — angle of embedding.

6
| [
E i mm | e
S R-10mm|_—
4
R=15mm| ___——
3 —
L] pezomm|
2 —
1 ]
0

0 00 200 300 400 500 600 700
L, mm

Figure 6. Relationship between stem immersion depth in the soil, its radius and length at g=900 kN/m3
Note: Aa - the penetration depth; R — the stem radius; L — the stem length
Source: compiled by the authors

The mass of the stem is small enough to be neglected. By substituting (4) into (5) and performing the math-
Then, the force reaction of the disk can be determined from  ematical transformations, the following expression is ob-
the following relation: tained:

. _ 1+tgeitge, _ _ R S
F,=N-sina~f,-N-cos. (5) tga = g, — Ct9(@1m92) =tg(G-91— ¢2). (6)
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Taking into account Figure 5, the following is obtained:

. OB . Rgj—a—R+Aa
a=arcsin—— =arcsin—— ———,
Rg+R Rg+R

M

where R is the stem radius and R, is the disk radius. By sub-
stituting (7) into (6) and performing mathematical trans-
formations, the following is obtained:

R-cos(p1+@,)+a+R-A4a
1-cos(p1+92)

Dy=2R; =2 ®)

Graphical interpretation of equation (8) is shown in
Figure 7. The parameter Aa is obtained from equation (3),
Figure 6. Given a soil penetration depth of 80 mm, the opti-
mal diameter of the disc for equation (1) is D,=460 mm. It
should be noted that plain solid discs are rarely used in their
pure form, as their functional capabilities are limited to
merely crushing plant residues and clods on the soil surface.
In this context, they are considered an intermediate stage
for determining the parameters of a turbo-disc (colter).

The solid disc has several drawbacks that limit its
capabilities in soil processing, especially in the context
of organic farming systems. One of these is the negative
entry angle into the working medium. However, for effec-
tive stem cutting, it is necessary for the blade’s action to
be directed vertically during the initial stages. This allows
the stem to be partially embedded in the soil and fixes it in
place, preventing movement during cutting.

300
E a=80mm
~ /
ad —]
250 ﬂ?ﬂ
/ /
200
B0
g 0 20 30
=K mm

Figure 7. Dependence of the minimum disk radius
on the depth of penetration and the coefficient
of volumetric soil compression
Note: R, - the disk radius; a — penetration depth of the disc;
L - the stem length
Source: compiled by the authors

The calculation scheme for such a disc is examined,
and the working process is broken down into stages accord-
ing to the number of cuts on the disc (Fig. 8). Each stage
corresponds to Fig. 8a-Fig. 8f. The beginning of the stage
(Fig. 8a) is determined by the vertical downward movement
of the cutting blade. The end of the stage corresponds to
the moment when the blade starts moving towards the soil
surface (Fig. 8f).

Figure 8. Diagram for calculating the action
of a notched disc on soil and stem

Note: a—f - stages of the work process; O — axis of rotation;
a,AL,R,R,, R, R, - length in meters; a, a,— angles in radians
Source: compiled by the authors

From the calculation scheme, the angular step of the
cuts can be determined:

Ry,—a—d
a < arccos —+——

- )
where a - penetration depth of the disc; R, - radius of the
circumscribed circle; d - diameter of the stem. This allows
for the determination of the number of cuts. Calculations
are performed using the following data: R, =230 mm, cor-
responding to a disc diameter of 460 mm; a =50-80 mm
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(standard values accepted in most known aggregates);
d=2-35 mm - diameter of the stem. Given the require-
ment for full immersion of the disc cuts in the soil dur-
ing operation, the radial parameters of the disc are set
as follows: R, =230 -80=150 mm, R,=230-50 =180 mm,
R, = (R, + R)/2 = 190 mm. Thus, for equation (1),
H =R,-R,=40 mm.

By analysing dependence (9) in the Wolfram Cloud
software package, the optimal angular step value of
=48.3° and the number of notches n=38 is obtained. Con-
sidering Figure 8, a,=/4=12.1°, AL=271R ,0./360=48.5 mm.
Such discs are used in Strip-Till and Mini-Till systems for
crushing surface clods and plant residues. However, they
are not suitable for soil loosening.

