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Optimization of the joint startup of the boom
and load hoisting mechanisms of a jib crane

Abstract. During the joint motion of the boom and load hoisting mechanisms, dynamic loads increase, leading to
additional energy consumption, which subsequently contributes to the deterioration of the crane’s structure. The aim of
the research was to enhance the efficiency of the jib crane by optimising the joint startup modes of the boom and load
hoisting mechanisms, which will minimise energy consumption. To achieve this aim, methods of analytical mechanics,
variational calculus, and a modified particle swarm optimisation metaheuristic method were used. As a result of using
these methods, the joint startup of the boom and load hoisting mechanisms was optimised. The joint motion of the crane
mechanisms is represented by a dynamic model with four degrees of freedom, which accounts for the main motion of the
mechanisms, as well as the elastic oscillations of the load hoisting mechanism’s drive and low-frequency oscillations of the
load on a flexible suspension. Based on the dynamic model, a mathematical model in the form of a system of second-order
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Optimization of the joint startup of the boom...

differential equations was constructed, which was then reduced to a system of two fourth-order equations. The synthesis
of the optimal startup mode of the mechanisms was carried out according to the criterion of the root mean square value
of the total power of the drives, taking into account the constraints on the driving torques of the drives. The constrained
optimisation problem was reduced to an unconstrained optimisation problem by developing a generalised criterion. The
nonlinear problem of optimising the joint startup mode for the boom and load hoisting mechanisms of the crane was
solved using a modified particle swarm optimisation metaheuristic method. As a result of the optimisation, startup modes
for the boom and load hoisting mechanisms were obtained that minimise the total power of the drives and eliminate low-
and high-frequency oscillations of the crane’s structural elements, which leads to increased reliability and reduced energy
consumption. This mode is recommended for use in the control systems of crane boom and load hoisting mechanisms

Keywords: dynamic model; mathematical model; optimisation criterion; nonlinear optimisation problem; energy

consumption

INTRODUCTION

To increase the productivity of jib cranes, the movements
of the boom and load hoisting mechanisms are combined.
During the simultaneous startup of these mechanisms,
increased dynamic loads and oscillations arise in the ele-
ments of the crane boom system. The greatest undesirable
impact of these loads occurs when the boom and load hoist-
ing mechanisms undergo simultaneous transient process-
es (startup, braking, or speed changes). In this case, spatial
oscillations of the load on a flexible suspension increase,
leading to higher energy consumption, decreased reliabil-
ity of the crane boom system, and complications for both
operating personnel and crane operators. As a result, the
problem of selecting startup modes for the boom and load
hoisting mechanisms arises, aiming to minimise dynamic
forces and eliminate oscillations in the structural elements
and the load on a flexible suspension. The effectiveness of
jib cranes depends on the magnitude of the dynamic loads
acting on the structural elements and the nature of their
variation over time.

Considerable attention has been devoted to the study
of the motion dynamics of overhead cranes, including jib
cranes. The paper by J. Ye & J. Huang (2023) has been in-
vestigated the dynamics of cargo transportation by crane
reloaders. In this paper, a dynamic model of a tower crane
is developed. An equation for predicting coupled-system
frequencies is then presented based on the analytical mod-
el. Additionally, a hybrid piecewise smoother is proposed
to filter out coupled oscillations among jib deflection,
load swing, and load twisting.The authors of the article
M.M. Bello et al. (2024) present modelling and analysis of
the dynamic characteristics of a double-pendulum over-
head crane. The analysis of the dynamic characteristics of
the crane can be useful for developing efficient controllers.
The work by M. Michna et al. (2020) is dedicated to model-
ling the dynamics of the movement of a tower crane when
testing the operation of individual crane mechanisms. The
study of the motion dynamics of an overhead crane with a
new wheel design is the subject of the work by N. Fidrovs-
ka et al. (2021), where stresses in the crane structure el-
ements are determined. In the work by R. Miranda-Colo-
rado (2021), an anti-sway observer for 2D crane systems
during hoisting and lowering of loads has been developed.

In the work by T. Yang et al. (2020), adaptive control against
the swinging of a ship crane with roll movements has been
implemented based on the developed neural network. The
study by R. Buczkowski & B. Zylifiski (2021) demonstrates
that reducing dynamic loads and swinging of the load on a
flexible suspension increases the reliability of jib cranes.
Dynamic loads and swinging of the load on a flexible sus-
pension also affect its positioning accuracy during load-
ing, unloading, and assembly operations (Kovalenko et
al., 2023). During the simultaneous operation of drive
mechanisms, dynamic loads in the structural elements
and the drives of jib cranes significantly increase. In the
scientific work by O. Podoliak et al. (2021), modelling and
investigation of the dynamics of the combined motion of
the mechanisms for load hoisting, changing its outreach
and rotation have been carried out. The dynamics of a
double-jib crane with a nonlinear PID (proportional-inte-
gral-derivative) control system were investigated in a study
by N. Sun et al. (2019).

The analysis of the conducted research shows that
considerable attention has been devoted to studying the
dynamics of overhead cranes and the methods of their con-
trol. Consequently, these issues remain relevant and require
further investigation, particularly concerning the com-
bined motion of the boom and load hoisting mechanisms.

Based on the above, this research aimed to enhance
the efficiency of the crane’s boom and load hoisting mech-
anisms by optimising the operational modes of the drive
mechanisms. This optimisation minimises the impact of
dynamic loads and energy consumption while also reducing
high-frequency oscillations of the structural elements and
pendulum oscillations of the load on a flexible suspension.

MATERIALS AND METHODS
The joint operation of the boom and load hoisting mecha-
nisms of a jib crane was represented by a discrete dynamic
model (Fig. 1). In this model, the boom 1 was represent-
ed as an absolutely rigid link that rotated about the lower
hinge with a moment of inertia J, relative to the rotation
axis. It was driven by a hydraulic cylinder 2, which gener-
ated the torque M, about its axis of rotation. The hoisting
of load 3, with the mass m, was carried out by a hoisting
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mechanism drive, which was reduced to the drive drum 4
with the moment of inertia of the model J,. A rope with a
stiffness coefficient c of a single tackle 5 with n multiplicity
is wound onto drum 4 at one end and attached to the boom
head at the other.

Y1

Csr
4@ N
B

Figure 1. Dynamic model of a jib crane

Note: 1 — boom, 2 — hydraulic cylinder, 3 - load, 4 — drive
drum, 5 - single tackle, x — generalised coordinate of the
load outreach, z — horizontal coordinate of the boom
outreach, y - vertical coordinate of the load position, y, -
vertical coordinate of the boom’s centre of mass, s — working
length of the hydraulic cylinder, b, 1 — length of the strut
from the lower hinge of the boom to the axis of the hydraulic
cylinder’s rod attachment and its inclination relative to
the boom axis, a - length of the strut from the lower hinge
of the boom to the axis of the hydraulic cylinder’s rod
attachment and its inclination relative to the boom axis, u -
length of the flexible load suspension, ¢ — centre of mass of
the boom, o — angular coordinate of the boom rotation, 4 —
angular coordinate of the drum rotation, L — boom length,
I - position of the centre of mass of a boom relative to its
lower hinge, v angular coordinate of the deviation of the
load on a flexible suspension from the vertical, r — radius of
the drive drum of the load hoisting mechanism, M, - driving
torque of the boom hoisting mechanism, M, - driving torque
of the load hoisting mechanism

Source: compiled by the authors

The provided dynamic model of the combined motion
of the boom and load hoisting mechanisms was represented

Loveikin et al.

as a mechanical system with four degrees of freedom. The
generalised coordinates of this system were taken as the
angular coordinates of the boom rotation « and the drum
rotation S, as well as the linear coordinates of the length
of the flexible suspension of the load u and its outreach x.
The angular coordinate of the load deviation from the
vertical was determined by the following expression:

__x—Lcosa
u

v ) 1)
where L — the boom length.

The vertical coordinates of the centres of mass of the
boom and the load were also determined:

y,=l-sina, (2)
y=L-sina-u-cosv, 3)

where [ — the position of the centre of mass of a boom rela-
tive to its lower hinge.

To construct a mathematical model of the combined
motion of the boom and load hoisting mechanisms, sec-
ond-order Lagrangian equations were used:

d 9T aT _ ,  9m d 9T T _ an
dt da da 1 9a> at ap op 2 ap
d or_or_ _9om 4 or_or_ 21 4)
dt ou du ou’ dt 9x odx  ox

Here T, IT - the kinetic and potential energy, respec-
tively. These were defined as follows:

T =311d + 3 JoB% + ym(i? +5%), (5)

i =%c(,8~r—(u0—u)n)2+

+(myl+mL)g-sina—m-g-u-cosv. 6)

Here m, - the mass of a boom; g - the acceleration due
to gravity; u, — the length of a flexible load suspension at
the beginning of the movement; v — the angular coordinate
of a flexible load suspension’s deviation from the vertical;
r — the radius of the drive drum of the load hoisting mech-
anism. Taking the derivatives of expressions (5) and (6), ac-
cording to system (4), the following results were obtained:

dT _ 9T _ 9T _ 3T _

E—ﬁ—a—a—(), )
ar AT _ AT .odr _
E_jlaa E_]Zﬁ’ dll_m u, ax m ) (8)

ia_T_]dia_T_]'[';'i a_T_m i &.or
atda ‘17 atap 127 ar ou >dt ox

o171

a=(mll+mL)gcosoc+mgug—zsinv, (10)

%:c-r(ﬁ-r—(uo—u)n), (11

Z_Z =c-n(B-r—(uy—uw)n) —mg(cos v — uZ—ZSinv), (12)
on v .

o, = mgus-sinv. (13)
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Taking into account that the angular deviation coordi-
nate of the flexible suspension of the load v did not exceed
12 degrees, it was assumed that sin v=v and cos v=1. Fur-
thermore, the following substitution was made:

p=x-Lcosa. (14)

Based on the above and considering dependency (1)
and its derivatives the generalised coordinates, expres-
sions (10), (12), and (13) took the following forms:

Z—g= ((myl+mlL) cosa+mL§sina)g, (15)
oI :
30 = n(Br — (ug —u)n) —mg (% + 1), (16)
oI _ 14
9 = Mg 17

As a result of substituting expressions (7), (9), (11),
(14)-(17) into the system (4), the differential equations
governing the combined motion of the boom and load
hoisting mechanisms were obtained:

J1& = M; — ((myl+mL)cos a + mLisin g,
J2B =My —cr(Br— (uo — u)”);
mil = —cn(fr — (up —u)n) —mg (% + 1),

X=-g s. (18)

When the boom and load hoisting mechanisms are
started up simultaneously, dynamic loads in the structural
elements and drive mechanisms increase, causing the load
to swing on a flexible suspension. In addition, the crane’s
structural elements are worn, and energy consumption by
the drives is also increasing. All of this leads to a decrease
in the crane’s operational efficiency. Therefore, there was a
need to optimise the joint startup modes of the boom and
load hoistingmechanisms to minimise energy consumption.
As the criterion for optimising the startup mode of the
mechanisms, the root means square value of the total pow-
er of the boom and load hoisting drives during the startup
process was used. The following dependency represented it:

P = [+ ;{000 + (M,)?) de] " > min. (19)

The criterion (18), represented as an integral function-
al, needed to be minimised under the following boundary
conditions of starting up the rotation mechanisms:

-0 o= y = =mg
t=0: a=a, a=0, B—cn

r’

B=0 u=uy, u=0 x=x53 x=0, (20)
wit] . _mg , wyty
t=tira=ay+ , A=Wy, ﬁ_ﬁ -

. vty . _ vity o _
/3=a)2,u=u0—T,u—v2,x—x0—T,x—v1, (21)

where t - the time coordinate; t, — the duration of the si-
multaneous startup of the boom and load hoisting mech-
anisms; o, o, — the steady-state angular velocities of the
boom and the drive drum of the load hoisting mechanism;
a,, X, — the initial positions of the boom and the load out-

reach, v, v, — steady-state velocities of the load outreach
and load hoisting, respectively.

The constraints on the driving torques M, and M, of
the boom and load hoisting mechanisms were defined by
the following conditions:

Mlmax < Ml < Mlmax’ (22)
MZmax < M2 < MZmax’ (23)
where M, ., M, - the minimum and maximum allowa-

ble values of the drive torque of the boom hoisting mecha-
nism; M, ., M, - the minimum and maximum allowable
values of the drive torque of the load hoisting mechanism.

In the optimisation problem (18)-(23), it was necessary
to find the modes of joint startup of the boom and load
hoisting mechanisms of a jib crane that minimised the cri-
terion (19) and satisfied the boundary conditions (20) and
(21), as well as the constraints (22) and (23).

The criterion (19) was expressed as a function of the gen-
eralised coordinates of the boom hoisting « and the change
in the load outreach x. To achieve this, the drive torques of
the boom and load hoisting mechanisms were expressed
using the first and second equations of the system (17):

My =Jia+ (myl+mL)cosa + mL%sin a)g, (24)

M, =], B+ cr(Br-(u,-u)n). (25)
From the last equation of system (18), the deviation
coordinate of the load from the vertical in the plane of the
outreach change was expressed:
p= —?. (26)
Taking into account the expression (14), the following
was obtained:

cosaz%; 1—[(x — p)/L]?.

sina = (27)
From the first dependency in expressions (27), the gen-
eralized coordinate of the boom rotation was expressed:

X —
a = arccos (L_p)

(28)
By taking time derivatives of expression (28), the an-
gular velocity and acceleration of the boom were obtained:
X-p 1, (X¥-p)sina—(Xx—p)acosa

a=— a=-
L-sina’ L (sina)? ’

29)

dependence (29) included time derivatives of expression
(26), which were determined as follows:

v
w-x+u-x .. U-X+2-0-X+u-x

z'): —,p =

p 9 (30)

additionally, from the penultimate equation of system (18),
the angular coordinate of the drum drive mechanism for
load hoisting was expressed as follows:

Machinery & Energetics. Vol. 15, No. 4

4



c~1:~r g (i_z + 1) - u]

By taking the first- and second-time derivatives of
equation (31), the angular velocity and acceleration of the

B="(up—w)+ (31)

B=-"i+—

r cnr

As a result of substituting expressions (14) and (26)-
(33) into the dependencies (24) and (25), the functions of
the driving moments of the boom and load hoisting mech-
anisms were obtained. These functions depend on the lin-
ear generalised coordinates of the load outreach change x
and the length of the flexible load suspension u, as well as
on their time derivatives.

To account for the constraints on the driving torques
(22) and (23) in the stated optimisation problem, the fol-
lowing dimensionless generalized criterion was introduced
and needed to be minimised:

Cr= % +8p(P, + Py + P +P,), (34)
where §, - the penalty coefficient that accounts for the im-
portance of satisfying the constraints (22) and (23); P, -
the steady-state value of the total power of the drives of
both mechanisms. To account for the constraints, penalty
functions were constructed:

P 0,if My = My pin;
= M .
! t—, if My < My min;

M max

0,if My < My ay;

P, = M
2 1 . .
v Jif My > My may;
1max

0,if My = My min;

P;=< M
3 2 . .
M rlf MZ <M2minr
2 max

0,if My < Mj max;

P4 - = rif MZ > MZmax- (35)

M3 max

The value of the penalty coefficient §,=10% was chosen
sothat the optimisation algorithm first found a solution that
satisfied all the constraints (22) and (23) (thereby reduc-
ing all the penalty functions to zero) and then found solu-
tions that gradually reduced the integral functional (19).

From the expression (35), it was evident that all terms
of the generalized criterion (34) were dimensionless. The
first term corresponded to the value of the criterion (19)
relative to the steady-state value of the total power of
the drives of both mechanisms (i.e., when t >t,), while the
second term ensured compliance with the constraints (22)
and (23).

The boundary conditions (20) and (21) were expressed
in terms of the generalised coordinates of the length of the

&P wr-wp+p @
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drum drive mechanism for load hoisting were found:

p=-"u+"[2Lpp—up)—ii],  (32)
pii-p)—3-u-p (uwp—i-p)—ul} (33)

flexible load suspension and the change in its outreach x,
and their time derivatives were determined.

t=0:u=uy,u=0,i=0,ii=0,x=x,%=0,%=0,¥=0, (36)

P v, . L
t—tl.u—uO—T,u—vz,u—O,u—O,
ity
2

X=x,-—,x=v,¥=0,%¥=0. (37)

Here, v,, v, — average steady-state rates of change of
the load outreach and the length of its suspension, respec-
tively.

The differential equations of motion (18), the integral
functional (19), together with the constraints (22) and (23),
expressions (24)-(35), and also the boundary conditions
(36) and (37) represent an optimisation problem.

In this problem, it was necessary to determine the con-
trol action of the changes in the linear coordinates of the
load outreach x and the length of its suspension u, which
minimised the value of the criterion (19) and ensured
compliance with the constraints (22), (23), as well as the
boundary conditions (36) and (37).

The presented optimisation problem was nonlinear,
which required the use of an approximate method to solve
it. The solutions to the optimisation problem were repre-
sented by the unknown functions u(t) and x(t) in the form
of polynomials with two terms:

u(t) =u,(6) + u,(t),

x(t) =x,(t) +x,(0).

(38)
(39)

In the equations (38) and (39), the first terms u,(t)
and x,(t) were the selected polynomials that satisfied the
boundary conditions (36) and (37), while the second terms
u,(t) and x,(t) were the polynomials that contained free un-
known coefficients and provided the following zero bound-
ary conditions:

u,(0)=11,(0) =ii(0) =1i(0) = u,(t,) = u,(t,) =ii,(t,) =ii,(t,) =0, (40)
x,(0)=x,(0)=%,(0) =X,(0) =x,(t,) =%,(t,) =%,(t,) =X (t,) =0. (41)
The function u,(t) was represented as a seventh-order
polynomial, which allowed for the satisfaction of the first
part of the boundary conditions (36) and (37).
u (=37 ct. (42)

The function x(tf) was also represented as a sev-

enth-order polynomial, which allowed for satisfying the
second part of the boundary conditions (36) and (37).
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x, (=" cth (43)

In the boundary conditions (36) and (37), the time
derivatives of the functions u(t) and x(t) were of the third
order, that is why they were taken from the functions (42)
and (43):

U (t)=A,+2At+3A P +4A P +5A 1+ 6A P+ TA L, (44)
ii () =2A,+6At+12A 12+ 20At5+30A t*+42A.t°, (45)

i, (t)= 6A,+24A 1+ 60A L+ 120A £+ 210A,t',  (46)

W, (t)=C +2C,t+3C, 1> +4C,1*+ 5C,t, +6C * + 7C t°, (47)
¥, ()=2C,+6C,t+12C,t2+20C t +30C t' +42C t°, (48)

¥ ()=6C,+24C,t+60Ct*+120C t°+210C t*. (49)
Here,A,A,, ..., A, C, C,,...,C, constants that are de-
termined by the boundary conditions of the motion (36)
and (37).
After substituting the boundary conditions (36) and
(37) into the expressions (42) and (44)-(46), the following
results were obtained:

Ay=uy; A =0;A,=0;A,=0. (50)

The constants A,-A, were determined from the follow-
ing system of linear equations:
Ay + Asty + Agt] + Art = — %,
44, + 5Ast; + 6Agt] + 74,85 = 2,
64, + 10Ast; + 154412 + 214,63 =0,
44, + 10Ast, + 20A4t? + 354,63 = 0. (51)
After substituting the boundary conditions (36) and
(37) into expressions (43) and (47)-(49), the following were
obtained:
C,=x,;C,=C,=C,=0. (52)
The constants C,,...,C, were determined from the fol-
lowing system of linear algebraic equations:
Ca+ Csty + Cotf + Gyt = =%,
1
4C, + 5Csty + 6Cet] +7C,t5 =72,
1
6C, + 10Cst; + 15C4t2 + 21C,t3 = 0,
4C, + 10Csty + 20Cgt? + 35C,t3 = 0. (53)
As a result of substituting the constants from (50) and
(52), as well as the solutions of the systems of linear al-
gebraic equations (51) and (53), into expressions (42) and
(43), the functions obtained, that satisfied the boundary
conditions (36) and (37) for the coordinates u and x and
their time derivatives.
The polynomials u,(t) and x,(t) represented by the fol-
lowing expressions:

wy (t) = (1)4 (tl‘t)4zj?=0 B (ti)’ Zh0<t<t, (54)

ty ty

4 4 k
x®=(;) (57) Zholi (i) 05t <8, (55)
where B, B, ..., B,Dy,D,,..,D, - free coefficients that
determine the value of the optimization criterion (19);
(%)4 (tlt;t)4 - a multiplier that ensures the zero boundary
conditions (40) and (41) are met at arbitrary values of the
coefficients B, B,, ..., B, andD,,D,,...,D,. These coefficients
are free and ensure the determination of the minimum val-
ue of the criterion (19).

After substituting the expressions (46)-(54) into the de-
pendencies (38) and (39), and taking into account the
boundary conditions (40) and (41), the expressions for the
functions u(t) and x(t) were obtained, which included the
unknown free coefficients B, B,, ..., B, andD,D,,...,D,.

Using the expressions (28), (29), and (31)-(33), and
considering the dependencies (26), (27), and (30), the an-
gular coordinates of the boom rotation and the drive drum
of the load hoisting mechanism, as well as their time de-
rivatives were determined, these also depended on the free
coefficients B, B,,..., B,Dy,D,..., D, When integrating the
criterion (19), it also became a function with the free coef-
ficients B, B , ..., B, and D, D, ..., D,. Thus, the approxi-
mate solution to the optimisation problem (18)-(23) was
reduced to finding the minimum of the optimisation crite-
rion (19) as a function with the many free coefficients B,
B,..,B,D,D,...,D,.

In order to solve the formulated optimisation problem,
the Ring-Rot-PSO metaheuristic method developed by
Y. Romasevych et al. (2022) was applied.

The number of iterations was set to 50, and the num-
ber of particles to 20. In this case, taking into account the
expression (19) and the constraints (35), the generalized
optimisation criterion (34) was expressed as a function of
10 free coefficients:

C.=C(By, B,y By Dy, D,y D).

(56)

Calculations for the optimal modes of joint startup of
the boom and load hoisting mechanisms were performed
based on the root mean square criterion of the total power
of the drives (19) and the constraints on the driving mo-
ments (22) and (23), and with ensuring the boundary condi-
tions (20) and (21) for the following values of the boom sys-
tem parameters: m=4500 kg, m =2700 kg, J, =72900 kg:m?,
J, = 1183 kg:m?, C=6.25-10° Nm/rad, L=9.0 m, [=4.0 m,
v,=-0.3m/s,w,=0.0396 rad/s,v,=-0.15m/s, »,=2.885 rad/s,
u,=80 m, n=4,t,=50s, g=981 m/s’, M _. =0,
M, =130 kNm, M, . =0, M, =4.0kNm, a,=0.5857 rad,
x,=7.5m,r=0.208 m, P,=27000 W.