In the previous stages, the disc diameter of 460 mm,
the number, and the parameters of the notches on it were
justified. According to equation (1) and Figure 1, the num-
ber of waves of the colter corresponds to the number of
notches. The calculation scheme is shown in Figure 9.

AN

2

Figure 9. Diagram for calculating the colter
Note: A - reamer on the drawing; C, R,, R, — length in
meters
Source: compiled by the authors

Structurally, this modification of the notched disc is an
improvement of the previous version, in which the peaks
of the cutting segments are made in the form of bends in a
staggered order. The presence of waves ensures independ-
ence of the interaction process with plant residues from
their location on the field surface and creates conditions
for vertical soil processing. In the proposed modification,
the waves are arranged radially, although there are op-
tions where they are positioned at a certain radius to the
axis of rotation (Fig. 1). The main purpose of the colter
is to perform vertical processing, i.e., loosening through

Aliiev & Tesliuk

vertical action. The peculiarity of vertical processing is that
the wear lines from the cutting element do not propagate
in the vertical-transverse plane. This is not only analytical-
ly justified but also confirmed during operation.

The separated soil aggregate from the moment of un-
dercutting to placement in the furrow remains in constant
contact with the working surfaces of the disc. Thus, to
overcome the internal stress in the soil, it will be sufficient
to determine the cutting force. For this, it is necessary to
know the coefficient of soil particle cohesion and the sur-
face area of the corresponding prism.

g
T
&4
o\«
s 7 7 b//
F=~ 7
et

Figure 10. Geometric dimensions

of the separated prismatic soil slice
Note: X, Y, Z — spatial coordinates in meters; O, A, B, D, F,
N, O,, O, - points on the drawing; AL b, ¢, b,, ¢, - length in
meters; a, ¢ — angles in radians
Source: compiled by the authors

The separated prismatic soil slice is a semi-truncated
cone ABCD with corresponding parameters (designated ac-
cording to Fig. 10): c=R, tga,=49.3 mm; the constructively
accepted value is b=35mm; b =b-(R,-H,)/R,=29 mm. For
the lower ellipse, the radius vector value is:

b-c
R= rrorons (10)
For the lower radius vector:
by-cy (1 1)

V=T
Vbi-cos? @+ci-sin? @

The surface area of the separated soil prism is calcu-
lated as the sum of the area of the lower semi-ellipse and
the area of the lateral surface DABC. The area of the lateral
surface is calculated by numerical integration. The surface
is then divided into infinitely thin elementary sections of
width Al The area of each such elementary section is de-
termined as follows:

dS=JaZ+ R-r)2-dl=JaZ+[R-1)2-R-dg. (12)
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By integrating expression (12), the total area of the lat-
eral surface is obtained:
Sy = f;"jo” a2+ (R—1)%2-R-do. (13)

According to Figure 10, the expression for the total
surface area is:

Sy = Sp+So+Spo =

=f0",/a2+(R—r)2-R-d<p+ m-b-c+a-(c+c)(14)

where S, is the area of the prism cut; S, is the area of the
prism base.
The force required to separate the soil prism can be ex-
pressed as follows:
F=C,,-S.. (15)
In turn, the specific cutting resistance can be repre-
sented as follows:

K, = (16)

£
b-a’

The volume of the separated soil prism is determined
for further calculations:

V=O.5~T%1~[(2~c+c1)~b+(2~c1+c)~b1]. a7

The degree of soil fragmentation is determined as fol-
lows:
i= v _sv

Vi - wd3’

(18)

where d_is the diameter of the formed soil aggregate.
Combining equations (10)-(18) yields the following re-
sult:
i=2%‘31~[(2~c+cl)~b+(2~cl+c)~b1].(19)

Klz%'
“(JgJa>+(R=7)2-R-dp+ m-b-c+a-(c+c)). (20)

Solving the condition for minimizing the specific cut-
ting resistance and maximizing the degree of soil fragmen-
tation in the Wolfram Cloud software package:

a

ﬁ-[(2-c+cl)-b+(2-cl+c)-b1]—>max

o ([ [EFR=T? R dg +
+7t-b-c+a-(c+cl))—>min. 21)
The following rational parameters for the colter wave

are obtained: H =b=24.4 mm; c=2b=48.8 mm.