RESULTS AND DISCUSSION
As a result of solving the optimisation problem, the follow-
ing values of the free coefficients were obtained: B,=6.9513,
B, =-5.11235, B, =-13.0874, B, = 33.0285, D, = -2.63782,
D,=0.829784, D,=-9.80721, D, =12.1441. The results of ap-
plying the VCP-PSO method are shown in Figure 2.
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Figure 2 shows that, during the operation of the op-
timisation algorithm, the first four iterations correspond
to the penalty functions (35), which account for exceed-
ing the maximum drive torques. Afterward, the algorithm
finds a solution that satisfies one of the constraints (35),
and during the subsequent iterations (from the fifth to
the thirty-first), no significant improvements in terms of
the value of the criterion Cr can be observed. However, on
the thirty-second iteration, the VCP-PSO algorithm finds
a solution that satisfies all the constraints (35). The sub-
sequent iterations of the algorithm proceed in the region
where all the constraints are satisfied, focusing solely on
minimising the integral part (19) of the criterion C. Such
a construction of the objective function (34) allows for a
gradual approach to solving the problem: first ensuring the
constraints (35), and then minimising the value of the in-
tegral functional (19).

Based on the obtained solution to the optimisation
problem for the startup process of the boom and load
hoisting mechanisms of a jib crane, the graphical depend-
encies of kinematic, dynamic, and energy characteristics
have been built.

2500_\ T T Te

2000]- .

1500 -

Cr

1000 =

0 10 20 30 40 50
Iteration

Figure 2. Plots of the decrease of the Cr criterion during
the execution of the VCP-PSO algorithm iterations
Source: compiled by the authors

From Figure 3, can be seen that the angular velocity
of the boom during startup, both in the baseline and in
the optimal calculations, has a similar change pattern. It
varies in an oscillatory mode. At the same time, the am-
plitude of velocity oscillations in the baseline calculation
is slightly smaller. The oscillatory nature of the change in
the angular velocity of the boom is caused by the nonlin-
ear function of the boom position and the variable func-
tion of the static resistance forces acting on the boom.

At the same time, the angular velocity of the drive
drum of the load hoisting mechanism changes smooth-
ly during startup (Fig. 4). Such a change is observed
both in the baseline and in the optimal calculations for
the simultaneous motion of the boom and load hoisting

Loveikin et al.

mechanisms. The smooth change in the velocity of the
drive drum is related to the fact that its position function
is linear, while the static resistance force (the weight of the
load) remains constant.

FT T T T T T

a, rad/s
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0.01f ]
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Figure 3. Plots of the angular velocity of boom rotation
Note: the grey curves represent the baseline solution of the
problem, and the black curves denote the optimal solution
Source: compiled by the authors
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Figure 4. Plots of the angular velocity
of the drive drum of a load hoisting mechanism
Note: the grey curves represent the baseline solution of the
problem, and the black curves denote the optimal solution
Source: compiled by the authors

The phase portrait of rope oscillations of a load hoist-
ing mechanism (Fig. 5) shows that the elastic oscillations
of the rope damp out within one cycle of oscillation, both
in the baseline and in the optimal calculations. However,
in the optimal calculation, the deformation of the rope is
slightly less and the maximum deformation rate is higher.
Moreover, it should be noted that in the baseline calcula-
tion, the phase portrait of oscillations changes smoothly,

Machinery & Energetics. Vol. 15, No. 4

N



Optimization of the joint startup of the boom...

which cannot be said about the phase portrait of oscilla-
tions in the optimal calculation, which has a more complex
change. This is because the optimal calculation takes into
account the actual loads on the structure and the existing
constraints, whereas the baseline calculation only consid-
ers the boundary movement conditions of the system.

0.00003 F
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0.001775 0.001780

A, m

0.001765 0.001770

Figure 5. Phase portrait of elastic oscillations
of the rope of a load hoisting mechanism
Note: the grey curves represent the baseline solution of the
problem, and the black curves denote the optimal solution
Source: compiled by the authors

The phase portrait of the load oscillations on a flexible
suspension (Fig. 6) shows that load oscillations damp out
within one cycle, both in the baseline and optimal calcu-
lations of the system. However, in the optimal calculation,
slightly larger maximum deviations from the vertical of the
flexible suspension of the load are observed.
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Figure 6. Phase portrait of pendulum oscillations
of the load on a flexible suspension
Note: the grey curves represent the baseline solution of the
problem, and the black curves denote the optimal solution
Source: compiled by the authors

In addition, to visualise the fulfilment of constraints
(22)-(23) for the optimal solution to the problem, Figure 7

and 8 show the maximum constraints (dashed lines) of the
drive torques of the mechanisms for boom and load hoist-
ing. The drive torque of a boom hoisting mechanism (Fig. 7)
decreases during startup from its maximum to a steady
value, both in the baseline and optimal calculations. How-
ever, in the baseline calculation, the drive torque changes
smoothly, while in the optimal calculation, it changes in an
oscillatory manner. This is due to the fact that in the base-
line calculation, there are no constraints on the permissible
torque of 130 kNm, while in the optimal calculation, there
is a constraint on the maximum value of the drive torque.
A similar pattern is observed in the drive torque changes of
the load hoisting mechanism (Fig. 8). In the baseline calcu-
lation, the torque changes smoothly but does not meet the
established limit of 4000 Nm. At the same time, the optimal
calculation ensures the torque constraint, but it changes
with minor oscillations.
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Figure 7. Plots of the drive torque
of a boom hoisting mechanism
Note: the grey curves represent the baseline solution of the
problem, and the black curves denote the optimal solution
Source: compiled by the authors

4500 -

4000

3500

My, Nm

3000

2500

0.0 05 1.0 15 20 25 3c
ts

Figure 8. Plots of the drive torque
of a load hoisting mechanism
Note: the grey curves represent the baseline solution of the
problem, and the black curves denote the optimal solution
Source: compiled by the authors
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The nature of the power change of the drive of a boom
hoisting mechanism (Fig. 9) is similar in the baseline and
optimal calculations. In both cases, oscillations are ob-
served during the power change, but the amplitude of these
oscillations is slightly higher in the optimal calculation
compared to the baseline calculation.
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Figure 9. Plots of the power of the drive
of a boom hoisting mechanism
Note: the grey curves represent the baseline solution of the
problem, and the black curves denote the optimal solution
Source: compiled by the authors

The drive power of a load hoisting mechanism
(Fig. 10) changes from zero to the steady-state value quite

Loveikin et al.

smoothly, both in the baseline and optimal calculations.
At the same time, in the optimal calculation, the maxi-
mum power value slightly exceeds the same value in the
baseline calculation.
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Figure 10. Plots of the drive power
of a load hoisting mechanism
Note: the grey curves represent the baseline solution of the
problem, and the black curves denote the optimal solution
Source: compiled by the authors

In addition, several numerical indicators are present-
ed, corresponding to both solutions of the problem when
determining the modes of combined motion for the boom
and load hoisting mechanisms of a jib crane (Table 1).

Table 1. Numerical values of indicators that correspond to the baseline and optimal solutions of the problem (12)-(15)

Evaluation indicator

The value of the indicator obtained for

Unit of the solution

measurement .
baseline

optimal

Class of root mean square indicators

Load deviation from the vertical m 0.09693 0.1008
Elastic deformation of the rope of the load hoisting mechanism m 0.001775 0.001775
Driving torque of the boom hoisting mechanism KNm 125.35 125.39
Driving torque of the load hoisting mechanism 3.5263 3.4724
Power of the boom hoisting mechanism KW 3.7015 3.8634
Power of the load hoisting mechanism 6.0567 5.8577
Class of maximum indicators
Load deviation from the vertical m 0.1522 0.1706
Elastic deformation of the rope of the load hoisting mechanism m 0.001783 0.001778
Driving torque of the boom hoisting mechanism KNm 133.12 129.94
Driving torque of the load hoisting mechanism 4.4509 3.9090
Power of the boom hoisting mechanism KW 6.6636 6.7026
Power of the load hoisting mechanism 9.2141 9.5834

Source: compiled by the authors

The analysis of Table 1 shows that the indicators for
assessing the performance of a jib crane in the baseline
and optimal calculations are generally quite close. At the
same time, some of these indicators differ from each other
in both directions. A more detailed analysis of the obtained
indicators is conducted.

The load deviation from the vertical by the root mean
square value is 3.8% lower in the baseline calculation than

in the optimal one. However, the maximum value of this in-
dicator in the baseline calculation is just 0.2% higher. The
elastic deformation of the rope of the hoisting mechanism
is the same in both calculations in terms of the root mean
square value, and the maximum value of this indicator is
10.8% better in the baseline calculation. The driving torque
of the boom hoisting mechanism in terms of the root mean
square value, is almost the same in both the baseline and
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optimal calculations, at 125.4 kNm. However, the maximum
value of this indicator is 2.4% lower in the optimal calcu-
lation. The driving torque of the load hoisting mechanism,
both in terms of the root mean square and the maximum
values, decreases by 1.6% and 13.9%, respectively, in the
optimal calculation compared to the baseline calculation.

The power of the boom hoisting mechanism, in terms
of the root mean square value and the maximum value, is
4.7% and 0.6% less, respectively, in the baseline calcula-
tion compared to the optimal calculation. The power of the
load hoisting mechanism in terms of the root mean square
value, is 3.4% lower and, in terms of the maximum value, is
4.0% higher in the optimal calculation than in the baseline
calculation.

An additional analysis of scientific works has been
conducted to compare the research results. Consequently,
in the article by S.M. Fasih et al. (2020), the control of the
load slewing mechanism is achieved using a neural net-
work to generate the input data for a jib crane. In the work
by A. Kostikov et al. (2019), control was implemented by
manipulating the length of a flexible suspension to reduce
load oscillations during jib crane movement. S. Tong et
al. (2024) proposed a method for controlling the dynam-
ic sliding mode and developed a dynamic model of a dou-
ble-pendulum cable crane that considers wind disturbance.
The authors of the article by Y. Qian et al. (2022) developed
a method for controlling the movement of jib crane mecha-
nisms. The work by F. Lui et al. (2021) carried out analysing
the dynamic and vibration features of a tower crane. The
results indicated that mass has little effect on the spatial
swing angle, with lifting acceleration remaining stable be-
tween 0.004 m/s? and 0.01 m/s2. In the work by R. Cadpkova &
A. Kozédkova (2019) considered identifying a dynamic mod-
el and designing a controller for changing the trolley posi-
tion along the arm, as well as damping payload oscillation.

A considerable amount of work was devoted to optimi-
sation of the parameters and motion modes of crane mech-
anisms has a significant impact on minimising dynamic
loads. To solve these problems, metaheuristic optimisation
methods by A.P. Piotrowski et al. (2020) have been wide-
ly applied. The main achievements of optimisation using
swarm intelligence methods are presented in the works of
other studies (Isiet & Gadala 2020; Houssein et al., 2021;
Shami et al., 2022). The global optimisation of crane mech-
anism corrections has been investigated in the work by
S. Chwastek (2023), based on the fundamental principles of
mechanics. Also, a scientific article by S. Chwastek (2020)
presented the optimised parameters of crane mechanisms,
which make it possible to eliminate vibration (high-fre-
quency oscillations) of the structural elements of a jib
crane. At the same time, no restrictions were imposed on
the driving forces of the drive mechanisms, meaning that
the problem of unconstrained optimisation was solved. In
the presented article, high-frequency oscillations of the
load hoisting mechanism are also eliminated, but the con-
straints on the driving forces of drives of the boom and load
hoisting mechanisms are introduced. Thus, the authors of

this article have solved the problem of constrained optimi-
sation, which is more general. Moreover, the authors of the
presented article have developed their method for solving
constrained optimisation problems for mechanisms and
machines. In the paper by O. Podoliak et al. (2021), mathe-
matical modelling of the dynamics of the combined motion
of the mechanisms for load hoisting, changing the out-
reach and rotating a jib crane has been conducted. How-
ever, this work does not contain numerical calculations
of the dynamics of the combined motion of the mecha-
nisms under consideration. In the work by V. Loveikin et
al. (2022), optimisation of the process of starting up the
load outreach mechanism has been carried out, taking into
account the oscillations of the load on a flexible suspen-
sion with a steady crane rotation. As a result of the optimi-
sation, the maximum obtained deviation from the vertical
of the flexible suspension is 0.031 rad, and the maximum
speed is 0.036 rad/s. In the presented article, when chang-
ing the outreach and hoisting of the load, similar indicators
are equal to 0.0213 rad and 0.0225 rad/s, respectively. The
numerical indicators obtained in the presented article are
quite close to those from previous studies. The slight dif-
ference between the indicators is because the considered
variants of the mechanisms have different steady-state
speeds of hoisting and changing the outreach of the load.
The results presented in this article and in the articles of
other authors lead to the conclusion that the research on
the dynamics and optimisation of the motion modes of
crane mechanisms is relevant. The results obtained in the
article are close, and in some cases slightly better than the
results obtained in similar studies.

CONCLUSIONS

To minimise energy consumption in the drive mechanisms
for boom and load hoisting of a jib crane with adhering the
specified constraints, an optimisation problem has been
formulated and solved. In this problem, the optimal start-
up modes of the boom and load hoisting mechanisms have
been found by minimising an integral criterion that satis-
fies the boundary motion conditions of the system and the
constraints on the drive torques of the mechanisms. Since
the energy consumption of the boom system of a crane
largely depends on the power of the drive mechanisms for
boom and load hoisting, the criterion for optimisation has
been chosen as the root mean square value of the total pow-
er of both drive mechanisms during the combined startup
mode. To reduce the loads on the structural elements of a
crane and the drive mechanisms, the minimum and maxi-
mum values of the drive torques have been considered as
constraints. In the formulated optimisation problem, the
criterion in the form of the root mean square value of the
drive powers, along with the constraints on their drive tor-
ques, is expressed as a generalised optimisation criterion.
In this problem, the issue of ensuring constraints on the
drive torques has been addressed first, and then the prob-
lem of minimising the root mean square value of the crite-
rion has been solved. Thus, the constrained optimisation

Machinery & Energetics. Vol. 15, No. 4

4



problem has been reduced to an unconstrained optimisa-
tion problem.

Since the optimisation problem of finding the operat-
ing mode of the joint motion of the boom and load hoisting
mechanisms of a crane is nonlinear, it could not be solved
analytically. Instead, an approximate method has been
applied. The solution to the problem has been sought on
the class of polynomial functions. The sought functions of
the boom and load hoisting mechanisms are represented
as a sum of two polynomials. The first polynomial satisfies
the boundary conditions of the motion, and the second in-
cludes free coefficients that minimise the generalised opti-
misation criterion. In the solved optimisation problem, the
free coefficients have been determined using a modified
metaheuristic method VCP-PSO.

The solution to the optimisation problem has made it
possible to find the modes of joint startup of the boom and
load hoisting mechanisms of a jib crane that minimise the
total energy consumption of the drives. These results have
been achieved by reducing the maximum value of the driv-
ing torque of the load hoisting mechanism by 13.9%.

In the process of optimising the modes of joint startup
of the boom and load hoisting mechanisms, two calculation
variants have been considered: the baseline one and the

Loveikin et al.

optimal one. These are compared with each other and show
quite close results in almost all the indicators. It should be
noted that the baseline calculation variant provides only
boundary conditions of the motion, and the optimal one, in
addition to boundary conditions, also provides constraints
on the driving forces. Therefore, when choosing a move-
ment mode, priority should be given to the optimal calcu-
lation method and the results obtained using this method.
In further research on optimising the operating modes of a
crane’s boom system, it is necessary to consider a dynamic
model with variable boom length.
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OonTuMisauia cyMicHOro nycKy MexaHi3miB nigiMomy cTpinm
Ta BaHTa)Xy CTPisIoBOro KpaHa

AHoOTaUiq. B mpoiieci cyMicHOTo pyxy MexaHi3MiB MifiioMy CTpiau Ta BAHTaXXy 3POCTAIOTh AMHAMIUHI HaBaHTaXKeHHS,
SIKi IPUBOASTH 0 NOOATKOBUX BUTPAT €Heprii, 1110 B IOJa/IbIIOMY BUTPAYa€ThCS Ha PYHYBaHHSI KOHCTPYKIil KpaHa.
MeTa BOCTiIsKeHb TIOJISITAE B MiABUIIEHH] eeKTUBHOCTI pO6OTH CTPIOBOro KpaHy HMUISIXOM ONTMUMIi3allii peXkxnMiB
CYMiCHOTO ITyCKy MeXaHi3MiB MifjioMy CTPi/iu Ta BaHTaXYy, sika IPUBOAUTD A0 MiHiMi3allil eHepreTMYHUX BUTpaT. s
IOCSTHEHHSI TOCTaBAeHOi MeTM BUKOPUCTAHI MeTOM aHATITUUHOI MexaHiKu, BapialiifHoro unciaeHHs Ta MonudikoBaHmii
MeTaeBPiCTMYHMIA MeTO[ POI0 YaCTOUOK. B pe3ynbTaTi BUKOPUCTAHHS HaBeJeHUX MeTO/iB ONTMMi30BaHO CyMiCHMIA
IyCK MexaHi3MiB mifjioMy cTpinu Ta BaHTaxy. CIiIbHMIT pyX MexaHi3MiB KpaHa MpeJicTaBAeHO IMHaMiUYHO0 MOJeJUII0
3 YOTUpPMa CTYIeHSIMU BiZIbHOCTI, e BpaXOBaHO OCHOBHMII pyX MeXaHi3MiB, a TAKOX IPY>XKHi KOJIVMBaHHS IPUBOLY
MeXaHi3My MiIJiIoOMy BaHTaXy Ta HU3bKOUACTOTHI KOJIMBaHHS BaHTa)Xy Ha THYYKOMY MifBici. Ha ocHOBi fyuHamiuHOi Moperti
1Mo6yI0BaHO MaTeMaTMUYHY MOJesb Y BUIISIAI cucTeMu AvdepeHLiaIbHMX PiBHSIHb APYTOTO MOPSIIKY, SIKY 3BeJeHO 10
CUCTEMM IBOX PiBHSIHb UeTBEPTOro NMopsiAKy. CMHTEe3 ONTUMaIbHOTO PeXUMY ITYCKY MexaHi3MiB 3/iliCHeHO 3a KpUTepieM
ceperHbOKBAIPATUUYHOTO 3HAUEHHS CyMapHOi MOTY)KHOCTI IIPMBOJAIB 3 BpaxyBaHHSIM 0OMeskeHb Ha PYIIifiHi MOMEHTHU
npuBofiB. [TocTaBeHa 3aavya yMOBHOI ONTMMIi3allii 3BefieHa 00 3a7aui 6e3yMOBHOI ONTMMi3allii HIISIXOM pO3po6Ku
y3arajibHeHOro kputepiwo. HeniHiliHy 3aauy onTMMisalii peXXnmy CIiIbHOTO ITyCKy KpaHOBMX MeXaHi3MiB MiJjioMy CTpiin
Ta BaHTaXXy PO3B’s13aHO MOIM(DiKOBAaHMM MeTaeBPiCTUUYHMM MEeTOLOM POIO UaCTOUYOK. B pesynbraTi mpoBeseHoi onTumisariii
OTPMMaHO PeXMMU ITyCKy MeXaHi3MiB MiZl/ioMy CTPijiM Ta BAHTaXYy, SIKi MiHIMi3yl0Th CyMapHY MOTY>KHICTb IPMUBOJIB i
YCYBaIOTh HM3bKO Ta BMCOKOYACTOTHI KOJIMBAHHS €/IeMeHTiB KOHCTPYKIil KpaHa. Ile mpuMBOAUTH 10 MiABUILEHHS JI0T0
HaJifHOCTi Ta 3MeHIIIeHHS] eHePreTMYHMX BUTPaT. Takuii peskuM peKoMeHJ0BaHO BUKOPUCTOBYBATH Y CUCTeMaX KepyBaHHS
KPaHOBMMM MeXaHi3MaMy MiiJioMy CTPiau Ta BaHTaXy
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Abstract. The structure analysis of the energy balance allows use optimal of available resources and infrastructure to
maximize energy production, this is especially important for territorial communities with limited resources. The article
was devoted to conduct a statistical analysis of combined energy production from wind-solar power plants and sources of
thermal generation as part of a typical system of centralized electricity supply and heat for the territorial community of
Smila, Cherkasy region, Ukraine. To promote the use of distributed resources, the concept of a microenergy system (MES)
has been proposed and its basic structure with energy production, conversion and storage devices. Based on indeterminacy
MES leaded a probability distribution model. The results showed that the MES could integrate different types of energy,
such as wind, photovoltaic and gas. Multiple energy cycles were achieved through energy conversion and storage devices,
and different energy needs were met. Seasonality imposed significant restrictions on the use of heat power plant on solid
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biofuel (HPP) and biofuel cogeneration gas-piston plant (BCP) in the summer, even without taking into account possible
maneuvering modes. The level of losses increased from 19.51% till 40.83%, which leads to an increase in the cost of
electricity generation. Average values of the specific cost of electricity on the monthly interval for the selected structure
sources (SPP — 1.0 mW, WPP - 1.6 mW, HPP — 8.5 mW, BCP - 1.0 mW) grew in the summer from 23.63% till 53.37%. At
the same time, F(Y)) reached the highest value in the non-heating season 0.689. The research can be used for practical
purposes in the dispatching of generated electric and thermal energy

Keywords: energy supply of territorial communities; energy balance; micropower system; combined production of

electricity and heat

INTRODUCTION

The concept of the energy green transition is related to the
decarbonization of energy systems which have tradition-
ally depended on fossil fuels. The formation of the energy
policy of territorial communities on the basis of the con-
cept of energy security and environmental protection is a
modern global trend to ensure the conditions for sustain-
able development. At the level of territorial communities,
this leads to increased interaction between the production
processes of the two main types of energy: electricity and
heat (European Directive 2018/2001/EU, 2018).

U.].J. Hahnel et al. (2020) noted known experience in
the production of green energy by local cooperatives at
the regional level through the establishment of an inde-
pendent supplier. The creation of a local supplier opens
up opportunities to provide consumers with an alterna-
tive way of energy supply with further technological re-
organization of infrastructure in accordance the develop-
ment strategy of the territory. Decentralized management
of energy resources helps to achieve three main goals:
energy production at the local level, investment of com-
munity resources in regional sustainable development
projects, strengthening the role of end consumers in the
economic model of formation of energy independence of
the territorial community.

Interest in increasing the energy independence of
communities through the use of local alternative fuels
and renewable sources draws attention to the creation
and improvement of local micropower systems for com-
bined energy production of electricity and heat. Local
communities are transforming and striving to move away
from the traditional role of passive consumers. E. Ghi-
ani et al. (2019) demonstrated the current development of
small-scale renewable energy makes it possible to form an
environment of active users who are both consumers and
producers of energy.