The necessity of the spiral shape of the wave cutouts
on the disc is difficult to justify analytically, so further re-
search will use numerical modelling methods in the Sim-
center STAR-CCM+ software package. The analytical model
developed in this study offered further insights into how

the geometric features of the disc affected its interaction
with soil. By simulating the forces acting on the disc during
tillage, the model allowed researchers to predict the per-
formance of different disc shapes under varying field con-
ditions. This proved to be a valuable tool for optimizing the
design of the discs and could be used by manufacturers to
improve the effectiveness of their products.

Moreover, the wavy disc’s unique shape allowed for
a more controlled interaction with the soil, reducing the
likelihood of soil compaction, which is a significant con-
cern in modern agriculture. Soil compaction can lead to
poor root development, reduced water infiltration, and
lower crop yields. By reducing the pressure applied to the
soil surface, the wavy disc minimized compaction while
still performing the necessary tillage functions. Overall,
the research demonstrated the potential of using bionic
principles to design more efficient agricultural tools. The
wavy disc, with its optimized shape, offered a clear advan-
tage over traditional designs, reducing both energy con-
sumption and operational costs while improving soil and
residue management. This could have a significant impact
on the agricultural industry, particularly in regions where
soil health and sustainable farming practices are of para-
mount importance. By continuing to explore the applica-
tions of bionics in agricultural engineering, future research
may uncover even more innovative solutions that help
farmers meet the growing demands of modern agriculture.

Comparing the proposed designs of the discs (equation
(1) and Fig. 2) with the Patent US 2006/0144600 A1 (Pic-
cat, 2006), it could be concluded that the proposed math-
ematical description of the profile was more universal.
With certain parameters, it was possible to achieve known
designs. This indicated the generalization of the obtained
disc shape.

The application of bionics in justifying the shape of
turbo discs, modelled on the basis of the Argonaut shell,
improved the capture and cutting of plant residues with-
out repulsion. This approach was further supported by the
work of Z. Zeng et al. (2021), where bionic prototypes such
as the oral apparatus of locusts and the digging legs of mol-
lusks were used. Additionally, this approach was confirmed
in the study of L.V. Sobolevsky et al. (2021), where bionic
prototypes of wavy discs were derived from the radial ribs
of the bivalve edible cockle shell (Cerastoderma edule) and
the digging leg of the common dung beetle (Geotrupes ster-
corarius).

The rational parameters of the wavy disc (wave height
of 24.4 mm, number of notches - 8, and diameter — 460 mm)
identified in the research aligned with the findings of
I. Torotwa et al. (2022), where similar designs demonstrat-
ed increased efficiency in chopping plant residues and
loosening the soil. For example, experiments with fluted
discs revealed that they significantly reduced the amount
of residue on the field’s surface and created a wider furrow,
which was similar to the results obtained with wavy discs.
Furthermore, the proposed analytical model (3)-(8) could
complement the simulation by I. Torotwa et al. (2022) and
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serve as a suitable physical-mathematical tool. The study
by 1. Torotwa et al. (2022) provided a direct comparison
of wavy and conventional discs, reinforcing the conclu-
sion that wavy discs are more effective for handling plant
residues. In tests, the wavy discs significantly reduced the
amount of unprocessed material left on the soil surface,
which is critical for ensuring proper seed placement and
reducing the likelihood of crop diseases. This was particu-
larly beneficial in no-till or reduced-till systems where crop
residues are intentionally left on the surface for moisture
retention and erosion control.

The analytical justification for the behaviour of the
discs during contact with soil and plant residues demon-
strated that the wavy surface of the disc with notches
created optimal conditions for vertical soil tillage, as it re-
duced resistance and promoted uniform chopping of res-
idues. These results were corroborated by the studies of
A.M. Semenyuta (2014) and A.I. Shevchenko (2001), which
found that fluted discs enhanced soil fragmentation and
reduced energy costs for tillage.

The research results presented here supplemented
the findings of Z. Zeng (2019), particularly by enabling the
development of a methodology for engineering calcula-
tions of the structural parameters of turbo discs (colters).
In turn, the bionic analogue of the turbo disc, proposed
as the basis of the design, confirmed the effectiveness of
using the bionic approach in the agro-mechanics system
(Kozachenko et al., 2021).

The spiral shape of the wavy disc, proposed in this
study, had great potential for reducing the specific cutting
resistance and improving the quality of soil treatment.
The works of A.S. Kobets et al. (2011) and O. Kozachenko et
al. (2021) also noted that geometric modifications similar
to spiral elements could significantly affect the efficiency
of soil tillage tools.

By examining the differences between traditional disc
profiles and those designed using bionic principles, a more
comprehensive understanding of the advantages offered by
biologically inspired shapes was gained. The research not
only highlighted the utility of imitating natural forms but
also validated the effectiveness of applying these forms to
agricultural machinery. Traditional flat discs, for example,
often struggled to perform optimally when dealing with
tough plant residues or compacted soils. The introduction
of wavy or spiral designs allowed for better engagement
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towards more sustainable and efficient machinery. Bionics,
which draws inspiration from nature, offered a novel ap-
proach to solving long-standing challenges in the field. In
the case of the wavy disc, the inspiration came from natu-
ral structures that have evolved to efficiently interact with
the environment, such as the shells of molluscs and the
limbs of burrowing animals. These natural designs provid-
ed a blueprint for creating tools that are both effective and
energy-efficient.

CONCLUSIONS

Considering the method of bionic reverse engineering,
the equation for the shape of turbo discs (colters) has
been determined by approximating the shell of the Argo-
naut (Argonauta argo). As a result of analytical studies of
the interaction process of a solid disc with plant residues,
the rational diameter value of the disc was determined to
be D,=460 mm, assuming the embedding of stems with
a thickness of 10-20 mm to a depth of 80 mm. Analytical
studies confirmed that the presence of cutouts on the disc
prevents the stems from being pushed aside and ensures
better capture. Analysing the obtained analytical depend-
encies in the Wolfram Cloud software package, rational
cutout values were obtained: the cutout height H =40 mm,
and the number of cutouts n=38.

The presence of waves in the disc plane ensures the in-
dependence of the interaction process with plant residues
from their location on the field surface and creates condi-
tions for vertical soil cultivation. Thus, according to the re-
sults of analytical studies, it was determined that with the
condition of minimizing the specific cutting resistance and
maximizing the degree of soil fragmentation, the rational pa-
rameters of the colter wave are a wave height H =24.4 mm.

The substantiated parameters of the colters open new
avenues for further research into optimizing agricultural
machinery. Future studies could explore the potential for
adapting existing equipment to these innovative structur-
al parameters, aiming to achieve a better balance between
soil pulverization efficiency and reduced energy consump-
tion. Additionally, further investigation into the integra-
tion of bionic principles in machinery design could lead
to the development of more efficient and environmentally
sustainable soil processing technologies.

ACKNOWLEDGEMENTS

with the soil, leading to improved penetration and more  None.
efficient residue cutting.
The use of bionic principles, as seen in this study, CONFLICT OF INTEREST
aligned with the broader trend in agricultural engineering  None.
REFERENCES

[1] Belovol, Yu.Yu. (2014). Setting the parameters of the vertical milling adapter for smoky soil processing. Scientific
Journal “ScienceRise”, 2(2), 98-104. doi: 10.15587/2313-8416.2014.27275.

[2] Contreras-Figueroa, G., & Aragdn, J. L. (2023). A mathematical model for mollusc shells based on parametric surfaces
and the construction of theoretical morphospaces. Diversity, 15(3), article number 431. doi: 10.3390/d15030431.