V. Kaplun & V. Osypenko (2020) related the research
of the interaction combined energy supply systems at the
regional level, taking into account functional interrelation
in the production of electricity and heat to cover a demand
in the long term. As components, it is proposed to consider
the subsystems of electricity and heat production in order
to manage energy efficiency. Preliminary results of using
the method for estimating the technical and economic
achievable levels of local energy supply based on micropo-
wer systems with polygeneration are presented.

A comprehensive novel approach is presented in this
paper by N. Saeed et al. (2024) to revolutionized energy
trading within microgrids through integration of block-
chain technology and smart contracts. Energy token and
demand response contracts in decentralized peer to peer
energy trading enhance security, efficiency and transpar-
ency in microgrid operation. The proposed research on
blockchain based microgrid system presents a promising
future scope and few limitations. The paper by M.M. Stojil-
jkovic (2017) was aimed for solving the scientific problem
of managing energy supply costs in the medium and long
term by coordinating the processes formation of the ener-
gy balance on the basis of heterogeneous sources. Access
to modern management technologies in the energy sector
at the local level is a prerequisite for solving this complex
problem. In order to provide territorial communities with
scientific and methodological tools that would meet their
priorities and be as close as possible to practical realities,
it was substantiated the theoretical foundations of the for-
mation of technological and organizational components of
energy supply management at the local level.

According to B.P. Koirala et al. (2016), the creation of
decentralized energy supply systems for territorial com-
munities is an important factor in the formation of their
energy independence. The priority is the consolidation of
combined energy production based on the introduction of
heterogeneous sources at the system (centralized) level.
From the point of view of technical and economic indica-
tors functioning and using of local biofuels, there are tech-
nologies for combined production of heat and electricity at
local heat power plants (mini-HPPs on solid biofuels, gas
reciprocating stations on biogas, etc.).

The scientific solutions for combined heat and power
generation with an assessment of their maneuvering ca-
pabilities for operation in the combined local energy pro-
duction (CEP) system with projected energy supply costs
for the end consumer are interested. In the existing district
heating systems, there is significant potential for modern-
izing power generating and increasing their efficiency in
general. It is mini-HPPs with high fuel efficiency and the
ability to maneuver power in a wide range of loads that will
be most in demand given changes in prices for heat and
electricity with the support of the stochastic mode RES. In
addition, the dispatching of combined energy production
to cover the specified load schedules (especially for peak
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periods) also requires the research of different modes of
co-production of heat and electricity, taking into account
seasonal changes in load schedules.

The paper was devoted to the statistical analysis
of combined energy production in the composition of
wind-solar power plants and sources of thermal genera-
tion (power plants with gas turbines of combined cycle and
cogeneration plants with internal combustion engines on
biofuels) in a typical system of centralized electricity and
heat supply of a separate territory

Centralized power supply

system (CPSS)
r-r—--———"—-"""- " -"-""-7""""—=-— ]

MATERIALS AND METHODS

A micropower system with combined energy production
of electricity and heat in the form of a local energy node
was considered (Fig. 1). The structure of combined heat
and power system (CHPS) included local heterogeneous
sources (Fig. 2) of the network level: solar power plant
(SPP), wind power plant (WPP), heat power plant on sol-
id biofuel (HPP), biofuel cogeneration gas-piston plant
(BCP), heat grid (HG) and centralized power supply sys-
tem (CPSS).

plant (BCP)

: = Solar power plant ——’}’/" Decentralized Load (demand)
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: % | networks consumption system
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Figure 1. Structure of combined energy supply of the territorial community

Source: compiled by the authors

Electricity Local energy node CHPS
(CPSS)
******* K
Electricity (RES) |
! Power consumption
_ - — — — e LD 1 71s
system of buildings

Natural gas

Local heating

networks :
,,,,,,,,,, {? [ Q
Solid boiler : :
~
Biogas L

Heat consumption
system of buildings

Figure 2. Structure of energy flows of a local CHPS node

Source: compiled by the authors

It was assumed that all energy sources were distrib-
uted. Energy streams are transmitted to various end users
who were connected to the grid infrastructure. In this case,
it considered a homogeneous distributed micropower sys-
tem, in which each end user has the opportunity to receive
energy from all selected sources of the MES in the research
time interval t, =t,=--t, =t, everyone i= 1,n.

In the general case, the objective function for the i-th
technological structure CHPS would look like:

i i=%T . . . .
min Ob] i Z t= lgSE S W;ES + gWES I/VveI/VES + gEHPS WECHPS + ggCP
. We e . . .
WBCP + gecPSS WCPSS + gJ;iG M{G + g?:‘HPS W’E‘HPS + g}I;CP WZCP’ ( 1)

where g&" UAH/kWh - unit costs of end users of energy
types (e- electrical, h — heat); W¢"=P"+ E-t, kWh - the
amount of energy (electrical and heat) that will be gener-
ated in the CHPS to cover the load schedule; E -t — energy
of mutual conversion of primary fuels into final types of
energy of the user. To calculate the unit costs of electricity
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and heat in CHPS,; it used a simplified calculation according
to the formulas (for the first month):

Aj+Bi+Ci+D; i
9éups = we — - 1°(%); 2)
Aj+B;+C;+D;
9lups = Wi 0" (%), ©)]

where A, - specific capital expenditures attributable to
the entire estimated period of operation); B, — primary
fuel consumption for the technological cycle per calen-
dar month; C, - annual overhead; D, - unpredictable costs
caused by the shutdown of energy production; #,(%) — coef-
ficient of the basic power of the CHPS unit for the produc-
tion of electricity and heat in the monthly cycle. Similarly,
calculation g%, .. was for heat energy.

HPP i BCP - were the aggregate that simultaneously
produce electricity and heat in the same production pro-
cess, also known as cogeneration. The electricity generated
was either used locally or fed into a centralized grid, while
heat energy could only be used to be discharged into the
district heating grid.

The variable range of heat load made it possible to re-
duce the installed power of the plant to produce the same
amount of heat and electricity depending on demand. From
the point of view of HPP and BCP technologies, the ratio
of electricity to heat (control limits for maneuvering the
power of systems) depended on the electrothermal charac-
teristics of the systems.

In general, the balancing of a combined MES to cover
the demand for electricity could be as:

Wegs(D) + Wy (B) + Wieyps() + Wigo(D) +

S, (=L I (0 + AL, (1), @

const

Table 1. 1. Initial data for modelling the structure of monthly energy balances CHPS

Kaplun et al.

where L¢(t) — baseline electrical load (according to the sea-
sonal daily power consumption profile); + I (t) - deviation
from the baseline load forecast (the forecast error can be
determined by the addition of the study of extended statis-
tical information); AL¢, _(t) - the part of the electrical load
to cover the heat load (mutual conversion within a com-
bined microgrid system). Similarly, to cover the demand for
thermal energy, the determination of the balance from the
selected sources would be as follows:

W)+ Wiy o) + Wi (0)+ W

onst

O=L't)=LyD). (5)

The research was conducted in 2023 on the example
of a typical district heating system in the territorial com-
munity of Smila, Cherkasy region, Ukraine. The system of
combined energy production included a heat power plant
with gas turbines operating in a combined cycle, as well as
one cogeneration station equipped with internal combus-
tion engines. The study focused on analysing the integra-
tion and performance of these systems within the exist-
ing infrastructure. The annual electricity consumption is
59214 mWh, heat — 39436 mWh). At the first stage, it was
necessary to conduct a retrospective analysis of the nature
of energy consumption and justify such a technological
structure of CHPS that would cover demand with the low-
est cost of electricity production based on available local
biofuels TC and RES.

Based on statistical observations and information in
Table 1 on real energy production aggregate P6-35/5M
(Germany), which operates as part of the regional MES, the
initial data for the research were formed.

_ . § R The type of energy source ,.E ;.bso
= 5= SEfotg )
= 2 25 E8E oad
g 9= S o & LT
IS 5 ~ o~ g 8 v 2 8 : 8 ° g
T g&E EppcE 25 E
< 9% =) Sgv g
g 2 v @ aE = -T2 =
) =3 S ge9F8 T
A =9 BHYs g 6 &3
o — A & E
we 116.04 538.56 2027.86 504.32 3539.24 0 430837.39
> 6726.02 e !
g &° 262 85.3 15.26 146.8 70.5 0 64.06
E 7898 h wkh 0 7108 310.99 0 479.01 174541.49
&' 0 18.15 68.1 0 50.84 22.10
we 260.1 442.82 1953 498.97 4647.16 0 544309.45
g 7802.05 e :
S & 262 85.3 19.21 146.8 70.5 0 69.76
% Wh 0 3365.38 307.68 0 5408.94  380784.75
= 9082 h :
&' 0 25.21 68.1 0 50.84 41.93
we 576.3 626.48 1401.08 478.11 1864.18 0 431848.48
= 4946.15 e
o &° 262 85.3 18.42 146.8 70.5 0 87.31
§ 6245 h wh 0 2670.91 294.77 0 3279.32  256371.67
&' 0 26.05 68.1 0 50.84 41.05
4964.78 we 681.56 644.05 1711.64 490.36 1437.17 0 467163.94
. e
= &° 262 85.3 35.26 146.8 70.5 0 94.10
< 2674 h wh 0 1265.88 302.16 0 1105.96  161415.52
g 0 66.84 68.1 0 50.84 60.36
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Continued Table 1.

> . 5 The type of energy source T = .on
> &.ﬂ s =
2 Bz Gty
: 5% $82%
Eo3Es 825
‘- 82
(=] % a 8‘%
4469 65 . we 1075.3 676.92 2063.27 501.52 152.64 0 450986.13
z Z 262 85.3 13.15 146.8 70.5 0 100.90
= 0 N w 0 0 0 0 0 0 0.00
g 0 0 0 0 0 0 0.00
4350.27 . we 1124.52 418.75 1946.72 488.17 372.11 0 451932.,31
Y & 262 85.3 12.17 146.8 70.5 0 103.89
= 0 N W 0 0 0 0 0 0 0.00
&" 0 0 0 0 0 0 0.00
419211 . we 1168.22 432.79 674.95 469.14 1447.01 0 521332.78
> o 262 85.3 11.05 146.8 70.5 0 124.36
= o | W 0 0 0 0 0 0 0.00
&' 0 0 0 0 0 0 0.00
e 423414 . we 924.1 365.94 1337.18 382.98 1223.94 0 429905.25
a 3z 262 85.3 10.52 146.8 70.5 0 101.53
é’ 0 h wkh 0 0 0 0 0 0 0.00
gh 0 0 0 0 0 0 0.00
E 4204.12 . we 612.24 584.68 550.68 515.05 1941.47 0 428848.07
g & 262 85.3 11.05 146.8 70.5 0 102.01
£ 0 | wr 0 0 0 0 0 0 0.00
« &' 0 0 0 0 0 0 0.00
L 4873.95 . we 473.9 534.36 2289.64 490.13 1085.92 0 344742.29
S o 262 85.3 11.57 146.8 70.5 0 70,73
g 0 h wh 0 0 0 0 0 0 0.00
&' 0 0 0 0 0 0 0.00
5 5440.12 . we 138.24 232.56 2326.31 479.06 2263.95 0 317209.81
?E 8¢ 262 85.3 13.42 146.8 70.5 0 58.31
% 6670 h wh 0 0 5269.08 295.42 0 1105.5 196930.96
z gt 0 0 22.89 68.1 0 50.84 29.52
5 797783 . we 67.66 658.92 2463.68 505.19 3582.38 0 440194.54
"c'é & 262 85.3 16.05 146.8 70.5 0 60.48
§ 10245 h wh 0 0 9546.95 311.54 0 386.46 256910.98
A &' 0 0 22.63 68.1 0 50.84 25.08
Source: compiled by the authors based on Smila city territorial community (n.d.)
Additional characteristics of mini HPPs: Boiler units — RESULTS

KVGM-20, DKVR-10-39-44 (Ukraine); Turbines - P6-
35/5M (Germany) No. 1, 2 with a capacity of 6 MW. To form
the technological structure of CHPS, network level sources
with installed powers were selected for analysis, namely:
SPP - 1.0 mW, WPP - 1.6 mW, HPP - 8.5 mW, BCP — 1.0 mW.

The scientific idea of the study was the assertion of
the possibility of determining the limit levels of the ratio
of particles of electric and thermal energy during a given
calculation period. This would make it possibility to de-
termine the time periods of participation of homogeneous
sources in the formation of optimal energy balances (daily,
monthly, annual) of the combined energy supply system
with the selected structure of heterogeneous sources and a
deterministic load profile.

The using of several local sources that form the structure
of CHPS and were integrated into existing centralized net-
works requires an analysis, namely:

1) determination of annual consumption (demand)
and opportunities of the territorial community for the pro-
duction of biofuels and the power generating capacities in
accordance with the Green Deal;

2) research of the structure CHPS energy balance with
selected sources to cover demand during the billing pe-
riod. It was assumed that own energy production should
only cover current energy needs. The limitation was that
the possibility surplus energy produced in previous periods
cannot cover the needs in future periods in which produc-
tion is insufficient;
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3) determination of short-, medium- and long-term
energy profiles of CHPS for combined heat and power gen-
eration based on a predictive assessment of the cost indi-
cators of energy supply to end users;

4) the formation of energy independence of territorial
communities through the integration of several heteroge-
neous sources of distributed generation of small power re-
quires the justification of certain rules and procedures. The
major feature of the construction of such combined energy
production systems is their ability to predictably change
the structure of the energy balance by replacing the main
component of energy consumption from external networks
with their own generation. Under certain conditions, CHPS
can switch in isolating (island) mode of operation without
reducing the quality of power supply. At the same time,
synchronization with external grids allows maneuvering
distributed generation in the micropower system, taking
into account the stochastic parameters of own generation,
and having operational flexibility when using sources of lo-
cal heat generation.

Wide opportunities for variability ratio of electricity
and heat production expanded the cost ranges of energy
supply for end consumers. The using of multi-unit mi-
ni-HPPs provided a fairly wide range of maneuvering load
of station, which created the prerequisites for the search
for economically justified operational indicators in seasons
with medium or low demand for heat production.

10000

==@==Demand for electricity energy, mW-h

Kaplun et al.

Technological opportunities and constraints for the
electrical and heat generation in the combined cycle gen-
erally is lied in the seasonal demand for final energy (elec-
tricity and heat) and access to local primary fuels.

The schematic flow diagram of the combined heat and
power generation is shown in Figure 3.

. T ..T" )
T
y
I ~—
Lh

‘ O

Figure 3. Technological scheme of combined energy
production by Heat power plant
Note: BB - solid biofuel boiler, T — turbine, G — generator,
C - condenser, L¢ - electrical network, L" - heating network)
Source: compiled by the authors

The graphs of monthly profiles of demand for electrici-
ty and heat (Fig. 4) and total costs for energy supply (Fig. 5)
of the territorial community city Smila, Cherkasy region,
were obtained.
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Figure 4. Monthly load profile (demand for electricity and heat energy)
Source: compiled by the authors
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Figure 5. Total monthly energy costs of the territorial community to cover the demand for electricity and heat energy

Source: compiled by the authors

To test the efficiency of proposing structure com-
bined energy supply micro-energy system the values

the unit costs of electricity and heat averaging on the
monthly interval (Fig. 6) were obtained. It was taken into
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account the peculiarities of technological cycles of con-  the possibility of balancing micro-energy systems from
version of primary fuels of heat generation sources and  external grid.

| Specific cost of electricity energy (ge), $/mW-h
140
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<
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Figure 6. Average values of unit costs of electricity and heat
for the structure of sources micro-energy systems with installed power
Note: SPP - 1.0 mW, WPP — 1.6 mW, HPP - 8.5 mW, BCP - 1.0 mW
Source: compiled by the authors
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Combining production of heat and electricity with an ~ shows the interrelation between electricity and heat gen-
assessment of their maneuvering capabilities for operation  eration, energy losses in HPP and BCP in non-maneuvering
in the local energy production system make it possible to  mode of operation without taking into account seasonality,
predict the cost indicators of energy supply for the end  when heat recovery does not occur. This mode of operation
consumer, taking into account the efficiency of conversion  of heat generation sources is not optimal. It is applied on
of primary fuels in sources of heat generation. Figure 7  the bject, where the statistical data are used in research.
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Figure 7. Interrelation between electricity and heat generation, energy losses in HPP and BCP in non-maneuvering
mode of operation without taking into account seasonality, when useful heat recovery does not occur
Source: compiled by the authors

To algorithmize the operation of the micro-energy sys-  taking into account the provision of the basic part of de-

tem, taking into account seasonal changes in local genera-  mand during the calendar year and the response to demand
tion and demand, it is necessary to determine model series  taking into account seasonal changes. At the same time, the
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formation of MES energy balances with the selected struc-
ture of sources should be considered as management effi-
ciency of the system as a whole. Combined energy sources
with high fuel efficiency and the ability to maneuver power
in a wide range of loads will be the most request a season
with demand for heat energy. The demand for electricity
(primarily in the summer) should be provide by the gener-
ation of wind and solar power plants. Dispatching of com-
bined energy production to cover specified load schedules
(especially for peak periods) also requires the research of
different modes of co-production heat and electricity ener-
gy, taking into account seasonal changes in load schedules.

To analyse the efficiency of structuring a micro-energy
system with the selected sources, it was used the approach
proposed by V. Kaplun (2023). Let denote the vector of pa-
rameters of external factors in the formation of the energy
balance D(t) such as the cost of primary fuel, the efficiency
of combined energy production technologies, and the in-
terdependence between electricity and heat production in
the cogeneration cycle. The structuring vector R(t) includes
the structural implementations of micro-energy systems
with the stochastic nature of RES (renewable energy sourc-
es). The vector of control influences is denoted as Y(t), and
the criterion functionality as F,.

The criterion (goal) functional is integral, since in
multicomponent systems, optimal solutions, as a rule, are

Kaplun et al.

determined not by the instantaneous reaction of the sys-
tem, but for a certain calculation period T

Fr= [ R(D@.R®,Y®)dt, i=TLn. (6

With this representation (6), the value of the F is a
function of input parameters and control influences Y(t).
Parameters D(t), R(t), Y(t) depend on the season and the se-
lected structure of the sources and their being in the active
state (state of generation), are variable and are given by an
expression of the type:

DminSDSDmax’
Changes in these parameters are also mutually de-
pendent
A (D), R(t), Y(t)) > 0.

To understand the features of the formation of func-
tionality F,. is considering the diagram of electricity, heat
generation and technological energy losses related to the
sources of heat generation (Fig. 6). Results of functional
calculations F, as the coefficient of imbalance of the select-
ed structure MES in the conditions of deterministic defini-
tion of the output data combining production of electricity
and heat are given in Table 2.

Table 2. Results of functional calculations F,

Y 0.533

0.608 0.401 0.312 0.038 0.098 0.409 0.328 0.497 0.233 0.421 0.494
Y 0.581 0.534 0.411 - - - - - - 0.166 0.562
Y, 0.011 0.012 0.011 0.016 0.689 0.668 0.277 0.478 0.242 0.625 0.017 0.011

L

Source: compiled by the authors

The functionality F, is calculated Table 1 as an un-
balance coefficient for the selected structure of electricity
sources (Y*) and ranges from 0.038 till 0.608, which indi-
cates an insufficient share in the balance of MES solar gen-
eration in the summer calendar period, especially for July
and August (F¢=0.409 ta F,=0.328). It is foreseeable that
the electricity balance will be sufficiently structured in the
periods from May to September on the basis of the gen-
eration of wind-solar systems with minimal consumption
from the centralized CPSS grid.

The heat supply system has a slightly different design
of the energy balance of the territorial community. The
lack of demand for district heating from April to October
imposes restrictions on the use of heat generation with
combined energy production, since most of the heat en-
ergy cannot be disposed of in the summer. The constancy
of the heat consumption schedule requires the operation
of heat generation sources at the rated power of HPP and
BCP without the use of shunting modes in the periods from
November to March. Balancing MES by heat (Y") should be
carried out at the expense of the heat grid (HG) and local

(objects) tools of heat supply. Only in November, the de-
mand for heat energy is provided with sufficient efficiency
F, =0.409.

Dispatching of combined energy production to cover
specified load schedules (especially for peak periods) re-
quires the research of different modes of co-production
heat and electricity energies, taking into account seasonal
changes in load schedules. Combined energy supply pro-
cesses will encourage territorial communities to a new type
of activity, which is due to own energy production based on
the use of local fuels and renewable energy sources (RES).
The outlined approaches can be a theoretical basis for the
development scenarios for the formation energy independ-
ence of territorial communities.

The dispatching strategy based on the specific value
indicators of energy generation opens the way for the max-
imization of operating income. The priority of balancing
the micro-power system to cover the demand is given to
WPPs and SPPs, which are highly profitable generating
facilities. Optimal cost performance and energy efficiency
performance of primary biofuels conversion are key criteria
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during periods when CHPS and BCP operate in the “heat
load determined capacity” mode. It was shown that the re-
sults of functional calculations, from which it can be seen
that combined energy supply (supply of electricity and heat)
can be achieved due to energy complementarity, provided
that reducing the cost of energy is the goal of optimization.

The results of the research can be used to develop
dynamic energy management systems, which will allow
formation tariff plans for end consumers of the territorial
community, taking into account combined energy produc-
tion based on local biofuels, the positive impact of MES of
this class on the survivability energy islands in case of an
unpredictable decrease in the power of centralized sources,
system accidents, blackouts, etc.

M. Bagheri et al. (2019) noted the introduction of local
energy supply systems for territorial communities is an im-
portant factor in gradually increasing their level of energy
independence. The priority direction is the fusion of com-
bined energy production through the use of decentralized
sources at the system (centralized) and local (on the side of
the end consumer) level.

A.Karimi et al. (2024) researched that from the point of
view technical and economic indicators of the functioning
and using local fuels, the technologies, which are combined
production heat and electrical energy at regional heat pow-
er plants are attractive. New challenges, in territorial com-
munities are mainly associated with the consequences of
rising prices in electricity market, as well as the variability
of generation resulting from an increasing deal of RES. In
many existing district heating systems, there is significant
potential for modernizing power generating and improving
their efficiency in general. The study suggests a manage-
ment strategy that involves using a new decentralized con-
troller for the effective organization and coordination of
ESSs and RESs to enhance the operation of isolated micro-
grids. According to M. Bagheri et al. (2019) for the combined
production of thermal and electrical energy with an assess-
ment of their maneuverability, working in a combined local
energy system with predicted specific values of energy sup-
ply for the end consumer are solutions of interest. Exactly
local heat power plants with high fuel efficiency are able to
maneuver power in a wide range of loads. Therefore, they
will be the most in demand given the increase in tariffs
for heat and electricity with the support of the stochastic
mode with RES. In addition, the dispatching of combined
energy production to cover the specified load schedules
(especially for peak periods) also requires the research of
different modes of co-production of heat and electricity,
taking into account seasonal changes in load schedules.