[3] Finn, J.K., & Norman, M.D. (2010). The argonaut shell: Gas-mediated buoyancy control in a pelagic octopus.
Proceedings of the Royal Society B: Biological Sciences, 277(1696), 2967-2971. doi: 10.1098/rspb.2010.0155.

Machinery & Energetics. Vol. 15, No. 3

N


https://doi.org/10.15587/2313-8416.2014.27275
https://doi.org/10.3390/d15030431
https://doi.org/10.1098/rspb.2010.0155

Analytical justifications of constructive parameters...

[4] Hoving, H.J.T., Amon, D., Bodur, Y., Haeckel, M., Jones, D.0.B., Neitzel, P., Simon-Lledo, E., Smith, C.R., Stauffer, ].B.,
Sweetman, A.K., & Purser, A. (2022). The abyssal voyage of the argonauts: Deep-sea in situ observations reveal the
contribution of cephalopod egg cases to the carbon pump. Deep Sea Research Part I: Oceanographic Research Papers,
183, article number 103719. doi: 10.1016/j.dsr.2022.103719.

[5] Kirichenko, V.E., Bolotashvili, Z.U., & Bolotashvili, E.P. (2011). Justification of the design and regime parameters
of the disk section when operating on wet soils. Scientific Bulletin of Luhansk National Agrarian University. Series:
Technical Sciences, 30, 13-32.

[6] Kobets, A.S., Ishchenko, T.D., Volyk, B.A., & Demidov, O.A. (2009). Mechanical and technological properties of
agricultural materials. Dnipro: RVV DDAU.

[7] Kobets, A.S., Volyk, B.A., & Pugach, A.M. (2011). Soil tillage machines: Theory, design, calculation. Dnipro: A.L. Svidler
Publishing House.

[8] Kozachenko, O., Aliiev, E., & Sedykh, K. (2021). Results of investigation of the spring shank disc harrow performance.
UPB Scientific Bulletin, Series D: Mechanical Engineering, 83(4), 123-140.

[9] Larsson, J., Westram, A.M., Bengmark, S., Lundh, T., & Butlin, R.K. (2020). A developmentally descriptive method
for quantifying shape in gastropod shells. Journal of the Royal Society Interface, 17(163), article number 20190721.
doi: 10.1098/rsif.2019.0721.

[10] Oudot, M., Shir, I.B., Schmidt, A., Plasseraud, L., Broussard, C., Neige, P., & Marin, F. (2020). A nature’s curiosity: The
argonaut “shell” and its organic content. Crystals, 10(9), article number 839. doi: 10.3390/cryst10090839.

[11] Piccat,J. (2006). Patent US 2006/0144600 A1 “Wavy farming disc”. Retrieved from https://patents.google.com/patent
US20060144600A1/en.

[12] Roccatano, D. (2018). Modeling natural shapes: Seashells. Retrieved from https://daniloroccatano.blog/2018/07/09/
modelling-seashell-using-maple/.

[13] Semenyuta, A.M. (2014). Justification of the design scheme, parameters and modes of operation of the disk plow. (PhD
thesis, Tavria State Agrotechnological University, Melitopol, Ukraine).

[14] Shevchenko, I.A. (2001). Justification of the geometric parameters of disk working bodies. Proceedings of TDATA,
2(16), 13-20.

[15] Sobolevsky, I.V., Pashtetskiy, V.S., & Kalafatov, I.I. (2021). Substantiation of the parameters of the working bodies of
undulating disks of soil-cultivating harrows with a bionic approach. IOP Conference Series: Earth and Environmental
Science, 845, article number 012140. doi: 10.1088/1755-1315/845/1/012140.

[16] Teslyuk, G.V., Volik, B.A., Sokol, S.P., Kobets, O.M., & Semenyuta, A.M. (2016). Soil-forming units based on disk working
parts. Dnipro: DDAEU.

[17] Torotwa,I.,Ding, Q.,Alele,].0., & He,R. (2022). 3D finite element analysis of the tillage and straw cutting performance
of a curved-edged toothed disc. Engenharia Agricola, 42(2), article number €20210190. doi: 10.1590/1809-4430-eng.
agric.v42n2e20210190/2022.