L. Mehigan et al. (2018) researched the prerequisites
for the technical modernization of traditional energy in-
dustries, highlighting the challenges that drive the devel-
opment of innovative energy Internet platforms. X. Zhao et
al. (2018) explored how micro-energy systems serve as
prototypes for object-oriented decentralized microgrids
within the energy Internet framework. Their work suggests
that these systems could promote the formation of multi-

energy and polygenerational energy supply models for
territories and communities, emphasizing the use of re-
newable energy sources and local fuels. In the notable pub-
lications by L. Ju et al. (2016), research on microgrids is de-
voted to the coordination of operational planning and the
solution of optimization problems aimed at minimizing
operating costs and reducing environmental impact. The
principles of constructions a dispatching system and the
strategy of energy management in the long term are pre-
sented in detail. In a paper by K. Fellah & R. Abbou (2024)
a layer-like optimization model based on the modes of the
regulated thermoelectric cogeneration unit’s coefficient
is presented. At the first level, the criterion of minimum
energy costs was applied, and the second level of efficien-
cy is according for the economic criterion. H.A. Gabbar et
al. (2015) presented the results of optimizing the function-
ing of regional networks with minimal energy consumption
and environmental impact. The works of G. Guandalini et
al. (2017) and X. Zhang et al. (2018) were dedicated to the
introduction of carbon credits as a market commodity us-
ing technical and economic indicators (minimum costs
for electricity production) and carbon emissions trading
on the performance of the system. Photovoltaic modules,
energy storage devices and heat exchangers for local load
were integrated into the microgrid system, which helped to
reduce the cost of electricity generation. These articles did
not address the uncertainties associated with the function-
ing of microgrids with polygeneration. This complicates
the understanding formation of energy security levels for
such objects. The uncertainty of micropower systems with
polygeneration is mainly related to the operation of wind
and solar power plants, the lack of use of controlled gen-
erating units, energy storage and flexible load for optimal
matching of supply and demand. In the research by F.]. He-
redia et al. (2010), the method of stochastic optimization of
electricity generation by a wind-solar station by means of
two-level dispatch optimization for virtual power plants is
described. J. Li et al. (2024) proposed day-ahead scheduling
model is a mixed-integer, nonlinear, large-scale, stochastic
optimization problem with high dimensional random var-
iables, which is difficult to be solved directly by traditional
centralized method. The simulation results show that the
proposed distributed optimization algorithm has high ac-
curacy and good convergence, the virtual power plant can
achieve day-ahead optimal scheduling and effectively pro-
mote renewable energy accommodation under the security
and reliability of the grid. The problem of wind consump-
tion based on fast maneuvering control with the help of gas
generators has been solved by J. Mohammadi et al. (2007),
H. Yang et al. (2014).

Methods based on stochastic programming optimiza-
tion are the most common for processing indetermination.
However, it is problematic to obtain a probabilistic analysis
of the stochastic processes on which stochastic optimiza-
tion depends. Therefore, optimization procedures are often
characterized by boundary parameters of indetermination
factors and the selection of a reliable optimum. As a rule,

Machinery & Energetics. Vol. 15, No. 4

4



it’s a conservative decision. Solving multi-purpose optimi-
zation models is also a key problem in microgrids function-
ing. In general, multi-purpose models are solved with the
help of related algorithms, but the introduction of inde-
termination and several optimization criteria significantly
complicates the models and introduces contradictions into
the solutions. Solving algorithms mainly incorporate tra-
ditional approaches and heuristic intelligent algorithms,
which were reviewed by Z.-F. Tan et al. (2014). In the first
case, problems in defining parameters and transforming
constraints are shown, which leads to low optimization
effectiveness. In the second case, the best solutions are
obtained, but the research and selection of the extrem-
um is carried out without taking into account the princi-
ples of multi-purpose programming. Therefore, according
to Z.-F. Tan et al. (2014), the algorithm stops at the local
extremum, which limits the possibility of finding the opti-
mum. As noted by Y.-W. Jiang et al. (2008), the solution of
the problem dispatching energy flows in a multicomponent
system by optimizing particles and algorithms of differen-
tial evolution. It shows the solution of the multi-purpose
model as the main problem in structure optimal strategies
for dispatching micropower systems.

A. Bloess et al. (2018) researched that the presence of
commonality of modes of combined energy production of
electricity and heat is characterized by the fact that the
cost of accumulating heat energy is much lower compared
to the cost of accumulating electrical energy, which makes
the planning and operation of electricity and heat more
and more attractive in practical implementation. Coordi-
nated management of energy flows between electricity and
heating networks can simultaneously contribute the de-
carbonization of the heating sector and provide the great-
er flexibility needed for renewables with indetermination
generation. By D. Connolly et al. (2014) noted that energy
system modelling tools are usually created for the electric-
ity sector, and the potential benefits of local district heat-
ing systems are generally overlooked.

Obviously, in order to assess the potential of district
heating networks, it is necessary to take into account the
availability of local infrastructure and available fuel. As a
rule, modelling tools are used that do not take into account
the interaction between the processes of combined energy
production of electricity and heat. At the same time, it is im-
portant to understand that in this case, there are naturally
restrictions on the use of tools that would embody a holistic
approach, considering both systems as an integrated whole.

CONCLUSIONS

The research focused on the statistical analysis of combined
energy production in wind-solar power plants and thermal

Kaplun et al.

generation sources (gas turbine power plants in combined
cycles and cogeneration plants with biofuel internal com-
bustion engines) within a typical centralized electrici-
ty and heat supply system. The territorial community of
Smila, Cherkasy region, Ukraine, served as the case study.

The results showed that combined energy production
systems with high fuel efficiency and flexible load manage-
ment are crucial for minimizing heat and electricity costs,
especially when dealing with the stochastic nature of Re-
newable Energy Sources (RES) generation. These systems,
including biofuel-based cogeneration plants (BCP) and
heat power plants (HPP), face challenges such as increased
energy losses during the summer season, where losses rose
from 19.51% till 40.83%, leading to higher electricity gen-
eration costs. The average specific cost of electricity for
the selected energy sources (SPP — 1.0 mW, WPP — 1.6 mW,
HPP - 8.5 mW, BCP — 1.0 mW) increased in the summer from
23.63% till 53.37%. The imbalance coefficient reached its
highest value of 0.689 during the non-heating season, in-
dicating significant inefficiencies in the summer months.

From the perspective of electricity demand coverage,
thermal generation and, to some extent, wind energy sys-
tems are foundational in the energy structure, while solar
power contributes to covering morning load peaks during
the spring and summer. BCPs act as operational power re-
serves, ensuring flexibility during both peak demand peri-
ods and load decreases.

The study also established that the efficiency of com-
bined heat and electricity generation strongly correlates
with the demand for thermal energy, suggesting further
research into optimal dispatching strategies. These find-
ings highlight that local energy systems, particularly mi-
cro-energy systems (MES), can be more self-sufficient and
cost-effective with decentralized power generation.

Future research will explore the development of decen-
tralized microgrids with polygeneration capabilities and
short-term load forecasting, providing better energy bal-
ancing and reliability. This shift towards energy-independ-
ent islands and peer-to-peer energy trading within energy
communities will create new opportunities for decentral-
ization, enabling consumers to actively manage their en-
ergy use and enhance energy efficiency in local systems.
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CTPYKTYpPYBaHHSl eHepreTU4Horo 6anaHcy TeputopiaslibHUX rpomMag
3 NNOKaflbHUMMU iHPPACTPYKTYPHUMM aKTUBaAMM
A9 KOM6iHOBaHOro BUPO6HULTBA eHeprii

AHoTauifA. AHasi3 CTPYKTYpM €HePTreTUYHOTro 6asaHCy JO3BOJISIE ONITUMAIbHO BUKOPUCTOBYBATY HasIBHI pecypcu
Ta iHdpacTpyKTYypy 451 MakCUMi3allii BUpOOGHMIITBA eHeprii, 1110 0CO6IMBO BasKIMBO IJISI TEPUTOPiaJIbHUX TpoMal 3
obMeskeHMMU pecypcamu. MeToro cTaTTi 6yJ10 MPOBeAEHHS CTaTUCTUYHOTO aHajli3y KOMOiHOBAaHOTO BUPOOHUIITBA €HEPTil
Bifl BITPO-COHSIUHUX €JIeKTPOCTaHIIili Ta Aykepesi Ter0BOi reHepallii y ckaafi TUIIOBOiI CUCTeMMU LIeHTPaai30BaHOTO
MOCTaYaHHS elIeKTPUYHOI Ta TeIJIOBOi eHeprii 11 TepuTopiaabHOi rpoManu micta Cmina, Yepkacbka 061acTb, YRpaiHa.
1106 cripusaT BUKOPUCTAHHIO PO3TIOAIIEHNX PecypciB, 3alIpONIOHOBaHA KOHLIeMNIIisl MikpoeHepreTnyHoi cuctemu (MEC)
Ta ii OCHOBHA CTPYKTYypa 3 MPUCTPOSIMYU BUPOOHUIITBA, TIepeTBOPEeHHSI Ta 36epiraHHs eHeprii. Ha ocHOBI HeBU3HAUEHOCTE
MEC BBOOUTBCS MOJe/Ib PO3IMOAITY IMOBipHOCTel. 3 IIIMM MaKkCUMi3allii omepaliiiHOTO LOX04y Ta MiHiMizallii
oTiepalliiiHOro pU3MKY Ta BUKU/iB BYITIEKMCIOTO rasy 6yJio CTBOPeHO 6araToliiboBy CKOOPAVMHOBAHY MOJIe/b ONTMUMi3allii
nucreTuepusatlii. Pe3ynpraTu mokasyioTh, 1o MEC Moske iHTerpyBaTy pi3Hi Tmmu eHeprii, Taki sk BitTep, poToenekTpuyHa
eHepris Ta ra3. Kizibka eHepreTMUYHMX LUMKIIB JOCITAE€THCS 32 JOTIOMOTOI0 IIPUCTPOIB 1151 IepeTBOPEHHSI Ta 36epiraHHs
eHeprii, i 3aJ0BOMBHSIIOTHCS Pi3Hi MOTPe6y B eHeprii. Ce30HHICTh HaKIaga€e CyTTEBI 0OMeXXeHHS Ha BUKOPUCTAHHS
TeIUIOBUX eJIeKTPOCTaHIIiil Ha TBepromy 6ionanusi (TEC) Ta 6iomanMBHMX KOTeHepalliifHMX ra30MOpIIHEBMUX YCTAHOBOK
(BI'Y) B niTHil nepioz, HaBiTh 6e3 ypaxyBaHHS MOXJIMBMUX MaHEBPOBUX peXXuMiB. PiBeHb BTpart 3pocrae 3 19,51% no
40,83%, 1110 TPMU3BOAUTD [0 36iMblIeHHST CO6iBapTOCTi BUPpOOHUIITBA eneKTpoeHeprii. CepegHi 3HAUEHHS TUTOMOIL
cobiBapTOCTi enekTpoeHeprii Ha MicsTYHOMY iHTepBaIi AJist o6panoi ctpykrypu mkepen (CEC - 1,0 mBt, BEC - 1,6 MBr,
I'EC - 8,5 MBr, BI'Y - 1,0 MBT) 3pocTarorhb BITKy 3 23,63 % 10 53,37 %. IIpu upomy F¢ (Y,) mocsrae Haii6inbIIoro sHa4eHHs
B HeomnasoBaibHMit ce30H 0,689. [ocmimKkeHHSI MOXKYTb 6yTY BUKOPUCTAHI Y TPAKTUUHUX IISIX TIPU AUCTIeTYepu3anii
reHepOBaHOI eJIeKTPMUHOI Ta TeIJIOBOi eHeprii

KniouoBi cnoBa: eHeprosabes3nevyeHHs TepUTOPiaSbHUX TPOMajl; eHepreTUHuit 6GanaHc; MiKpoeHeprocmcrema;
KOMOiHOBaHe BMPOOHUIITBO eJIEKTPOEHePTii i Teruia
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Research of the influence of filter element resistance
on the powered air-purifying respirator service life

Abstract. The purpose of the research was to determine the influence of the increasing resistance of filter elements
on the service life of powered air-purifying respirators during operation in mining conditions and to substantiate the
parameters of the respirator power source. The research was conducted by the computer-based simulation methods for
the powered air-purifying respirator operation, which allows estimating the additional resistance of the filter caused
by dust accumulation. The simulation model of the powered air-purifying respirator was developed on the basis of its
physical model and, taking into account the empirical dependence of the change in the filter element resistance during
dust deposition, allows determining the flow of air through the filter and the dust aerosol concentration in the working
area air. The following parameters of the simulation model of a powered air-purifying respirator were substantiated:
controlling action - fan rotating speed, restrictions on air flow and air pressure in the respirator mask (depending on the
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mode of working arrangements of the user), concentration of dust in the air of the working area, capacity of the power
source, power consumption of the electric motor of the fan and control system components, parameters of filter elements
(fibre packing density, filter layer thickness, fibre diameter, etc.), input concentration of dust aerosol, which made it
possible to establish the relationship between the value of the filter element resistance and the time to complete discharge
of the power source. A critical value of the resistance of the filter elements of the powered air-purifying respirator was
established, which results in a significant discharge of the power source, based on the different flow rate of the air supplied
to the undermask space at a given dust concentration in the working area. Relationship between the change in breathing
resistance of the filters and the discharge of the power source was established, which allows determining the period of
safe operation of the powered air-purifying respirator, based on the concentration of dust in the working area air and the
user’s working arrangement. The practical value involves determining the lifespan of the powered air-purifying respirator,
based on the critical value of the filter resistance, which results in the rapid discharge of the power source

Keywords: controlling action; simulation model; control object; identification; research; air consumption; battery;

electricity; duration of operation

INTRODUCTION

The main function of powered respiratory protective devic-
es (hereinafter, powered air-purifying respirators or PAPR)
is to protect the user’s respiratory organs from inhalation
of hazardous aerosols or pathogenic microorganisms which
increase the risk of occupational diseases. The efficiency of
protection when using PAPR depends on comfort, degree
of protection and performance. All three parameters men-
tioned are largely influenced by the high consumption in
the air supply system and the air pressure in the under-
mask space of the respirator. In turn, the flow rate and air
pressure determine the time of the protective action or, in
other words, the service life of the PAPR, since the increase
in resistance on the filters, caused by the accumulation of
a dust layer on their surface, requires an increase in the
performance of the fan and results in increasing energy
consumption of the battery. It may be frightful to think
of a situation when in a remote polluted area, where the
necessary production tasks are performed, the battery sud-
denly discharges and the worker is left without protection.
In accordance with the physical load, it is necessary to sub-
stantiate the parameters, develop and research the opera-
tion of the PAPR control system. To eliminate the negative
impact on people during experimental research, it is neces-
sary to use a simulation model of the control system of the
PAPR to determine the dependence of the service life on
the increasing resistance of its filter elements when used in
mining conditions and to determine the parameters of the
power source — the battery.

The issue of the duration of the protective effect of
powered air-purifying respirators is an urgent research
topic in modern science. In particular, C. Forgez et
al. (2010) focused attention on the issues of rapid dis-
charge of the power source of this personal protective
equipment for respiratory organs. One of the factors is the
increase in filter resistance, as evidenced by the research
of K.T. Strickland et al. (2023). They found that with in-
creasing resistance, the load on the system increases,
which accelerates energy consumption. E.M. Villanueva &
R. Ahmad (2021) studied the effect of frequent changes in
the operating mode of the fan, which requires the rotation

frequency to be increased, which also affects the lifespan
of the battery.

In order to overcome these problems, scientists pro-
pose developing new algorithms for controlling the venti-
lation system. A.P. Collins et al. (2021) suggested improved
models which allow for smooth transitioning between op-
erating modes, taking into account efficient energy con-
sumption. This is becoming particularly important for pro-
longing the protective effect of respirators.

A. Licina et al. (2020) focused on modelling the oper-
ation modes of powered air-purifying respirators, in par-
ticular, to determine the duration of the protective action
under real operating conditions. However, as noted by
A. Kothakonda et al. (2021), maintenance of batteries when
stored is also an important factor. Without proper mainte-
nance, situations may arise when the level of protection of
the respirator does not meet the requirements.

Other researchers, including Z. Xu et al. (2020), saw a
solution in the development of algorithms for diagnosing
the state of the battery taking into account external factors
such as temperature and humidity. M. Bergman et al. (2019)
make suggestions for the use of respirators with a tighter
fit to the face so as to reduce air losses, which may contrib-
ute to increased service life of the device. M. Bergman et
al. (2014) emphasise that this solution requires additional
checks in production conditions to ensure proper tightness.

S.I. Cheberiachko et al. (2023) investigated battery
types which could provide maximum lifetime with min-
imum maintenance costs; however, they noted that the
selection of the optimal battery type depends on specific
operating conditions. X. Xia et al. (2023) drew attention to
the necessity to create simulation models which would al-
low accurate forecasting of energy consumption depending
on device operating modes.

As a result of the analysis of the available literary
sources, it was found that although the issue of the dura-
tion of the protective effect of powered air-purifying res-
pirators is being actively studied, there is still no single
agreed strategy to solve it. The purpose of the research is
to substantiate the parameters of the simulated model of
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the PAPR to determine the influence of the increase in the
filter element resistance on the service life of the power
source when used in mining conditions.

To achieve the set goal, the following tasks are to be
completed:

O to develop a simulated model of a powered air-puri-
fying respirator based on its physical model;

O to determine the critical value of the resistance of
the filter elements of the PAPR which results in a signifi-
cant discharge of the power source.

MATERIALS AND METHODS
The PAPR simulation model was developed using the ac-
tive experimentation method (Edirisooriya & Haas, 2023),
which solved the problem of determining the structure
and parameters of the mathematical model of the re-
search object in the form of a transfer function equation.
For this, a number of one-factor experiments were per-
formed which evaluated the impact on the research object
of both individual factors (change in fan rotating speed,
change in filter resistance, etc.) and their interaction.
Planning and processing of the results obtained during

Operations

Table 1. Operating procedure, operation and indication sequence in different operating modes of the unit

the research were performed using formal methods of
mathematical statistics.

To develop a structural diagram of a powered air-pu-
rifying respirator as an object of control and to determine
the parameters of the PAPR structural elements, the main
relationships were established of its constituent elements
(Fig. 1), which are different in nature, namely, pneumat-
ic ones (related to the air movement: filter, fan propeller,
flexible tube with connected mask, inhalation/exhalation
valves) and electrical ones (speed controller and fan motor).

To determine the structure, parameters and algorithm
of operation of the air pressure regulator for the control
system of the powered air-purifying respirator, a heuristic
method was applied, which was based mainly on the erudi-
tion and intuition of the designer. Due to the determining
of the parameters of the powered air-purifying respirator
regulator, the task to increase the efficiency of its opera-
tion was solved on the basis of establishing the main rela-
tionships between the parameters.

The elements of the control and management system,
according to the main characteristics of the PAPR, based on
the algorithm of its work, are given in Table 1.

Performed actions and running commands

Switching on

When the S1 button is pressed, the power supply voltage is supplied to the microcontroller unit, which is
signalled by the HL1 LED.

At the same time, the power supply voltage is supplied to the fan from the microcontroller unit (MU). After

7-10 s (the time of setting the nominal air flow rate in the air duct), the signal from the tachometer f, is sent
to the MU, where it is compared with the reference frequency f, for the nominal flow rate, and if f >f,, the HL2
signal LED is turned on and a one-shot beep sounds; when f < f, (which may indicate the “triggering” of the
anti-aerosol filter), the HL3 signal LED is turned on and short beeps sound; if there is no air flow in the line
(f.=0), the LED HL4 and a continuous beep signal that.

The status of the battery is indicated using the HL5 signal LED, which flashes when the remaining battery
capacity is at least 25-30%; when the voltage on the battery stack drops to 2.8-3V, the fan turns off, and the
HL5 LED lights up continuously.

Increasing air flow

When the S3 button is pressed from the MU, an increased supply voltage is applied to the fan, which is
signalled by the HL6 LED.

Switching off

When the S2 button is pressed, the blower is turned off.

Anti-aerosol filter

activation alarm

When the anti-aerosol filter is activated during operation, its aerodynamic resistance increases, as a result of
which the air flow in the line decreases; if it is impossible to compensate for it due to the intensification of
the fan, the “Warning” signal is first activated (the HL3 signal LED flashes and beeps are emitted), and then,
with the filter layer resistance increasing, the “Emergency” signal is activated (the HL3 LED is turned on and
a continuous sound is emitted).

Battery discharge alarm

When the remaining capacity of the battery decreases to the level of 25-30%, light (HLX) and sound (HA)
intermittent “Warning” signals are activated.

The air supply does not stop. When the voltage on the battery stack drops to 2.8-3 V, a continuous sound
signal “Accident” is turned on, and after ~10 s the turbo block is turned off!

Source: developed by the authors

According to the PAPR operation algorithm, control of
its operation modes, namely: stabilisation of the amount
of normalised air flow supplied to the under-mask (un-
der-helmet) space, control and warning of the user with

light and sound signals about the “triggering” of the an-
ti-aerosol filter, as well as the autonomous power source
(lithium battery), was carried out using an electronic unit
whose structural diagram is presented in Figure 2.
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Figure 1. Schematic diagram of the PAPR for the forced purified air supply into the under-mask space
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Note: S1-S3 - “On”, “Off” and “Increased air flow” switches, respectively; HL1-HL6 — “On”, “Nominal air flow”, “Replace
the filter”, “No air flow”, “Increased air flow” and “Battery discharged” mode indicators, respectively; HA — sound alarm

of emergency modes of fan operation
Source: developed by the authors
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Figure 2. Schematic diagram of the electronic control
unit for PAPR operating modes
Note: 1 - flow driver, 2 — control unit, 3 - battery, 4 —
battery discharge controller, 5 — process controller unit, 6 —
alarm module, 7 — carbon monoxide level control module
Source: eveloped by the authors

The electronic unit consisted of the following main
structural elements:

0 a mode control unit, which enabled/disabled PAPR
and increased air flow mode;

O a unit for controlling the carbon monoxide content
in the air inhaled, which provided conversion and amplifi-
cation of the signal from a special electrochemical sensor
(CO module);

O air flow driver, which consisted of a fan and a tachom-
eter. The fan created the required air flow and was con-
trolled by a pulse width modulation (PWM) signal, and the
tachometer converted the fan turbine rotation frequency,
which is proportional to the volume flow rate, into electri-
cal pulses suitable for further measurement of the flow rate;

O the process controller unit processed the signals
coming from the control unit, CO module and tachometer
and, in accordance with the established algorithm, per-
formed PWM signalling to control the frequency of rota-
tion of the fan, as well as light and sound indication of var-
ious operating modes of the turbo unit;

O the alarm unit generated warning light and sound
signals according to the controller’s commands;

O the battery provided power supply to the compo-
nents of the turbo unit;

O the battery discharge controller was a combination
of a voltage indicator with element-by-element control
and a controlled electronic key, which made it possible to
organise the disconnection of the battery from the load
when any of its elements reaches the critical value of 3.2 V.
Implementation of the specified requirements when devel-
oping the electronic circuit of the PAPR operating mode
control unit is currently possible only with the use of an el-
ement base on microcontrollers, i.e. microprocessors with
built-in memory devices and other additional functions.