[18] Zeng, Z. (2019). Soil tool residue interactions: Measurements and modelling. (PhD thesis, University of Manitoba,
Winnipeg, Canada).

[19] Zeng, Z., Thoms, D., Chen, Y., & Ma, X. (2021). Comparison of soil and corn residue cutting performance of different
discs used for vertical tillage. Scientific Reports, 11, article number 2537. doi: 10.1038/s41598-021-82270-9.

[20] Zhao, J.L., Lu, Y., Guo, M.Z., Fu, J., & Wang, Y.J. (2021). Design and experiment of bionic stubble breaking-deep
loosening combined tillage machine. International Journal of Agricultural and Biological Engineering, 14(4), 123-134.
doi: 10.25165/j.ijabe.20211404.6473.

Machinery & Energetics. Vol. 15, No. 3

N


https://doi.org/10.1016/j.dsr.2022.103719
https://dspace.dsau.dp.ua/handle/123456789/983
https://www.scientificbulletin.upb.ro/rev_docs_arhiva/rezabf_492985.pdf
https://doi.org/10.1098/rsif.2019.0721
https://doi.org/10.3390/cryst10090839
https://patents.google.com/patent/US20060144600A1/en
https://patents.google.com/patent/US20060144600A1/en
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis64r_81/cgiirbis_64.exe?C21COM=S&I21DBN=EC&P21DBN=EC&S21FMT=fullw&S21ALL=(%3C.%3EA%3D%D0%A1%D0%95%D0%9C%D0%95%D0%9D%D0%AE%D0%A2%24%3C.%3E)&Z21ID=&S21SRW=dz&S21SRD=&S21STN=1&S21REF=10&S21CNR=20&R21DBN=1&R21DBN=2
https://iopscience.iop.org/article/10.1088/1755-1315/845/1/012140
https://dspace.dsau.dp.ua/bitstream/123456789/1098/1/Teslyuk_mono.pdf
https://dspace.dsau.dp.ua/bitstream/123456789/1098/1/Teslyuk_mono.pdf
https://doi.org/10.1590/1809-4430-Eng.Agric.v42n2e20210190/2022
https://doi.org/10.1590/1809-4430-Eng.Agric.v42n2e20210190/2022
https://mspace.lib.umanitoba.ca/server/api/core/bitstreams/bfae708b-3ac6-42cd-898d-853aa0a2f13a/content
https://doi.org/10.1038/s41598-021-82270-9
https://www.ijabe.org/index.php/ijabe/article/view/6473/0

Aliiev & Tesliuk

EnbumH AnieB
JJOKTOp TeXHIYHMX HAYK, CTApIINIi JOCTiZHUK
JHINpOBCbKMIL lepsKaBHMIT arpapHO-€KOHOMIUHMI YHIBEPCUTET
49600, Byin. Ceprist Ebpemosa, 25, m. [IHinpo, YkpaiHa
[HCTUTYT ONiliHMX KyaAbTYp HanioHanbHOI akageMii arpapHMx HayK YKpaiHu
69055, Bys1. IHcTUTYTChKA, 1, M. COHSTUHE, 3amtopisbKa 06/1acTh, YKpaiHa
https://orcid.org/0000-0003-4006-8803

Tennapii Tecarok

KaHaupat TexHiuHUX HayK, TOLeHT
JHITpOBCHKUIL AepskaBHUI arpapHO-eKOHOMIUHUI YHiBEPCUTET
49600, Byi1. Cepris Ebpemosa, 25, M. [THinpo, Ykpaina
https://orcid.org/0000-0003-4541-5720

AHanNiTUYHI O6rpyHTYBaHHA KOHCTPYKTUBHUX NapaMeTpiB
6ioHiYUHMNX KONTepiB ANA BepTUKANTbHOIO 06po6iTKY I'PYHTY