Considering the fact that formation of a gradually
growing layer of dust on the filter surface is a peculiarity
of the functioning of any individual respiratory protection
device, even during the PAPR operation, the increase in the
pressure drop across the filter due to the dust accumula-
tion results in an increasing air flow, which necessitated
the development/improvement of a simulation model
which would take into account this additional resistance to
the air flow. At the same time, the amount of dust depos-
ited on the filter was calculated according to the formula
(Baek et al., 2024):
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where C is the total dust concentration, mg/m3; Q is air flow
rate through the filter, m%s; t is a time interval of respirator
operation, s; F, is the total area of the filter, m?.

The total resistance of the filter was determined based
on the equation (Tcharkhtchi et al., 2021):
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where Ap, is the initial resistance of the clean filter, Pa; kp is
the proportionality factor which depends on the filtration
rate, m*/s; p, is the bulk density of dust particles, kg/m®; ¢
is the coefficient of uneven distribution of dust on material
fibres; F, is the total surface of filter fibres; L is the total
length of fibres in the filter, m™! (Tcharkhtchi et al., 2021):
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where £ is fibre packing density; H is the filter layer thick-
ness, m; a is the mean radius of the fibres in the filter, m.

The required battery capacity was calculated according
to the formula (Basi¢ et al., 2023):

_ Pt

where C is the battery capacity, Ah; P is power consump-
tion, W; t is time, h; U is battery voltage, V.

Considering the importance of the effect of additional
resistance from dust accumulation on the powered air-pu-

Filter resistance, Pa

m0-100

0.00005

a) o

rifying respirator operation, it became necessary to calcu-
late the final filter resistance depending on the period of
PAPR application, which, in turn, resulted in a rapid deple-
tion of the power source charge.

For example, it was assumed that a work shift at coal
enterprises in underground workings lasts six hours, of
which the worker was in the dusty zone for about five hours
(an hour was arranged for preparing and completing work)
(Wu et al., 2020). That is, the active use of the respirator
was to be at least 5 hours. At the same time, the concen-
tration of dust in the air varied from 50 to 500 mg/m3; the
volume flow of air varied from 115 to 260 dm3/min.

Taking into account the fact that the area of the filter
membrane of one filter element was 0.005 m? (the diam-
eter of the FRPA P2 filter cartridge is 100 mm), the total
area of filtration for a respirator with two similar elements
was 0.01 m?. The filtering element, formed into concentric
curved folds (corrugations), was made of non-woven mate-
rial “Eleflen” (Scientific and Production Enterprise “Stand-
ard”, Ukraine), with a height of the filtering layer of 4-5 mm,
a packing density of 1.1, a fibre diameter of 2-3 pm (Bazal-
uk et al., 2021). The PAPR provided continuous air purifica-
tion during 1 working shift (up to 5 hours). The final total
pressure drop across the filter should not exceed 800 Pa.

RESULTS AND DISCUSSION
The results of calculating the change in filter resistance
from the time of PAPR operation according to the meth-
od given in the works by M.A. Boraey (2021) and T. Dzi-
ubak (2024) with different dust concentrations are present-
ed in Figure 3 — when using 1 filter and Figure 4 — when
using 2 filters.

2
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Figure 3. Dependence of the resistance of 1 filter on the operation time and dust concentration

Note: a) air flow rate 140 I/min, b) air flow rate 260 I/min
Source: developed by the authors
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Figure 4. Dependence of the resistance of 2 filters on the operation time and dust concentration

Note: a) air flow rate 140 I/min, b) air flow rate 260 I/min
Source: developed by the authors

This made it possible to plot the dependence of the
change in the additional resistance of the filter on the
accumulation of dust sediment at maximum air flow
and dust concentration relative to the time of oper-
ation when using one (Fig. 5, curve 1) and two filters
(Fig. 5, curve 2). From this, it was established that in the
most unfavourable operating conditions, namely, the

maximum dust concentration and the maximum air flow
required the total resistance to air movement at the
end of the work shift is 1006 Pa when using one filter,
exceeding the norm; when two filters are working, it is
equal to 736 Pa.lIf it is necessary to increase the service
life of the PAPR, it is essential to use filters with a larger
filtering surface.

800.00
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[+
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& 3 500.00 -
c© © / -
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g5 / -
& £ 300.00 -
28 -
8 § 200.00 7~ -
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0.00 | | T
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Time, s

Figure 5. Change in the added resistance of the respirator filter from the time of operation at a flow rate
of 260 1/min and a dust concentration of 500 mg/m? when using one (1) and two filters (2)

Source: developed by the authors

Taking into account the schematic scheme of the
electronic control unit, which demonstrates the rela-
tionships between various components of the PAPR
design, as well as the need to take into account the ad-
ditional increase in resistance on the filter surface due
to dust deposits according to equations (1) and (2), the
simulation model, which is presented in Figure 6, was

improved (Slavynskyi, 2023). The main parameters of
the simulation model included the controlling action -
fan rotating speed, restrictions on the maximum addi-
tional resistance of the respirator filter, concentration of
dust in the air of the working area, parameters of filter
elements (fibre packing density, filter layer thickness, fi-
bre diameter and others).
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Figure 6. A simulation model with the possibility of calculating
the additional resistance of the filter against the dust accumulation

Source: developed by the authors

The results (Fig. 7) of the simulated modelling of the
change in the additional resistance of the filter due to the
accumulation of the dust layer correspond to the calculat-
ed ones (Fig. 5), so the developed functions can be applied
in the further research. Verification of the operation of the

simulated model of the powered air-purifying respirator,
whose structural diagram is presented in Figure 8, under
different modes of air supply is shown in Figure 9 as well
as when adding the simulated signal “Breathing” (with the
scaling of the dust accumulation rate 1:100).
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Figure 7. The results of modelling the function of changing
the additional resistance of the filter from the dust accumulation
Source: developed by the authors
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Figure 8. The result of the simulation model operation when
the flow rate changes as a controlling action in different operating modes
Source: developed by the authors
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Figure 9. The result of the simulation model operation when adding a breathing signal
Source: developed by the authors
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As can be seen from Figure 9, the drawback of the pow-
ered air-purifying respirator operation is a drop in the air
pressure in the mask beyond the lower permissible lim-
it (below 50 Pa), caused by a change in the pressure drop
across the filters due to the lack of a sufficient and timely

compensation signal to increase the air supply. This re-
quires an appropriate research on the effect of the change
in the additional resistance of the filter due to the dust
accumulation on the process of supplying air to the mask,
which will ensure the necessary mode of PAPR operation.
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When operating the PAPR, an important characteristic
is the time of continuous operation from an autonomous
power source — the battery. To determine the time of con-
tinuous PAPR operation from an autonomous power source,

25

a research was previously conducted to determine the de-
pendence of the consumed electric power of the electronic
and electromechanical elements of the control system of the
powered air-purifying respirator on the fan speed (Fig. 10).
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Figure 10. Dependence of power consumption on fan speed

Source: developed by the authors

The equation of the approximate dependence of the

consumed power on the fan speed is:
y=8.72E-11x3+1.50E-09x*+9.65E-05x.  (6)

Equation (6) being used for the simulation model
presented in Figure 9, the possibility of calculating elec-
tricity consumption during the operation of a powered

Fan speed. rpm

air-purifying respirator in the mode of step change of
the control signal - fan speed (2-5 levels) was added. The
following assumptions were made to conduct the experi-
ment: the levels of the speed change are switched evenly
on the time scale and in magnitude, the reverse switch-
ing of the levels is not allowed. The simulation results
are presented n Figure 11.
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Figure 11. Simulation modelling of electricity consumption during
of a powered air-purifying respirator operation in the mode of a step change in the fan speed

Source: developed by the authors
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on a simulated model of a powered air-purifying respirator
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made it possible to obtain the dependence of electricity con-
sumption on the number of adjustment levels, Figure 12.
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Figure 12. Dependence of average electricity consumption on the number of adjustment levels

Source: developed by the authors

Thus, when increasing the fan speed adjustment lev-
els, for series compensation of the increase in additional
resistance on the filter surface, the power consumption is
reduced, which allows the use of a battery with a smaller
capacity. To ensure continuous operation of the powered
air-purifying respirator in autonomous mode at 2 levels of
fan speed for 5 hours, the required battery capacity with a
voltage of 7.4 V will be:

€ =22 =8.32 Ah or 8320 mAh.

In view of the standard nomenclature range of storage
batteries and taking into account the required reserve ca-
pacity at the level of 20%, a battery with a voltage of 7.4 V
and a capacity of 10000 mAh can be accepted for use. The
obtained curves for the power source as a whole were used
when setting the PAPR alarm when the permissible limit
level of battery discharge is reached.

As a result of the work performed, the relationship
between the change in the breathing resistance of the fil-
ters and the discharge of the power source was established,
which allows estimating the period of safe operation of the
powered air-purifying respirator, based on the concentra-
tion of dust in the air of the working area and the user’s
working arrangements.

Similar results were obtained in the work by
S. Wood (2020); however, when developing a simulation
model, the author described the operation of the respirator
through an analytical method, using the appropriate equa-
tions and formulas for individual components. At the same
time, the resulting model had several important assump-
tions and simplifications: the change in filter resistance
due to dust accumulation during respirator operation was
not considered.

The research by B. Shi et al. (2019) analysed the ge-
ometric characteristics of the filter, which can increase the

efficiency of dust particle capture. The effect of variable air
flow on the filter’s ability to retain dust over a long period
of use is also considered. The emphasis is placed on the
relationship between the area of the filter surface and its
ability to accumulate dust without reducing efficiency. In
addition, the work simulates the behaviour of the filter un-
der the influence of different levels of contamination in or-
der to optimize its operation in real operating conditions.

The work by N. Wagner (2012) was aimed at develop-
ing a mathematical model for regulating air supply to the
undermask space of a respirator based on the control of a
centrifugal fan in automatic mode. The authors reached a
number of important conclusions, which were later used
when developing a simulation model. In particular, the au-
thors established a relationship between the fan speed and
the air flow to the mask, but did not take into account the
change in the transmission coefficient in the system when
the rotation speed changes in the case when the user needs
more air. However, only the case of increased air flow fluc-
tuations in the system was considered when simulating an
increase in the depth (amplitude) of the user’s breathing,
and it was noted that the control system creates prerequi-
sites for delaying the air flow due to a sharp change in the
breathing mode when the physical load increases.

The current studies have shown that when using the
PAPR, there is a gradual increase in the resistance of the
filter elements due to the accumulation of a dust layer,
which affects the speed of rotation of the fan blades. As a
result, there was a need to develop a simulated model of a
powered air-purifying respirator, based on which there are
empirical dependencies between the change in filter resist-
ance, the amount of air, and the concentration of dust in
the working area air. This made it possible to estimate the
additional resistance of the filter due to the accumulation
of a dust sediment layer. At the same time, it was assumed
that the dust aerosol mostly accumulated on the surface of
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the filter and did not penetrate deep, creating an additional
auto-filtering layer of dust.

CONCLUSIONS

A simulated model of the powered air-purifying respirator
has been developed based on its physical model, with al-
lowance for the empirical dependence of the change in the
resistance of the filter elements during the accumulation
of dust sediment, which takes into account the flow of the
air through the filter and concentration of dust aerosol in
the air of the working area. The following parameters of
the simulated model of the powered air-purifying respi-
rator are substantiated: controlling action — fan rotating
speed, restrictions on air flow and air pressure in the respi-
rator mask (it depends on the working arrangements of the
user), concentration of dust in the working area air, capac-
ity of the power source, power consumption of the electric
motor of the fan and components of the control system,
filter element parameters (fibre packing density, filter layer
thickness, fibre diameter, etc.), input dust aerosol concen-
tration, which made it possible to establish the relation-
ship between the filter element resistance and the time to
complete discharge of the power source.

Simulation modelling of electricity consumption dur-
ing the operation of a powered air-purifying respirator in
the mode of a stepped variation in the fan rotating speed
made it possible to establish the dependence of the average
electricity consumption on the number of adjustment lev-
els, taking into account two filter elements, and to obtain
the equation of the approximate dependence of the con-

on the different flow rate of air supplied to the undermask
space at a given concentration of dust in the working area.
The dependence was determined of the electrical power
consumed by the powered air-purifying respirator on the
fan rotating speed, which was introduced to the simulation
model. According to the simulation results, it was estab-
lished that with increasing levels of fan rotating speed, the
average electrical power consumed decreases, which af-
fects the required battery capacity.

To ensure the continuous operation of a powered
air-purifying respirator in autonomous mode with two fil-
ters with a total filtering area of 0.01 m? and a resistance
of 500 Pa at an air flow rate of 140 dm3/min, with a dust
concentration of 0.002 kg/m> at 2 levels of fan rotating
speed for 5 hours, battery capacity with a voltage of 7.4 V
8320 mAh is required.

Further on, with the implementation of the air pressure
control system in the mask of the powered air-purifying
respirator, the average power consumption may decrease,
consequently, reducing the battery capacity requirements.
Considering the fact that the battery capacity determines
its weight and cost, this will also reduce the finished cost
of the device. The introduction of a powered air-purifying
respirator, as the main means of individual respiratory pro-
tection at mining enterprises, should, in the long term, im-
prove the health of workers who perform their professional
duties in conditions of excessive dust concentration in the
working area air.
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docnipkeHHAa BNNUBY onopy QiNbTpylounX eJieMeHTIB
Ha TepMiH eKcnnyaTauii MOTOpoBaHMX pecnipaTopiB

AHoTauiqa. MeTo goCTiaKeHHs 6y/10 BUSHAUEHHS BIUIMBY 3PDOCTaHHS OMOPY GiTbTPYIOUNX €JIeMEHTIB Ha TepPMiH
eKcIuTyaTalii MOTopoBaHMX (DiIbTPYBaIbHUX peCcIipaTopiB Mif yac eKcIuTyaTalii B ripHMUMX YMOBax Ta OOIPYHTYBaHHS
napaMeTpiB Jskepesa JXUBJIeHHSI pectipaTopa JocaigkeHHs TPOBOAMIOCS METOLO0M KOMII IOTEPHOrO iMiTalliiiHOTOo
MOJIe/IIOBaHHS POOOTM MOTOPOBAHOTO PECIipaTopa, 10 AO3BOJISIE 0OUMCIUTHU SOLATKOBUIL OMip (ibTpa uepe3 HaKOMMUEHHS
mty. IMiTariiiiHa Mo/iesTb MOTOPOBAHOTO pecitipaTopa 6y/ia CTBOpeHa Ha OCHOBI #1oro ¢i3nyHOoi Mofenti Ta, 3 ypaxyBaHHSIM
eMITipMYHOI 3a7IeXKHOCTI 3MiHM ONopy GiAbTPyBaIbHMUX €JIEMEeHTIiB IIPY OCifaHHi MUY, 103BOJISIE BUSHAUUTY BUTPATY
MOBITpsI uepe3 QiabTp Ta KOHIIEHTPALil0 MMIOBOrO aepo30Jii0 B MOBITPi po60ouoi 30HU. OGrpyHTOBAaHI TapaMeTpu
iMmiTawiiiHoi Mozieni MOTOPM30BaHOTO peciipaTopa: KepyHunii BIUIMB — IIBUAKICTb 06epTaHHS BeHTUIISITOPA, 0OMEXKeHHS
110 BUTPATI MOBITPs Ta TUCKY MOBITPSI B Maclli pecripaTopa (3a1eXXUTh Bif pexxumy ¢iznuHoi po60TH KOpUCTyBaya),
KOHII@HTpAIlisl MMIY B TIOBITPi po604Y0i 30HM, EMHICTD JKepesa SKMBIeHHS], CIIOXKMBaHY MOTYXXHICTh eJIeKTPOIBUTYHA
BEHTWISITOPA Ta KOMIIOHEHTIB CCTeMM KepyBaHHSI, mapaMeTpu QinbTpyBaJbHUX e1eMeHTIB (Ii/IbHICTh MaKyBaHHS
BOJIOKOH, TOBIIMHY DiIbTPYIOYOTO HIAPY, AiaMeTp BOJOKOH Ta iHIle), BXiHY KOHI[@HTPAIlil0 MUJIOBOTO aepo30JII0, II0
JO3BOJIMJIO BCTAHOBUTH 3QJI€KHICTb MiXK BETMUMHOIO ONIOPY GiTbTPYyBaIbHUX €/IeMEeHTIiB Ta YaCOM 10 TTIOBHOI PO3PSIAKA
IoKeperia KUBeHHSI. BCTAaHOB/IEHO KPUTUYHY BeJIMUMHY ONIOpY GiTbTPyBaJbHUX €1€eMeHTIiB MOTOPOBAHOTO pecIipaTopa, sika
MIPU3BOOUTD 0 3HAYHOTO PO3PSIAY AKepesia XVUBJIeHHS, BUXO[AUM 3 Pi3HOI BUTPATU MOBITPS, 1110 TOJAETHCS Y MiIMackoBUit
MPOCTip IIPY 3[aHii1 KOHIIEHTpallii Iy B po60u0i 30Hi. BCTaHOB/IEHO 3aJIEKHOCTI MiK 3MiHOO OTIOpPY AMXaHHS (PiNbTpiB
i po3psimoMm [kKepeJia sKMBJIEHHSI, 110 JO3BOJISIE BCTAHOBUTHM TEPMiH 6e3MevHOi eKcIuTyaTallii MOTOPOBAaHOI'O pecitipaTopa,
BUXOJSIUM i3 KOHIIEHTpaLlii MMy B TOBIiTPi po60v0i 30HM Ta peXXnMy pob60TH KopucTyBava. [[pakTHuHe 3HAaYeHHS TTOJISTaE
y BU3HaueHi TepMiHy eKCIUTyaTallii MOTOPOBAaHOTO pecIipaTopa, BUXOLSYY 3 KPUTUUHOI BeIMUMHM oTopy dibTpa, AKkuit
MPU3BOAUTD 10 IIBUIKOTO PO3PSIKEHHS JpyKepesa KVUBIeHHS
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Examination of maintainability indicators
of feed preparation and distribution products

Abstract. New scientific and practical approaches in the livestock industry use Industry 4.0 and IoT technologies, in
particular, feed mixers, for efficient transportation and dosing of feed, but the reliability problems of these mechanisms
require research to determine the parts and assemblies that limit their performance and calculate their maintainability.
The purpose of this study was to establish the design, production, and operation failures of feed mixer mechanisms, the
causes of their occurrence, and the time to eliminate them. For this purpose, an examination of feed mixers was conducted
according to the reliability test plan [NMT]. The test plan provided for the presence of N objects, which were restored in case
of working capacity loss by M, and experiments are stopped when the operating time T was reached. The initial information
was collected and processed, and empirical data were analysed to eliminate failures of the PROFILE 12.2 DS and PROFILE
14.2 DS feed dispensers. The tests established that during the warranty period of operation of feed dispensers, their faulty
condition is caused by failures of the second group of complexity. Failures related to the restoration of the working capacity
of the subsystem for grinding and mixing, which affects the maintainability of the feed dispenser mixer, are identified. A
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statistical analysis of the occurrence of these failures was conducted. The main parameters of the theoretical distribution law
were determined. In particular, the maintainability indicators of feed dispensers were established: the average recovery time
of working capacity, £ =24.0 hours; mean square deviation, ¢=12.93 hours; coefficient of variation, » =0.49; the theoretical
distribution law — the law of normal distribution. It was confirmed that the average recovery time of feed dispensers according
to the Kolmogorov consent criterion was in good agreement with the law of normal distribution. Calculations established
that the average time for restoring the operability of research objects was in confidence intervals: 6.98 hours — lower
confidence limit; 41.02 hours - upper confidence limit; 34.04 hours - the size of the interval. The results can be implemented
to improve the efficiency of maintenance and repair of equipment on livestock farms and optimise spare parts stocks

Keywords: feed dispenser mixer, operational reliability, time to failure, recovery time, grinding-mixing mechanism

INTRODUCTION

The study on maintainability indicators is necessary to en-
sure continuous operation of the enterprise, reduce main-
tenance costs, minimise downtime, increase the efficiency
of production processes, extend the service life of equip-
ment, optimise spare parts stocks, improve the design of
new models, develop recommendations for operation and
improve labour safety. This allows timely detection and
elimination of potential failures, preventing their transfor-
mation into serious breakdowns, and contributes to more
accurate planning of repair and preventive measures, en-
suring stable and efficient operation of livestock farms.

The relevance of research in the field of precision
animal husbandry, which has spread to Europe, Asia, and
America since its formation in 2003, is noted. New tech-
nological approaches in the livestock industry take ad-
vantage of advances in Industry 4.0 and IoT technologies,
covering economic, technological, logistical, and social
aspects (Norton et al., 2019). Authors U. Moallem & L. Lif-
shitz (2020) note that for the sustainable and effective
development of animal husbandry, it is advisable to use
modern feeding technologies, justify highly efficient and
improve the available means for loading, grinding, mixing,
transporting, distributing, and dosing feed mixtures. The
quality level and volume of livestock products largely de-
pend on the duration of the feeding process.

The diversity of cattle species and their age groups,
the difference in their conditions of keeping and differ-
ences in livestock, require designers and machine builders
of agricultural machinery to produce efficient, high-per-
formance, and reliable machines (Novitsky et al., 2023).
Along with substantiating the main parameters of the
horizontal coarse feed grinding mechanism, K. Astanaku-
lov et al. (2020) manufactured and conducted experimen-
tal studies on a small-sized feed dispenser with a vertical
screw, including testing the performance of the technolog-
ical process and determining optimal parameters. P. Ma et
al. (2020) conducted an examination of the design and
technological characteristics of the grinding mechanism —
a mixer with a horizontal screw. The main tests in this pa-
per were: multiplicity of technological operation; number
of fixed blades; grinding speed; number of working bodies;
angle of inclination of the mixer body components.

Among the main scientific and practical searches that
form a highly productive provision of feed preparation, the

following should be mentioned: computerisation of the
technological process; technical service of machines and
equipment; ensuring maintainability; training and ad-
vanced training of personnel.

Agricultural engineering plants produce trailed and
self-propelled mixers-feed dispensers, which, depending
on the design, can provide a set of measures for feed prepa-
ration and distribution of mixtures. Researchers S. Mor-
rone et al. (2022) state that at all stages of mixers-feed
dispensers use, according to their functional purpose,
attention should be focused on ensuring zootechnical
requirements, reducing the consumption of feed compo-
nents, improving the nutritional value of feed mixtures,
improving their quality indicators.

During the operation of mixers, it is necessary to en-
sure a high level of maintainability indicators. Failure of any
mechanism leads to a disruption of the entire complex of
technological operations that feed mixers provide according
to their structure and purpose. This can lead to a decrease
in the level of operability of funds both during running-in,
warranty service, and during the period of operation.

AsnotedbyF. Tian et al. (2020), it is especially important
inthe operation of complex agricultural machinery to ensure
and maintain the reliability parameters that were laid down
at the stages of design, construction, production, and com-
missioning. The most important period is the initial period
of use of agricultural machinery — the period of running-in.
Violation of the rules of operation and maintenance of ma-
chines during the warranty period can reduce the reliability
of the machine and lead to malfunctions and failures. It is
necessary to perform maintenance and repair work to pre-
vent failures and ensure the operability of machinery and
equipment for animal husbandry. Based on the above, con-
ducting research on calculating and ensuring the maintain-
ability of feed dispensers is an important and urgent task.

The purpose of this study was to determine the design,
production, and operational failures of feed mixer mecha-
nisms, the causes of their occurrence, and the time to elim-
inate them.

LITERATURE REVIEW
The organisation of the technological process of feed
preparation is a promising direction for reducing costs
in the livestock industry, as noted by V. Khmelovskyi et
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al. (2020). The search for ways to reduce the energy inten-
sity of this process is inextricably linked with the technol-
ogy of preparing feed for feeding, the size of the livestock
farm, and the choice of technological means for prepara-
tion and distribution.

Authors D. Wang et al. (2017) justified the param-
eters of the screw with the angle of installation of turns,
improved the design of the hopper body, and determined
their impact on the quality preparation of the feed mix-
ture. They recommend ensuring the speed of rotation of
the screw of the grinding and mixing subsystem close to
32.5 minutes™'. The preparation time of a high-quality feed
mixture is 4.7 minutes. However, it is important for oper-
ators to be able to assess the impact of these changes in
the design of the auger, hopper, and operating modes of
the grinding-mixing mechanism on the efficiency of use
and reliability indicators of feed preparation and distribu-
tion products. Consumers are interested in the probability
of parametric failures when using feed dispensers when
grinding various feeds.

V. Baranovsky et al. (2018) proposed materials of ana-
Iytical justifications for the transportation of agricultural
products in fixed screw conveyor housings. These results
of investigations of materials transportation operations by
screw conveyors confirmed the possibility of their use in
the design of mechanisms for loading and unloading ag-
ricultural machines, increasing their reliability indicators.
Due to the increase in the volume of foreign means for
feeding on livestock farms in Ukraine, it is timely to assess
their maintainability since machine-building enterprises
do not provide consumers with values of reliability indica-
tors of the presented machines. This problem is reflected
in separate papers by F. Tian et al. (2020), but these studies
do not provide quantitative and qualitative indicators of
maintainability and a set of measures to improve them for
profile feed dispensers in Ukraine.

S. Morrone et al. (2022) note that animal husbandry
can be highly efficient only due to a high-quality techno-
logical process of feeding, the use of computerisation, and
the efficient technical service of feed preparation machines
on demand. Therewith, as the analysis of the reliability
of these tools shows, the complexity of their design, the
tension and the short duration of their use in animal feed-
ing technologies require the implementation of effective
measures to ensure maintainability indicators.

As noted by M. Dumenko et al. (2012), maintainability
indicators provide for determining the average time spent
on ensuring operability, evaluating the values of criteria
for the maximum condition of blades, rational methods
for restoring parts, methods for ensuring the effectiveness
of maintenance and repair in the conditions of the exist-
ing repair base or at different levels of the potential of the
maintenance base.

According to D. Domushchi et al. (2019), recorded
downtime of multi-operating machines, in particular,
combine harvesters, reaches from 25 to 75% of the total
time of their use during the day. The reason for substantial

Novitskyi et al.

time spent on restoring the working capacity of research
objects, as a rule, can be: a lack of spare parts; insuffi-
ciently developed structure of technical service, and in-
sufficient qualification of personnel who provide technical
supervision and repair of equipment. For prompt access to
spare parts that are necessary to ensure the operability of
combine harvesters, the authors of the article propose to
introduce the following system of storage of parts: spare
parts necessary to eliminate failures of the first group of
complexity, are to be stored on the combine itself or at a
mobile maintenance point; eliminate failures of the sec-
ond group of complexity — in the warehouse of an agri-
cultural enterprise or in the warehouse of a department;
for the third group of complexity — in the warehouse of a
regional service centre.

In connection with the above, there is a need to form
a list of parts and components that often lose their func-
tionality, and the quantity that must be reserved at differ-
ent storage levels: directly on the mixer-feed dispenser; in
the warehouse of an agricultural firm; in the dealer’s mo-
bile maintenance point; in the warehouse of the dealer’s
service centre. It is also necessary to determine the list of
works that operators need to perform during the function
of feed dispensers. Solving these tasks will help to reduce
the time spent for organisational reasons when eliminat-
ing the consequences of failures, achieve the highest op-
erational efficiency, and ensure the productivity of funds
at the lowest cost of material and labour resources under
various conditions for performing feeding operations.

In separate scientific publications and conference
materials, the issues of justifying the optimal idle time
of feed mixers due to the elimination of the consequenc-
es of failures are considered. In particular, Z. Ruzhylo et
al. (2022) review the load on one vehicle and substantial
production factors that affect the reliability of equipment
and the timeliness of their elimination. It is important to
consider individual components of a complex technical
system, record the time of time between failures of the
“machine” and the time of performing functions by the
“human operator”, and calculate the intensity of transi-
tions. Substantial production factors include timely res-
toration and maintenance of the working capacity of the
“human operator” through the use of “failure harbingers”
and improving their skills.

In general, the examination of the causes and con-
sequences of equipment failures for animal husbandry is
conducted to make informed and effective decisions re-
garding the mode of operation and maintenance of ma-
chines. Thereby, it reduces the probability of failures and
the complexity of eliminating their consequences, which
may lead to the disruption of zootechnical requirements,
postponement or non-fulfilment of the technological
process of feed preparation and distribution. Based on the
results of the analysis of special literature and guidelines
for use, it was determined that long-term downtime of
feed dispensers is associated with untimely recovery of
working capacity.
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MATERIALS AND METHODS

The study was conducted at the National University of
Life and Environmental Sciences of Ukraine. The results
of analytical searches and tests presented in the study
are a continuation of findings by A. Novitsky et al. (2023),
Z. Ruzhylo et al. (2022). They are aimed at ensuring the

reliability of mixer dispensers during operation and
during the restoration of operability through mainte-
nance and repair. The objects were mixers-feed dispens-
ers PROFILE 12.2 DS and PROFILE 14.2 DS (Novitsky et
al., 2023) (Fig. 1a). The diagram of the research object is
shown in Figure 1b.

Figure 1. Feed dispenser mixer PROFILE 14.2 DS
Note: a — under operating conditions; b — diagram of the mixer-feed dispenser; 1 — frame; 2 - Running system; 3 —
hopper; 4 - grinding-mixing mechanism; 5 — mechanism for unloading the feed mixture

Source: compiled by the authors

Time-based observations were made on the use, main-
tenance, and repair of means for preparing and distributing
feed in the period from 2015 to 2022 to collect statistical
information on maintainability indicators in agricultural
enterprises. The study involved 25 feed dispenser mixers
“PROFILE 12.2-14.2” (Operator’s manual..., 2018; Oper-
ator’s manual. Mixer feeder wagon. PROFILE. 2DS, 2019).
The tests were conducted on livestock farms in seven re-
gions of Ukraine. In each of the presented regions, the fol-
lowing number of mixer distributors was tested: Khmel-
nytskyi — 9; Vinnytsia — 6; Zhytomyr - 3; Cherkasy — 3;
Chernihiv - 2; Volyn - 1; Poltava - 1.

Timekeeping data was entered in the summary form.
Failures were classified into difficulty groups. Failures that
could be eliminated by adjusting, replacing, or repairing
parts included in the spare parts kit, without disassem-
bling components and assemblies, were divided into the
first group. Malfunctions and defects that were eliminat-
ed by adjusting, rearranging, or repairing parts that are
not included in the spare parts kit, with the disassembly
of components and assemblies, as well as with the use of
mobile maintenance points or mobile repair shops, were
included in the second group of complexity. Failures that
require dismantling components and assemblies from the
frame of the feed dispenser mixer or completely replacing
one of them were assigned to the third group of complexity.
Failure of the working body or parts of the mixer-dispenser
that caused complete or partial loss of performance of oth-
er parts were registered as one. Thus, the complexity group
was determined by the greatest complexity of restoring one
of the failed parts.

During the testing of feed dispensers, failures were
recorded, and maintainability indicators were established.

Failures of the presented research objects were distributed
across the subsystems shown in Figure 1b.

The mixer dispenser is equipped with A5336551 screws
(KUHN, France). Each of the screws of the grinding-mix-
ing mechanism is equipped with the appropriate number
of blades (Audureau S.A. plant, KUHN Group, France),
according to the design of the profile mixer-dispenser.
Blades on the auger are installed in two versions according
to the manufacturer’s recommendations: the small blade
A5362450 has 7 teeth and is fixed on the lower ones, and
the large knife A5303620 includes 9 teeth and is placed on
the upper turns of the auger of the subsystem for grinding
and mixing feed mixture.

The test mode of means for the preparation and dis-
tribution of feed is established as operational at the place
of production. The plan for testing feed mixers for main-
tainability [NMT] has been adopted. The [NMT] plan con-
siders the availability of an appropriate number of test
objects N, which are restored in case of working capac-
ity loss are restored by M. The test plan stipulates that
experiments are suspended when the appropriate time
T is reached, which is spent on restoring performance.
Based on the above, for the described test plan [NMT],
the initial parameters are as follows: the number of feed
mixers N, pieces; the property of the presented means to
be restored in the corresponding average time T, hours.
The initial data were set, which indicated the accuracy of
the obtained results to establish the minimum volume of
observations It included confidence probability and mar-
ginal relative error, which were y=0.9 and §=0.1, respec-
tively. According to a priori data, it was determined that
the distribution of values for restoring the operability of
feed mixers corresponds to the law of normal distribution.
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Using reference information (DSTU 3004-95, 1995), the
minimum number of objects under the presented tests
was calculated N . =21, N=25 feed dispensers were taken.
The distribution of the average recovery time of working
capacity is in good agreement with the law of normal dis-
tribution, according to y=0.9 and 6=0.1.

Statistical processing of experimental data was con-
ducted as follows: according to the obtained empirical data,
a statistical series of information was formed; an empiri-
cal distribution was constructed; distribution parameters
were calculated; a hypothesis was formed about the type
of distribution law of the random variable that was exam-
ined; according to the accepted theoretical law, the empir-
ical curve was aligned; according to the consent criteria,
an empirical and theoretical distribution was compared; in
accordance with the results, a decision was made to accept
or deny the proposed hypothesis.

The method of processing experimental data pro-
vides for the calculation of the following maintainability
indicators: average recovery time of working capacity;
mean square deviation of the indicator; coefficient of
variation; theoretical distribution law; scattering inter-
vals of empirical values of the average recovery time of
working capacity.

S

Time to repair failures, hour

6

Novitskyi et al.

RESULTS AND DISCUSSION

The strategy for the development of the agro-industrial
complex of Ukraine encourages the purchase of a substan-
tial amount of new national and foreign equipment, in-
cluding feed mixers. The design schemes of feed dispensers
are diverse. According to the method of aggregation, they
are divided into self-propelled and trailed. Trailed ones
were more popular in small farms (Ruzhylo et al., 2022),
and at large livestock enterprises — self-propelled (Tian et
al., 2020). Most of them consist of a single-axis or two-axis
chassis, on which a hopper with mixing working bodies, a
transverse unloading conveyor, and an unloading system
are fixed. The working bodies of these machines are driven
from the tractor’s PTO shaft. The mixing working bodies of
the presented tools are augers with blades, which are locat-
ed inside the hopper and are installed in accordance with
the horizontal and vertical schemes. The number of mixing
working bodies can vary from one to four.

The obtained time values for transferring PROFILR
trailed vehicles to working or serviceable condition are tak-
en from the timekeeping data of the official dealer - KUHN
in Ukraine. According to the results of the conducted stud-
ies, the time for restoring the operability of 25 feed dis-
pensers was recorded, which is shown in Figure 2.

36 136436

2 2

1 23 4 5 6 7 8 9 101112 13 14 1516 17 18 19 20 21 22 23 24 25
Mixer-feeder number

Figure 3. Recovery time for feed preparation and distribution tools PROFILE 12.2 DS and PROFILE 14.2 DS

Source: compiled by the authors

An analysis of the results shows that the minimum
recovery time was 2 hours for research objects No. 20 and
No. 21. The maximum recovery time is 46 hours for object
No. 10 and 42 hours for objects No. 12 and 19. Failures that
limit the reliability of feed dispensers were identified. It
was determined that 92% of failures of objects under study
recorded during observations belonged to the second group
of complexity. They were eliminated by replacing easily ac-
cessible parts and components, which required the disas-
sembly of units or extraordinary maintenance operations.

An analysis of the maintainability indicators of mixers-dis-
tributors showed that the most characteristic failures that
led to the loss of performance were failures of the working
bodies of the grinding-mixing mechanism and the hopper.

During the tests, statistical data on the time of restora-
tion of serviceability or operability of feed dispensers were
obtained, which reflect the values of maintainability indi-
cators. A table of statistical information was formed (Ta-
ble 1) to process the obtained data and calculate the value
of the indicator of the recovery time of the presented tool.
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Table 1. Statistical time series for eliminating failures of feed dispensers

Borders intervals Mid-interval Frequency, m, gf(ﬂgll::llﬁr;’t?}l Accurr;:‘l;l]::gi;)g’e;i;?ental
1 2.0-10.8 6.4 4 0.16 0.16
2 10.8-19.6 15.2 9 0.36 0.52
3 19.6-28.4 24.0 1 0.04 0.56
4 28.4-27.2 32.8 5 0.2 0.74
5 37.2-46.0 41.6 6 0.24 1.0

Source: compiled by the authors

After grouping the values of the recovery time indi-
cators by intervals, the failure rate, experimental prob-
ability, and accumulated experimental probability were
determined. The obtained values of the empirical distri-
bution of time for restoring the operability of feed prepa-
ration and distribution facilities are given as a statistical
series of information (Table 1) and graphically (Fig. 3).
Histogram analysis (Fig. 3) allows noting that the graph
is characterised by five specific time periods in accordance
with the failures that were eliminated. The lowest proba-
bilities of events, 0.16 and 0.04, are characteristic of the
first and third intervals, which correspond to the failure
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elimination time intervals of 2.0-10.8 hours and 19.6-28.4
hours. The second and fifth intervals, which correspond to
the failure elimination time intervals, are characterised by
the highest probability, 0.36 and 0.24 10.8-19.6 hours and
37.2-46.0 hours. Time to eliminate failures, fixed within
the limits of 10,8-19,6 hours, corresponds to the work that
consists in replacing the auger with blades or blades of the
subsystem of grinding and mixing feed dispensers, the ser-
vice life of which has reached more than 3 years. Time to
eliminate failures within the limits of 37.2-46.0 hours was
recorded for feed dispensers for which the warranty period
of 1 year has expired.
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Figure 3. Graphical representation of empirical distributions
of the maintainability indicator of feed dispensers under operating conditions

Source: compiled by the authors

After processing the values of the time to restore the
operability of feed mixers, it was established that the re-
sulting array of empirical data is characterised by the fol-
lowing indicators:

O average recovery time, f =24.0 hours;

O mean square deviation of the recovery time, 6=12.93
hours;

O coefficient of variation of a random value, v =0,49.

It is assumed that the time that must be spent on
eliminating failures of feed dispensers according to
DSTU 3004-95 (1995) is consistent with the theoretical
law of normal distribution. Verification of the correspond-
ence of the time values for restoring working capacity
within the theoretical distribution law and the empirical
distribution for the mechanism of grinding and mixing

research objects was performed according to the consent
criterion A of O.M. Kolmogorov.

Since the resulting value P(1) =0.9972 is more than
the accepted level of significance for the normal dis-
tribution law, then the considered condition on the
compliance of theoretical and experimental data with
the time of recovery of the working capacity of the Wei-
bull-Gnedenko law is rejected (DSTU 3004-95, 1995).
The limits of confidence intervals and the value of the
scattering interval of the average value of elimination
of failures of feed distribution mixers according to the
adopted theoretical distribution law are calculated ac-
cording to the corresponding analytical dependencies
(DSTU 3004-95, 1995). The results of these values, re-
spectively, amounted to:
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t%=6.98 hours - lower confidence limit;

t2,=41.02 hours - upper confidence limit;

I,,=34.04 hours - the size of the interval.

Previous studies by A. Novitsky et al. (2023) estab-
lished that the reliability of the feed mixer is limited
by the grinding and mixing subsystem. The maintain-
ability of the machines forms an indicator of the time
to restore their operability, including the replacement
of blades, sets of screws with blades, and restoration of
the hopper body.

According to the guidelines for use, the PROFILE
feed dispenser mixer, which is presented in the studies,
contains two vertical augers in its design. The number of
blades attached to one screw, respectively, is 6 small, and
2 large. It is this complete set of blades that must be avail-
able among spare parts at the appropriate storage levels
to ensure the maintainability of the feed dispenser mixer:
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level I - directly on a livestock farm or warehouse of an
agricultural firm; Level IT — mobile service point of the
KUHN group of companies; level III — warehouse of the
KUHN group of companies.

Figure 4 shows the time to failure and time to elimi-
nate failures of 25 profile feed preparation and distribu-
tion products. For most feed dispensers, a correspondence
is recorded between the maximum time to failure and the
maximum time to restore operability. For mixers-distrib-
utors No. 6-14 within the time limit for failure of 3000-
5000 hours, an increase in the time to restore working
capacity was recorded within the maximum values — from
38 to 46 hours. For objects No. 15-19 which have a fail-
ure time of 500-1500 hours, there was a slight increase in
the time to restore workability, which is 38-42 hours. The
specified time is required to restore the working capacity
of the hopper or screws with the replacement of blades.
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3500
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Figure 4. Value of time to failure and time to eliminate failures of feed dispensers

Source: compiled by the authors

From the analysis of the above results of the time to
failure examination and the values of the time to restore the
operability of mixers-feed dispensers and to increase their
reliability during operation, it is necessary to include in the
list of maintenance works of the grinding-mixing subsys-
tem information about the list of parts and working bodies
that must be at different storage levels. Such an addition
will allow increasing the value of the readiness coefficient
of the product for preparing and distributing feed, reducing
downtime and time spent on restoring working capacity.

For the highly efficient use of feed mixers, it is advis-
able to analyse the actual level of reliability indicators,
including reliability, durability, maintainability, and safe-
ty (DSTU 3004-95, 1995). Such experimental studies allow
identifying general dependences of changes in reliability
indicators in different periods of the service life of objects
under study. This is especially important during the war-
ranty period for identifying structural and technological
defects and malfunctions of feed dispensers, justifying rec-
ommendations for improving their maintainability.

Based on this, a thorough assessment of reliabili-
ty is necessary to identify system bottlenecks and search
for subsystems or components with a low maintainability

value. The implementation of a given project productivity
and efficiency can be evaluated on the example of complex
technical systems that are used in industrial engineering
facilities. Of particular interest is not only the readiness of
complex technical systems - agricultural machinery and
equipment — to work at any given time or their reliability
over a certain period but also an indicator of how quickly
this system can return to operation after each failure. These
issues were thoroughly analysed in the papers of a number
of researchers who not only received the value of time to
failure in operating conditions, set the time to restore per-
formance but also investigated the issues of ensuring the re-
liability of mechanisms of various machines, in particular:

O threshers (Sharma et al., 2022);

O motor cultivators (Katsitadze et al. 2021),

O combines (Najafi et al., 2015);

O machine-tractor units (Rogovskii et al., 2021);

O transport and technological machinery (Aulin et
al., 2024).

The scientific-methodological approaches proposed in
these studies have every reason to be used to determine the
maintainability of feed dispensers and evaluate and ensure
their reliability indicators.
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In the study by J. Katsitadse et al. (2021), the results
of evaluating the operational reliability of tillers, which
represent a substantial group of machines and equipment
used in agricultural production, are reflected. The present-
ed methodology for calculating reliability indicators con-
firms the importance of forming a method for ensuring the
reliability of machines, including maintainability.

From the experience of using and examining the results
of experimental data on the reliability of feed mixers during
operation and literature sources, it can be concluded that
most researchers conducted a scientific search to determine
and form the structural, technological, functional, and op-
erational parameters of self-propelled and trailed vehicles
for the preparation and distribution of feed. The materi-
als reflected in the publications of recent years are impor-
tant when discussing the results of the presented findings
on self-propelled and trailed mixers for feed preparation.

F. Tian et al. (2020) offer a number of theoretical rec-
ommendations for improving the structure, technical, and
functional characteristics of self-propelled equipment for
mixing and distributing feed mixtures. Based on the results
of experiments, the authors propose to optimise the oper-
ation of the loading mechanism and the grinding-mixing
mechanism by combining shear, diffusion, and convective
motion in the equipment hopper.

S. Seflek & H. Haciseferogullari (2018) investigated the
maintainability of the planetary transmission mechanism
of the vertical screw drive of the feed mixer R6 and indicat-
ed characteristic damage to parts. According to the test re-
sults, most of the failures were caused by cracks, fractures,
and corrosion on the gears and auger. St37 steel was chosen
to increase the service life of the vertical auger. However,
the materials presented in the study do not contain values
of reliability indicators for serial and experimental work-
ing bodies and parts of the feed mixer. There is not enough
information about the level of maintainability of the feed
mixer. Therewith, the practice of using the equipment of
the PROFILE model range showed that two cases were re-
corded when uneven wear of the turns of the screw and
blades led to uneven operation of the drive elements and
loss of performance of the grinding-mixing mechanism.

V. Khmelovskyi et al. (2020) considered the use of mo-
bile feed preparation equipment with feed mixture feeding
to feed tables in livestock farms. considered the use of mo-
bile feed preparation equipment with feed mixture feeding
to feed tables in livestock farms. An important design and
technological characteristic of the tool is the self-cleaning
property of the screw, which ensures safety and maintaina-
bility indicators, especially in the autumn-winter period of
its use. It is advisable to establish the relationship between
the authors’ recommendations for improving the structure
and quantitative indicators of maintainability and safety in
further studies on the reliability of mixer dispensers.