AHoTauiqa. BioniuHi konTepu imiTyioTh npupoaHi dopmu Ta GyHKIIiI, SIKi JO3BONAIOTH SHU3UTY €HEPreTUYHI BUTPATH Ha
06po6Ky I'pyHTY. MeTa fociiaskeHb 6ya 06IpyHTYBaHHS KOHCTPYKIIii i KOHCTPYKTUBHI apameTpu TypOoaMUCKiB (KOITepPiB)
IJ1SI BePTUKAIbHOTO 06PO6ITKY IPYHTY CIIMPAIOUMCh Ha IPUHIUITM 6I0HIYHOTO 3BOPOTHOTO iHKMHIpUHTY. BpaxoByioun 11eit
MeTO[ BU3HAUeHO PiBHSIHHS GopMM TypOOIUCKIB (KOMTEPIB), sIKe OTPMMAHO B Pe3y/IbTaTi alrpoKcuMMallii My aproHaBTa
(Argonauta argo). PIBHAHHS BpaXOBy€ OCHOBHI KOHCTPYKTMBHI ITapameTpy Typ6oaucKis: niamerp D, Bucora Bupisy H, ,
BycoTa XxBWIi H , KiIbKicTb BUDi3iB n, koedilieHT cripanenomi6HocTi k. B pesy/abTaTi aHaITUYHKUX DO IKEHD IPOLIECY
B3a€MOIii CyI[IIbHOTO OCKa 3 POCIMHHMMM PEINTKAMM BU3HAUEHO pallioHalbHe 3HaUeHHs jioro niamerpa D, =460 Mm
IIpY YMOBIi 3aHypeHHS cTebesiB ToBmMHOW 10-20 MM, Ha mnbuHy 80 MM. AHATITUUHI JOCTiIKEHHS ITiATBEPAVIIN, IO
HasIBHICTb BMPi3iB Ha AMCKY YHEMOSKIMBIIIOE BiIITOBXYBaHHS cTebsa i 3ab6e3mneuye itoro Kpaiiit 3axsat. [Ipu 1ibomy
aHaIi3ylouM OTpMMaHi 3aJIesKHOCTI y TporpaMmHomy raketi Wolfram Cloud Bu3HaueHi painioHa/qbHi 3HAaUE€HHS BUPi3iB:
BycoTa Bupisy H =40 MM, KiJIbKicTb BUPi3iB n=8. HagBHiCTb XBW/Ib B IVIOIIMHI JUCKY 3a6e3Iedye He3al1eXXHiCTh IIpoLecy
B3a€MO/il 3 POCIMHHMMM 3a/IMIIKAMM BiJ] iX pO3TallyBaHHS Ha ITIOBEPXHI M0JIS Ta CTBOPIOE YMOBM JJ151 BEPTUKAJIbHO1
06pOo6KM I'PYHTY. BCTaHOBJIEHO, 1110 TPV YMOBi MiHiMi3allii mMTOMOTO OMopy pi3aHHs i Makcumisarlii CTyIeHs MoApiOHeHHS
I'DYHTY pallioHaJIbHMMM IIapaMeTpaMy XBIWIi KojTepa € Bucora XBuii H, = 24,4 mm. O6rpyHTOBaHI IIapaMmeTpu KoJITepiB
3a6e3MeuyloTh Halikpamui 6amanc Mixk e(eKTUBHICTIO MOgPiOHEeHHS IPYHTY i 3HMKeHHSIM eHepTeTMYHMX BUTPAT Ha
06p0o6Ky I'pyHTY. OTpMMaHi pe3y/ibTaTyi MOKHA BUKOPUCTATHM JIJIST aAaTITyBaHHS iCHYIOUOi CiIbCbKOTOCIIOIapChKOi TEXHIKM
MiJ, HOBi KOHCTPYKTMBHI MapaMeTpy KOITepiB /ISt MiABUILEeHHS i1 eeKTUBHOCTI

Knio4oBi cfioBa: BepTuKaIbHMIT 06P06ITOK IPYHTY; TYp6OAMCK; hopMa; MYIIIst; aprOHaBTI; aHATI TUUHI JOCTiIKEHHS
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