S. Postelga et al. (2021) presented the methodology
and test results of a self-propelled mixer dispenser from
the German company Siloking, SelfLine 4.0 Premium 2215.
The materials presented in the study were obtained by the

author in the process of performing the technological op-
eration of preparing and distributing the feed mixture by
self-propelled transport-technological machines. In the
process of testing and testing the mixer-dispenser, the
effectiveness of its use for feed preparation of cattle and
ensuring the uniformity of feed mixing of 94.3% and the
uniformity of distribution — 95.5%, were confirmed. The
study does not contain the results of evaluating the relia-
bility indicators of a self-propelled mixer-dispenser, which
ensured efficient preparation and distribution of feed mix-
ture according to the materials declared by the author.

O. Dereza et al. (2021) analysed the specific features of
using vertical and horizontal feed mixers of all types in the
agricultural sector of Ukraine and formed the main reasons
that limit their widespread introduction into the livestock
industry. Among the most substantial problems, as the au-
thors note, are: the lack of a comprehensive approach to
the introduction of modern achievements in feeding tech-
nologies; justification of the action of a human operator
in solving problems of safety of equipment and ensuring
operability; the implementation of a complex of works
on timely maintenance of feed mixers; reconstruction of
farms of old buildings for the implementation of modern
technologies for the production of feed mixtures. One of
the reasons for the poor quality of maintenance and repair
of feed mixers is the lack of information about maintaina-
bility indicators and the main components that form this
property. These conclusions confirm the importance and
relevance of the presented findings.

Several researchers in their studies presented the-
oretical examinations of the parameters of aggregates
of agricultural machinery and equipment. V. Bulgakov et
al. (2023) presented a methodology for the examination
of such an operational indicator of agricultural machine
and tractor units as smooth running, which affects the
traction and dynamic performance of their work, produc-
tivity, agrotechnical quality of operation, durability, and
economy. The method of mathematical modelling and ex-
perimental determination of vertical vibrations of the unit
declared by the authors of the study can be used to examine
the dynamics of movement of other agricultural machinery
and equipment, including self-propelled and trailed trans-
port-technical machines.

Analysing the results of tests for the maintainability
of feed mixers PROFILE 12.2 DS and PROFILE 14.2 DS and
studies that implement separate scientific and practical
approaches to the formation of reliability of machines and
equipment for animal husbandry as complex technical sys-
tems “man — machine - environment”, special importance
in ensuring the operability of machines is assigned to the
human factor.

In many papers, along with the design, production,
and improvement of individual mechanisms of these
tools, the influence of the “human-operator” component
on the reliability of the “man - machine - environment”
technological system is evaluated. H.-W. Lo et al. (2019),
R. Amaya-Toral et al. (2022) noted that the improvement of
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reliability and maintainability indicators in the operation
of machinery and equipment, reducing the possible risks of
failures during the production process largely depends on
the influence of the human factor of the “human operator”
component. J. Vegricht et al. (2007) determined that the en-
ergy consumption and capacity of a machine for loading
feed from storage depends on the experience and profes-
sional qualities of operators, a detailed examination of the
technical condition of the working bodies of mechanisms.

The experience of using analytical approaches and
methods of expert assessment of personnel can be used in
justifying and ensuring the reliability of technological and
technical systems. The obtained values and the practice of
maintaining the serviceability and operability of machines
confirmed the possibility of using analytical approaches
and test results to ensure the reliability of not only feed
mixers but also machines, stands, and equipment of repair
and service enterprises.

During the examination of the processes of maintain-
ing the serviceability and operability of feed dispensers
under operating conditions, it was established that one of
the causes of malfunctions and failures is the lack of in-
formation in the regulatory and technical documentation
about maintainability indicators, criteria for the onset of
the limit state of the working bodies of the feed grinding
and mixing subsystem (Novitsky et al., 2023). O. Dereza et
al. (2021) note that agricultural enterprises that have pur-
chased European-made feed mixers often encounter cases
where there is no timely supply of spare parts and qualified
repairs, especially in the post-warranty period. The practice
of using feed mixers has revealed that one of the main rea-
sons for the formation of malfunctions and defects is devi-
ations from the frequency of maintenance and assessment
of the technical condition of parts. Other characteristic
reasons for the appearance of malfunctions and defects are
a decrease in the reliability of the “human operator” and
low control over the main parameters of the technical con-
dition of the means for feed preparation, mixing, and distri-
bution of feed mixtures as a complex technological system.

The study presents the results of testing and process-
ing information on the maintainability indicators of means

Novitskyi et al.

CONCLUSIONS

Based on the results of the reliability assessments of 25
feed dispensers during operation, information was ob-
tained about the maintainability of PROFILE 12.2 DS and
PROFILE 14.2 DS, and the recovery time in case of loss of
performance was established. The resulting array of data
on the recovery time of feed dispensers is characterised by
the following values of indicators: average recovery time
of working capacity, f =24.0 hours; mean square devia-
tion, ¢ =12.93 hours; coefficient of variation, v = 0.49; the
theoretical distribution law is the law of normal distribu-
tion. The consistency between the theoretical law and the
empirical distribution of the time of recovery of the tool’s
operability according to the O.M. Kolmogorov criterion is
confirmed. Studies have established that the value of the
average recovery time of feed dispensers, according to the
normal law, is in confidence intervals: t% = 6.98 hours —
lower confidence limit; t2 =41.02 hours - upper confidence
limit; I, =34.04 hours - the size of the interval.The second
and fifth intervals are characterised by the highest proba-
bility of events, 0.36 and 0.24, which correspond, respec-
tively, to the failure elimination time intervals 10,8-19,6
hours and 37.2-46.0 hours. Specified failure elimination
time was recorded within the limits of 10,8-19,6 hours,
corresponding to the work that consists in replacing the
auger with blades or blades of the subsystem for grinding
and mixing feed dispensers, the service life of which has
reached more than 3 years. The time for elimination of fail-
ures is set within the limits of 37.2-46.0 hours for feed dis-
pensers with an expired warranty period.

In further research, analytical methods of calculation
and directions of the programme for forming the reliability
of feed mixers as technical systems “man — machine — en-
vironment” will be used, and measures will be developed to
reduce the probability of failures depending on: the impact
of the “man - operator” component, considering profes-
sional level and work experience; on the efficiency of the
maintenance and repair system in the conditions of the ex-
isting repair and maintenance base or at different levels of
the maintenance base potential.

for preparing and distributing feed under operating con- ACKNOWLEDGEMENTS
ditions. The presented methodological approaches can be  None.
implemented by improving the design, technical and func-
tional parameters, justifying individual and complex relia- CONFLICT OF INTEREST
bility indicators of feed distribution mixers. None.
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AdocnipkeHHA NOKa3HUKIB peMOHTONPUAATHOCTI 3acobiB
AN NPUroTyBaHHSA i po3gaBaHHS KOPMIB

AHoTauifa. HoBi HayKOBi Ta MpakTUYHi MiIX0AY B TBAPMHHUIIBKIN rany3i BUKOPUCTOBYIOTh TEXHOJOTIT IIPOMMCIOBOCTI 4.0
ta IoT, 30Kkpema 3MilryBavi-KopMopo3gaBaui, 171s1 eeKTUBHOTO TPAaHCIIOPTYBaHHS Ta JO3YBaHHS KOPMiB, OIHAK MTPO6IeMu
HaJiiHOCTi IIX MeXaHi3MiB BUMAaraloTh AOCIIIKEHD IJIs1 BUSHAUEHHS IeTasieli i By3/IiB, [0 0OMEXYIOTh iX Ipale3gaTHICTb,
Ta PO3PaxyHKy iX peMOHTOIPUIATHOCTi. MeTOI0 I[bOTO JOCTiIKEeHHS Oy/I0 BCTAHOBIEHHSI KOHCTPYKTUBHUX, BUPDOOHMUMX
Ta eKCITyaTallifiHMX BiJMOB MexaHi3MiB 3MilllyBauiB-KOPMOPO3/aBauiB, IPUUMH iX BUHMKHEHHS Ta Yyacy Ha iX yCyHeHHS.
Ilnst boT0 6Y/7I0 BUKOHAHO JOCTiIsKeHHS 3MilllyBaviB-KOPMOpPO3/1aBayviB 3a IUIAHOM BUIIPOOYBaHb Ha HaniiHicTh [NMT].
ITnaH BunpoOyBaHb nepenbavae HassBHiCTb N 06’€KTiB, SIKi TP BTpaTi Mpale3gaTHOCTi BiIHOBIOIOTHCST M, a moctian
3YIMMHSIIOTHCS 3a TOCSITHEHHS HapobiTKy T. BukoHaHo 36upaHHs Ta 06po6Ky BuxigHO1 iHbopMallii, aHasi3 eMipuaHmX
JAHUX 4acy YCYHeHHs BiIMOB 3MilryBaui-kopmopo3snasauis PROFILE 12.2 DS ta PROFILE 14.2 DS. B npotieci Bunipo6yBaHb
BUSIBJIEHO, 1[0 B FapaHTiliHMI ITepiof] eKcIuTyaTallii 3MilllyBauiB-KOpMOpO3/aBayiB, iX HeCIIpaBHUII CTaH BUKIMKaAHU
BiIMOBaMU Apyroi rpyIy CKJIaHOCTi. Bynu BumineHi BimMoBwM, sIKi OB’sI3aHi 3 BiITHOBJIEHHSM Ipalle3JaTHOCTI MiIcucTeMM
IS TOJIpiOHEeHHST Ta 3MilllyBaHHSI, IKVIi BIUIMBA€ Ha PEMOHTONPUIATHICTh 3MilllyBaya-KOpMopo3aaBaya. IIpoBegeHo
CTaTUCTUYHMI aHa/li3 BUHMKHEHHS Ha3BaHMX BiJMOB. BM3HaueHi OCHOBHI ITapaMeTpy TEOPETUUHOIO 3aKOHY PO3IIOAiNY.
30KpeMa, BCTaHOBJIEHi TOKa3HUKY PEMOHTOIPUAATHOCTI 3MilllyBauiB-KOPMOpPO3aBayiB: cepefHili yac BilTHOBIEHHS
mparesgaTHocTi, £ = 24,0 rof.; cepefHe KBaapaTUuHe BigxmieHHs, o = 12,93 rop. ; koedirienT Bapiaiiii, v=0,49; TeopeTmnunmii
3aKOH PO3MOAiITY — 3aKOH HOPMaJIbHOTO po3mnoziny. [linTBepaykeHo, 1110 cepeiHilt yac BiJHOBAEHHS Mpalle3aaTHOCTI
3MillyBauiB-KOpMOpO3aBauiB 3a KpuTepiem 3roau Kommoroposa 106pe y3roJKyeThes i3 3aKOHOM HOPMaIbHOTO PO3TIOALTY.
Po3paxyHKamMy BCTAHOBJIEHO, 1[0 CEPeHili Yac BiHOBJIEHHS MPALe3JaTHOCTi 06’ €KTIB AOCTiIKEHD 3HAXOAUTIUCS B TOBipPHUX
iHTepBanax: 6,98 rogn. — HUKHS OoBipHa Mexa; 41,02 ron. — BepxHs HOBipHa Mexka; 34,04 rof. — BenuuMHa iHTepBamy.
Pe3ynbTaTy MOKHA peasti3yBaTy IS MiJBUIeHHS e()eKTUBHOCTI TeXHIYHOTO 0OCIYTOBYBaHHS i peMOHTY 06/IafHAHHS Ha
TBapMHHUIIbKMX (hepMax, ONTMUMIi3allii 3armaciB 3amacHMUX YaCTUH

KniouoBi cnoBa: 3milryBau-KopMOpO3aaBay; eKCIIyaTalliiiina HaliifHiCTh; HaripalfloBaHHs Ha BiIMOBY; YacC BiTHOBJIEHHS
Mpale31aTHOCTi; MeXaHi3M IMOAPiOHeHHSI-3MilllyBaHHS
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Design and optimisation of automated hydraulic gate control systems
for flood control

Abstract. The study was conducted to analyse the design and optimisation of automated hydraulic gate control
systems for effective flood control. It used data analysis from water level sensors, modelling of hydraulic systems, and
control algorithms to automate the monitoring of hydraulic locks. As a result of the study, key aspects that confirm the
importance of automation of hydraulic gate control for effective flood control were identified. It was established that the
introduction of radiofrequency and ultrasonic sensors for water level monitoring provided a high level of data accuracy,
which allowed responding in a timely manner to rising water levels. Adaptive control algorithms allowed optimising the
operation of gates in dynamic conditions, considering changes in hydrodynamic characteristics. In addition, analysis
of gate stability showed that the use of modern materials, such as high-strength steels and composites, substantially
increased their durability and corrosion resistance. This was an important factor in ensuring the reliable operation of
structures in extreme conditions. The examined models of the dynamic behaviour of gates identified critical zones that
are subject to special attention during design since they can be destroyed under the influence of hydrodynamic forces.
Overall, the results of the study highlighted the importance of integrating modern technologies into the design of
hydraulic systems to improve their functionality and reliability in flood-risk situations. The influence of vibrations and
resonant phenomena on the gate structures was analysed, which allowed identifying possible risks for their stability
in flood conditions. As a result, recommendations for gate design included structural improvements that help reduce
dynamic loads and improve their ability to withstand extreme hydrodynamic conditions

Keywords: water level sensors; algorithms; hydrodynamic pressure; weather forecasting; dynamic behaviour

INTRODUCTION

The relevance of research on automated hydraulic gate
control systems for flood control is growing due to climate
change and an increase in the frequency of extreme weath-
er events. Floods, which can cause substantial damage to
infrastructure, residential areas, and ecosystems, require
rapid and accurate responses to reduce negative impacts.
Modern automation technologies, in particular, the use of

water level sensors, actuators, and control algorithms, pro-
vide the possibility of timely adjustment of the operation
of hydraulic valves. This not only increases their efficiency
in their work but also reduces the risk of accidents, which
can be critical in a crisis environment. In the context of
the growing challenges associated with global warming,
research in this area is becoming urgent to ensure public
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safety and protect the environment. Thus, the analysis and
optimisation of such systems are important steps towards
improving water management.

In the field of automated hydraulic gate control sys-
tems under study, the problem of flood response efficiency
is urgent. M. Krichen et al. (2024) investigated the intro-
duction of the latest water level sensors to improve the
accuracy of flood monitoring. Their results showed that
the use of such technologies allowed for a quick response
to changes in the water level and reduced the risk of ac-
cidents. Y. Song et al. (2022) focused on adaptive control
algorithms that optimised the operation of hydraulic
valves under variable loads. They determined that such
algorithms substantially improved the effectiveness of
crisis management. D. Bazarov et al. (2022) examined the
mechanical characteristics of gates and their resistance
to hydrodynamic pressure in extreme weather conditions.
Their study confirmed that properly designed structures
were able to withstand substantial loads without losing
functionality. B. Li et al. (2022) developed dynamic mod-
elling methods for predicting the behaviour of control
systems in real-world conditions. This allowed identifying
potential problems and optimising the gate design to im-
prove their performance. F. Piadeh et al. (2022) investigat-
ed the effect of integrating weather forecasting systems
on the efficiency of hydraulic system management. They
established that timely information about possible floods
substantially increased the level of preparedness and re-
duced negative consequences.

Y. Hassani & S.M.H. Shahdany (2021) analysed the eco-
nomic feasibility of implementing automated systems in
comparison with traditional methods. Their results showed
substantial savings in funds and resources as a result
of automating management processes. J. Skowronska et
al. (2021) emphasised the importance of choosing corro-
sion-resistant materials to improve the durability of gates.
In their paper, it was noted that the use of such materials
could substantially reduce maintenance costs. Q. Zhang et
al. (2021) considered various approaches to monitoring
hydraulic systems in real-time. They noted that modern
technologies have substantially improved the quality of
data collection and analysis. H. Zhang et al. (2022) inves-
tigated methods for increasing the resistance of hydraulic
valves to changes in the water level. The results of their
study proved that improved structures were able to pro-
vide reliable protection even during severe floods. L. Cea &
P. Costabile (2022) examined the impact of climate change
on flood frequency and intensity, which emphasised the
importance of management automation. Their results
showed the need to adapt existing systems to new envi-
ronmental challenges. However, there are gaps that require
further study, in particular, insufficient attention to the in-
tegration of weather forecasting systems and cost analysis
for the implementation of such systems, which limits their
widespread use in real-world conditions.

Thepurposeofthestudywastoidentifyandevaluatepos-
sible ways to optimise the operation of automated hydraulic
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gate control systems in flood conditions, aimed at improv-
ing their efficiency and reliability. Objectives of the study:

1. Learn how to automate hydraulic gates to improve
their efficiency during floods.

2. Investigate the influence of modern water level sen-
sors on the accuracy of monitoring.

3. Consider the various technologies used to automate
management processes.

MATERIALS AND METHODS

The study analysed the design and optimisation of auto-
mated control systems for hydraulic locks, which are crit-
ical for ensuring the safety of water structures during ex-
treme weather conditions. The analysis was conducted in
the context of hydraulic system management, in particular,
in flood risk conditions. For this purpose, various types of
sensors that provide accurate and timely monitoring of
the water level were considered. Among the most common
types of water level sensors were radiofrequency, ultrason-
ic, and strain gauges.

The study also focused on collecting data from these
sensors, enabling real-time water level monitoring sys-
tems. The data received from the sensors was transmitted
to a central controller or server, where it was processed and
analysed. The use of special software, such as Supervisory
Control and Data Acquisition (SCADA), allowed visualising
information in the form of tables, which simplified mon-
itoring, and decision-making. The study also considered
various execution mechanisms used in automated hydrau-
lic lock control systems. It was analysed that electrical, hy-
draulic, and pneumatic mechanisms are the most common
automation options. Each of these types has its own ad-
vantages and disadvantages, and specific applications. An
important aspect of automated hydraulic lock monitoring
systems was the effective interaction between water lev-
el sensors and actuators. The sensors provided water level
data, which was then analysed by the control system. Based
on the data obtained, the actuators automatically adjust-
ed the position of the locks to prevent overflow or ensure
optimal water balance. The development of control algo-
rithms based on sensor data, which are a necessary condi-
tion for the effective operation of such systems, was also
investigated. These algorithms not only determine how
valves should respond to changes in water levels but also
optimise the overall operation of hydraulic systems, espe-
cially under high loads. Algorithms may vary depending on
the complexity of the system and the requirements for its
operation. The simplest algorithms are “threshold” algo-
rithms that activate the closing or opening of locks when
certain water levels are reached.

The study also focused on evaluating the stability of
hydraulic structures in extreme conditions, such as heavy
rains or rapid snowmelt. Analysis of hydrodynamic forces
that occur during floods helped to identify possible prob-
lems in the structure and make adjustments to its design.
Various sources of information, including scientific and
technical literature, technical documentation, data on real
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systems and experimental results, were used to provide a
comprehensive analysis of automated hydraulic gateway
control systems. This included scientific and technical lit-
erature on the design and optimisation of automated hy-
draulic gate control systems (Desnanjaya & Nugraha, 2021;
Bai et al., 2021; Vignesh et al., 2024). The papers devoted
to both general aspects of automation in extreme weath-
er conditions and special methods of controlling hydrau-
lic structures were analysed. Technical documentation for
various types of sensors (radiofrequency, ultrasonic, strain
gauge) used for monitoring the water level in automated
systems (Junior et al., 2021; Delgado et al., 2021; Praman-
ik et al., 2022) was also considered. This allowed examining
their technical characteristics, efficiency, and adaptability
in different environments.

Data on real automated control systems for hydraulic
locks are collected on the basis of implemented projects
on water bodies where modern technologies are used for
flood control (Quaranta et al., 2023; Pan et al., 2023). This
allowed evaluating the effectiveness of existing solutions
and proposing new optimisation approaches; experimental
and simulation data obtained during testing of control al-
gorithms and hydrodynamic models (Farajvand et al., 2021;
Lei et al., 2022). This data helped analyse how different
types of mechanisms and sensors respond to changes in
water levels during floods. This information base provided
a comprehensive approach to the study of automated hy-
draulic lock control systems, considering both theoretical
and practical aspects.

RESULTS
The design and optimisation of automated hydraulic gate
control systems for flood control is a critical area for ensur-
ing the safety and efficiency of water structures during ex-
treme weather conditions. This allows quickly responding
to rising water levels and controlling flood flows to protect
settlements and territories. Managing hydraulic systems,
especiallyin flood-risk environments, requires accurate and

timely monitoring of water levels. For this purpose, various
types of sensors are used, which provide the necessary in-
formation for decision-making. Among the most common
types of water level sensors are radiofrequency, ultrasonic,
and strain gauge (Quaranta et al., 2023; Pan et al., 2023).

Radiofrequency sensors operate on the basis of the
principle of radio frequency identification. They typical-
ly use radio waves to measure the distance to the surface
of water. This method is characterised by high accuracy
and speed. Radiofrequency sensors have no moving parts,
which ensures their reliability in conditions of high hu-
midity and pollution. However, their effectiveness may be
reduced due to signal reflection from objects on the wa-
ter surface or interference in the environment. Ultrasonic
sensors are one of the most common devices for measur-
ing water levels. They emit ultrasonic waves that bounce
off the surface of the water and return to the sensor. The
time required to return the signal is used to calculate the
distance to the water surface. Ultrasonic sensors provide
high accuracy and can be used in a variety of environments.
However, they can also be sensitive to external conditions
such as air temperature, humidity, and the presence of par-
ticles in the air (Fernandez-Névoa et al., 2024).

Strain gauges, also known as hydrostatic sensors, meas-
ure water pressure at a certain depth. They are installed at
the bottom of the reservoir and respond to changes in the
water level by measuring the pressure created by the water
column. This type of sensor is highly sensitive and accurate
but requires regular maintenance and calibration. Strain
gauges are particularly useful in cases where monitoring
the water level at great depths is needed (Junior et al., 2021;
Delgado et al., 2021; Pramanik et al., 2022). By collecting
data from these sensors, water level monitoring systems
can operate in real-time (Table 1). Data received from sen-
sors are transmitted to a central controller or server, where
they are processed and analysed. The use of special soft-
ware allows visualising information in the form of graphs or
tables, which facilitates monitoring and decision-making.

Table 1. Sensor parameters for water level monitoring

Sensor type Measuring range (m) Accuracy (%) Response time (s)
Radiofrequency 0-10 1.5 0.5
Ultrasonic 0-15 1 0.3
Strain gauge 0-20 0.5 0.1

Source: compiled by the authors based on M.A. Rahu et al. (2022)

Data acquisition systems can be integrated with auto-
matic hydraulic gate control systems. This allows quickly
responding to changes in the water level, which is extreme-
ly important for flood prevention. In addition, modern tech-
nologies allow implementing remote monitoring, which
provides convenience and efficiency of management. The
use of various types of water level sensors, data collection,
and processing systems, is a critical element in the man-
agement of hydraulic systems. This not only improves the
accuracy of monitoring but also provides a timely response
to flood risks, which in turn contributes to improving

public safety and environmental protection. Automation
of hydraulic gate control in flood control systems requires
the use of efficient actuators. They provide automatic ad-
justment of the gate position according to data obtained
from water level sensors (Akiyanova et al., 2023). Among
the most common mechanisms are electric, hydraulic, and
pneumatic. Each of these types has its own advantages and
disadvantages, and specific applications.

Electric actuators are one of the most common au-
tomation options. They operate on the basis of an elec-
tric drive that activates the gate mechanism. This type of
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mechanism has a number of advantages, in particular, high
control accuracy and speed of response. Electrical mech-
anisms are easily integrated into automatic control sys-
tems, making them ideal for use in environments where
a fast and accurate response to changes in water levels is
required. However, electrical mechanisms may have limi-
tations in conditions of high humidity or extreme temper-
atures. In addition, their effectiveness may decrease under
high loads or in case of mechanical damage. Therefore, for
critical systems, such as floodgate control, electrical mech-
anisms can be supplemented with other types.

Hydraulic actuators use fluid pressure to control the
position of the gate valves. They are characterised by high
strength and the ability to withstand heavy loads, making
them ideal for use in environments where substantial pow-
er is required. Hydraulic systems also ensure smooth oper-
ation, which is important for precise adjustment. However,
hydraulic mechanisms require complex support systems,
in particular, pumps and tanks, and regular maintenance
to prevent fluid leakage and component wear (Fakher et
al., 2021). On the other hand, their ability to operate in
extreme environments makes them valuable in systems
where electrical mechanisms may be inefficient.

Pneumatic actuators use compressed air to adjust the
gate valves. They respond quickly to changes in the sys-
tem and can be lightweight and compact, making them
convenient for use in confined spaces. Pneumatic systems
can also be relatively easy to maintain and do not require
complex fluid systems, which reduces the risk of leaks.
However, pneumatic mechanisms are usually less powerful
than their hydraulic counterparts and may be less efficient
under high-pressure conditions. They can also be sensi-
tive to changes in temperature and humidity, which can
affect their performance. A key element of the automated
hydraulic gate control system is the effective interaction
between water level sensors and actuators. The sensors
provide water level data, which is then analysed by the
control system. Based on the data obtained, the actuators
automatically adjust the position of the gate valves to pre-
vent overflow or ensure optimal water balance (Desnanjaya
& Nugraha, 2021; Bai et al., 2021; Vignesh et al., 2024).

The systems can be configured for different operating
modes depending on the conditions, for example, if the wa-
ter level rises to critical levels. In such situations, the actu-
ators can immediately close the shutters to prevent flood-
ing, providing a quick response to changing conditions.
The choice of the type of actuator and its integration with
sensor systems is critical to ensuring the efficiency of auto-
mated hydraulic gate control systems. The ability of these
systems to respond quickly to changes in the environment
is key to successful flood control and reducing risks to the
population and infrastructure. Automatic hydraulic gate
control is a critical aspect in flood control systems. The
development of control algorithms based on sensor data
is a prerequisite to ensure the effective operation of such
systems (Zhang et al., 2023). These algorithms not only
determine how gates should respond to changes in water
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levels but also optimise the overall operation of hydraulic
systems, especially under high load conditions.

The main purpose of control algorithms is to provide
a timely and accurate response to data received from wa-
ter level sensors. Algorithms may vary depending on the
complexity of the system and the requirements for its op-
eration. The simplest are “threshold-based” algorithms
that activate closing or opening gates when certain water
levels are reached. More complex algorithms may include
control logic that considers the dynamics of water level
changes, the rate of rise or fall, and forecasts based on
historical data. For example, the algorithm can analyse
data from multiple sensors to provide more accurate de-
cisions about the time and magnitude of opening or clos-
ing gates. Using mathematical models, such as regression
analysis or artificial intelligence-based models, can sub-
stantially improve the efficiency of decision-making. In
high-load environments, such as heavy rains or floods,
control systems should operate with maximum efficiency.
Optimising the operation of hydraulic systems requires
considering many factors, such as the flow rate, the vol-
ume of incoming water, and the state of infrastructure.
Algorithms can use optimisation principles that allow
achieving a balance between response speed and control
accuracy. For example, if a large volume of water enters,
the algorithm can increase the opening speed of the gate
to avoid overflow, while controlling the likelihood of neg-
ative consequences, such as erosion or collapse of struc-
tures. For this purpose, mathematical modelling methods
can be used to predict the results of actions and adapt re-
al-time management strategies.

The variability of natural conditions, such as differ-
ent rain intensities or snowmelt rates, requires flexibility
in control systems. Adaptive algorithms become extremely
important in this situation, as they can automatically ad-
just their parameters depending on changes in the envi-
ronment. These algorithms can include machine learning
mechanisms that allow the system to learn independently
from new data. For example, if the algorithm detects that
the water level is rising faster than predicted, it can adapt
its response by increasing the frequency of data updates or
changing thresholds to control the gate. This incre ases the
flexibility of the system, reduces the risk of flooding, and
prevents overloading of infrastructure elements.

Hydraulic closures are vital elements of water man-
agement systems, especially during floods. The stability of
these structures in extreme conditions, such as heavy rains
or rapid snowmelt, is crucial to prevent their destruction
and ensure environmental safety (Zoffoli et al., 2023). It is
necessary to use effective methods for assessing the sta-
bility of structures and consider the influence of hydrody-
namic forces to do this. Hydraulic gate stability assessment
can be performed using a variety of methods, including
analytical, numerical, and experimental approaches. An-
alytical methods are based on mathematical models that
describe the behaviour of structures under the influence of
loads. The main ones include calculation methods based on
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the theory of elasticity and fluidity, which allow estimat-
ing how gates respond to water loads. These models can
help identify potential risk areas, such as local stresses or
deformations. Numerical methods, in particular, finite ele-
ment methods (FEM), allow for a detailed analysis of gate
stability, considering complex geometric shapes and mate-
rials. Due to these methods, it is possible to visualise the
distribution of stresses and deformations in the structure,
which allows identifying critical zones that can be subject
to destruction under the influence of hydrodynamic forces.
Experimental methods, in turn, involve physical tests on
gate models, which can provide valuable information about
their behaviour in real-world conditions. Tests in the lab-
oratory or in the field allow observing factors that are dif-
ficult to simulate, such as fluctuations in water levels, cur-
rent velocity, or exposure to foreign objects (Farajvand et
al., 2021; Lei et al., 2022).

Hydrodynamic forces that occur during floods are
one of the main factors affecting the stability of hydraulic
gates. The main components of hydrodynamic forces are
hydrostatic pressure, hydrodynamic forces, and vibrations
and fluctuations. Hydrostatic pressure is the pressure cre-
ated by a column of water above the gate, and it increases
with depth. At high water levels, the hydrostatic pressure
can exceed the permissible values, which leads to defor-
mation or even destruction of the structure. Hydrodynamic
forces arise due to the movement of water, in particular,
during a rapid flow or disturbance of water (waves, swirls).

These forces can act on gates with different directions and
values, making them difficult to estimate. They can cause
additional loads on the structure, which can lead to its de-
struction. During floods, substantial vibrations can occur
in the structure due to water disturbances. This can lead
to material fatigue and reduced gate stability. It is neces-
sary to conduct a comprehensive analysis of the effect of
hydrodynamic forces to ensure the proper stability of hy-
draulic valves. Calculations performed using analytical and
numerical methods can help identify possible problems in
the design and make adjustments to its design.

Hydraulic closures are critical elements of water man-
agement systems, especially during extreme natural events
such as floods (Yasmin et al., 2022). The dynamic behav-
iour of gates during water fluctuations and load changes
is an important aspect that requires detailed analysis. The
examination of vibrations and dynamic loads affecting
gate structures allows developing effective control meth-
ods and ensuring their stability in natural disasters. Gate
fluctuations can be caused by a variety of factors, including
changes in water level, flow rate, and other hydrodynam-
ic phenomena. These fluctuations can lead to substantial
dynamic loads that negatively affect the integrity of the
structure. Dynamic loads on gates can be either static or
dynamic (Table 2). Static loads are caused by hydrostatic
water pressure, which increases with depth. Dynamic loads,
in turn, occur due to the movement of water, disturbances,
waves, and other factors that cause fluctuations.

Table 2. Analysis of dynamic gate loads

Operating conditions Hydrodynamic forces (kH)

Vibrations (in/s2) Destruction risks (%)

Normal 50 5 10
During a flood 120 15 30
Extreme conditions 200 25 50

Source: compiled by the authors based on S. Kim et al. (2023)

Various methods are used to examine these phenom-
ena in detail. These include analytical models that allow
determining the theoretical values of vibrations and gate
loads using mathematical equations describing fluid me-
chanics and structural statics. Numerical methods, in par-
ticular, finite element methods (FEM), are used to model
dynamic gate loads in real-world situations. These mod-
els consider all possible factors, such as pressure changes,
flow rates, and vibrations. Experimental methods include
physical tests on gate models under controlled conditions,
which allows investigating the real dynamics of struc-
tures under the influence of various loads. Modelling the
dynamic behaviour of gates during floods is an important
tool for predicting their performance in extreme condi-
tions. Modern computer programmes that use numerical
modelling methods make it possible to create detailed
models of hydraulic valves that reflect their behaviour
during vibrations.

In the modelling process, it is important to consid-
er hydrodynamic forces, analysing how the flow rate and
water level change over time, it is possible to predict how
these factors will affect the dynamics of gates. The inter-
action between the gate and the water environment is also
important to consider, as it is necessary to understand how
the gate design interacts with water, in particular, how
fluid disturbances affect the stability and stability of the
structure. In addition, vibrations and resonance are criti-
cal aspects, since vibrations can cause resonant phenom-
ena that can lead to catastrophic consequences. Modelling
such effects is crucial for understanding how a structure
can withstand dynamic loads. Models that consider these
factors allow developing strategies to improve gate stabili-
ty. In particular, knowledge of dynamic behaviour can help
in selecting materials, designing structures, and creating
automatic control systems that respond to changes in re-
al-time (Table 3).
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Table 3. Influence of modern materials on the durability of gates

Material type Corrosion resistance (%) Durability (years) Expenses (UAH/m?)
High-strength steel 85 30 800
Composite 90 25 1200
Ordinary concrete 75 15 500
Source: compiled by the authors based on M. Issaoui et al. (2022)
The design of hydraulic gate structures is an impor- DISCUSSION

tant component in water management systems, especially
in conditions where the risk of flooding and other extreme
natural phenomena is becoming increasingly relevant
(Nowak et al., 2022). It is necessary to consider various de-
sign criteria and use modern materials and technologies
that can increase their strength to ensure the reliability
and efficiency of gates in such conditions. When design-
ing hydraulic valves, it is important to follow several ba-
sic criteria. Gate structures must be designed to withstand
hydrostatic and hydrodynamic loads. The maximum water
pressure values that can occur during flooding, as well as
possible vibrations and vibrations that can affect the sta-
bility of structures, are considered to do this. The choice of
materials used in the structure should ensure their resist-
ance to corrosion, fatigue, and other destructive processes.
Modern building materials, such as high-strength steels,
composites, and special concrete mixes, can provide the
necessary strength and service life. In the event of changes
in conditions associated with rising water levels or changes
in the environment, structures must be able to adapt. This
may include the modularity of the gates or the possibil-
ity of their refinement during operation. Structures must
be designed with environmental impact in mind. This in-
cludes not only the selection of environmentally friendly
materials but also an assessment of the impact on ecosys-
tems and the possibility of returning to the natural envi-
ronment after their operation is completed.

When designing hydraulic valves, it is important to
follow several basic criteria. Gate structures must be de-
signed to withstand hydrostatic and hydrodynamic loads.
The maximum water pressure values that can occur during
flooding, as well as possible vibrations and vibrations that
can affect the stability of structures, are considered to do
this. The choice of materials used in the structure should
ensure their resistance to corrosion, fatigue, and other
destructive processes. Modern building materials, such
as high-strength steels, composites, and special concrete
mixes, can provide the necessary strength and service life.
In the event of changes in conditions associated with ris-
ing water levels or changes in the environment, structures
must be able to adapt. This may include the modularity of
the gates or the possibility of their refinement during op-
eration. Structures must be designed with environmental
impact in mind. This includes not only the selection of en-
vironmentally friendly materials but also an assessment of
the impact on ecosystems and the possibility of returning to
the natural environment after their operation is completed.

In the course of the study on the design and optimisation
of automated hydraulic gate control systems for flood
control, it was determined that the integration of modern
technologies in the management of such systems substan-
tially increases their efficiency. The results showed that the
introduction of radiofrequency and ultrasonic sensors for
monitoring water levels enables a high level of data accu-
racy. This, in turn, allowed responding in a timely manner
to changes in hydrodynamic conditions, which is critical
during floods.

This problem was also investigated by J. Zaczek-Pep-
linska & L. Saloni (2023), where the results confirmed that
the integration of modern technologies in the management
of hydraulic systems, in particular, automation, has a sub-
stantial impact on the effectiveness of flood control. Auto-
mated control systems allow responding more quickly to
changes in hydrological conditions, which reduces the risk
of flooding and contributes to the efficient use of resources.
Due to the introduction of intelligent algorithms, it is pos-
sible to anticipate potential threats and ensure the safe op-
eration of hydraulic gates. A study by Y. Li et al. (2023) also
showed that automation of hydraulic gate control systems
during emergencies also improves the accuracy and relia-
bility of the process. The use of modern sensors and moni-
toring systems allows getting real-time data on the state of
water, which is critical for decision-making (Kabdoldina et
al., 2022). This, in turn, helps to reduce the negative conse-
quences associated with floods and ensures better manage-
ment of resources in crisis situations. Notably, the auto-
mation of hydraulic system control not only increases the
efficiency of emergency response but also optimises the
work of personnel. Automated control systems free spe-
cialists from routine tasks, allowing them to focus on the
strategic aspects of management and planning (Honcha-
renko et al., 2023). However, it is also important to consider
the potential risks associated with technological failures
or cyber-attacks that may threaten the security of water
resources and require careful monitoring and protection.

Adaptive control algorithms have demonstrated their
ability to optimise gate operation in dynamic conditions.
The study showed that algorithms that consider changes
in hydrodynamic characteristics can substantially improve
the efficiency of automated systems. With this adaptabil-
ity, the system can quickly adjust the operating mode of
the gates, reducing the risk of flooding and damage. S. Cve-
ji¢ et al. (2024) concluded that optimising the operation of
hydraulic valves in response to changes in hydrodynamic
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characteristics is a key element in reducing the risk of
flooding. Adaptive control systems that consider changes
in water flows, pressure and other critical parameters allow
you to adjust the position of the valves in a timely man-
ner. This not only increases the efficiency of water disposal
but also ensures the stability of the environment, reducing
the possibility of environmental disasters. H. Albo-Salih &
L. Mays (2021) determined that real-time hydraulic gate
control using data from modern sensors and monitoring
systems substantially improves flood response. Due to the
analysis of input data, specialists can quickly make in-
formed decisions about opening or closing gates, adapting
their operation to changing conditions. This allows ensur-
ing the safety of settlements and reducing the cost of flood
relief, creating a more efficient water management system.

These results confirm the above study, as they demon-
strate that the integration of modern technologies into the
hydraulic gate control system substantially improves the
response to changes in hydrodynamic characteristics. They
also show that automation and the use of real-time data can
reduce emergency response times, which is crucial for pre-
venting flooding. In addition, the results point to the need
for further development and improvement of technological
solutions to ensure greater stability of systems in extreme
weather conditions. Analysis of gate stability has shown that
the use of modern materials, such as high-strength steels
and composites, has a positive effect on their durability
and corrosion resistance. This confirms the importance of
choosing the right materials in the design of structures that
must withstand extreme loads during floods (Moldabaye-
va et al., 2021). As a result of the study, it was recommend-
ed to use materials that have high resistance to destruc-
tion, which helps to increase the reliability of structures.

The paper of J.N. Aslanov et al. (2022) is also nota-
ble, who emphasised that modern materials such as high-
strength steels and composites play an important role in
the choice of structural materials to improve the durability
of hydraulic gates. The use of these materials contributes
to lighter and stronger structures that can withstand sub-
stantial mechanical loads and corrosion influences. This is
especially true in environments where hydraulic systems
are exposed to extreme temperatures and chemical aggres-
sors, which can reduce their efficiency and safety. In turn,
H.A. Ragheb et al. (2021) concluded that the effectiveness
of high-strength steels and composites in ensuring the re-
liability of structures under extreme conditions also con-
firms their ability to adapt to various operating scenarios.
Using modern processing and manufacturing technologies
leads to these materials providing a high level of resistance
to mechanical damage and endurance in conditions of load
fluctuations. This, in turn, increases the durability of hy-
draulic valves and reduces maintenance and repair costs,
which is an important factor in water management sys-
tems. These data are consistent with the theses given in the
previous section, as they confirm the importance of choos-
ing modern structural materials to ensure the durability of
hydraulic valves. High-strength steels and composites not

only increase mechanical stability but also reduce the risk
of damage under extreme conditions, increasing the overall
efficiency of the system (Abdykalykov et al., 2024). There-
fore, investing in the latest materials can substantially re-
duce operating costs and improve the reliability of hydrau-
lic structures in the long term.

The analysis of the dynamic behaviour of gates has
shown that critical zones that are subject to special atten-
tion during design can undergo substantial destruction
under the influence of hydrodynamic forces. The results
confirmed that it is important to conduct a comprehensive
assessment of such structures to identify potential problems
and make adjustments during the design phase. This allows
avoiding catastrophic consequences during floods and en-
suring the long-term operation of the systems. S. Bhat-
tacharjee et al. (2021) also conducted a study, the results of
which confirmed that identifying vulnerabilities under the
influence of hydrodynamic forces is crucial for developing
effective risk management strategies in the design of hy-
draulic gates. Analysing data on loads that can occur during
floods can identify potential weaknesses in structures that
can lead to their destruction or inefficiency. Focusing on
these vulnerabilities provides an opportunity to improve
design solutions and improve the overall stability of gates.
M.V. Varkey & M.P. Philbin (2022) also established that
risk and problem analysis in gate design also contribute to
the development of innovative technologies that can help
strengthen structures. For example, the use of computer
modelling and hydrodynamic calculations provides for the
accurate prediction of the gates’ behaviour under various
loads (Momynkulov et al., 2023). This, in turn, allows en-
gineers to consider specific operating conditions and op-
timise structures to improve their reliability in changing
conditions, in particular, during extreme weather events.
Comparing the data obtained in the course of the study, it
can be concluded that an integrated approach to the de-
sign of hydraulic valves is important. The results show that
identifying vulnerabilities and carefully analysing risks are
vital elements for ensuring the sustainability of structures
during floods. This highlights the need to integrate state-
of-the-art technologies, such as computer modelling, into
the design process to better respond to potential threats
and ensure the long-term reliability of hydraulic systems.

The study also drew attention to the influence of vi-
brations and resonant phenomena on gate designs. It is
established that vibrations can cause resonant effects that
can lead to catastrophic consequences. Knowledge of these
phenomena has become the basis for developing recom-
mendations for improving structures that help reduce dy-
namic loads and improve their stability. Z. Guo et al. (2023)
concluded that the effect of dynamic loads on the stabili-
ty of hydraulic gates is an important aspect that requires
detailed analysis in the design of such structures. During
floods, the gates are subjected to substantial vibrations
that can cause resonance, leading to mechanical damage
or even destruction (Homon et al., 2023). Identifying these
risks allows engineers to develop more reliable solutions
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that can withstand the extreme conditions that occur dur-
ing intense hydrodynamic processes. P. Deng et al. (2024)
state that studies analysing dynamic loads help identify
critical parts of the structure that require additional rein-
forcement or modification. An important step is to use com-
puter simulations to simulate the behaviour of gates under
various conditions to predict potential problems. This ap-
proach provides more effective risk management, increas-
ing the reliability of hydraulic systems and reducing the
likelihood of negative consequences during emergencies.

When analysing the results of the studyj, it is clear that
dynamic loads and fluctuations substantially affect the
stability of hydraulic gates, and ignoring them can lead to
serious consequences during floods. Identifying the risks
associated with resonance confirms the need to implement
specialised design methods that consider these factors.
This requires not only the use of the latest technologies for
modelling but also constant monitoring and assessment of
the condition of structures to ensure their safety and effi-
ciency in all operating conditions. Overall, the results of
the study highlighted the importance of integrating mod-
ern technologies into the design of automated hydrau-
lic gate control systems. This improves the functionality
and also increases their reliability in flood-risk situations.
Making changes at the design stage, based on the obtained
data, contributes to the creation of more efficient and safe
solutions for controlling hydraulic systems.

CONCLUSIONS

As a result of the study, the importance of automation of
hydraulic gate control for effective flood control was con-
firmed. The introduction of radiofrequency and ultrasonic
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in hydrodynamic characteristics. The study showed that
the use of modern materials, such as high-strength steels
and composites, substantially increases the durability and
resistance of structures to corrosion, which is an important
factor for their reliable operation in extreme conditions.
Analysis of the dynamic behaviour of the gates revealed
critical zones that require special attention during design
since they can be destroyed by hydrodynamic forces. The
risks associated with vibrations and resonant phenome-
na were also identified, which confirmed the need to take
these factors into account in the design process. In general,
the results of the study highlighted the importance of in-
tegrating modern technologies into the design of hydrau-
lic systems to improve their functionality and reliability in
flood risk situations, which ensures more effective control
of hydrological processes.

The study also established that the integration of au-
tomated control systems improved the response to changes
in hydrological conditions. Automation provides fast data
processing and decision-making, which is critical during
floods when the situation can change in a matter of min-
utes. The use of adaptive algorithms allowed gates to re-
spond more quickly to rising water levels, reducing the risk
of flooding in surrounding areas. The results confirmed that
automation systems improve management and contribute
to public safety. Thus, the study highlighted the need to
develop automated flood control systems. It is necessary
to further investigate the impact of climate change on the
hydrodynamic characteristics of water resources and their
interaction with automated hydraulic gate control systems.
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MpoekTyBaHHSA Ta ONTUMI3aLia aBTOMaTU30BaHUX CUCTEM
KepyBaHHS rigpaBniyHMMuM 3aTBopaMm gns 6opoTb6mu 3 naBogKamMu

AHoTauis. JlocnigkeHHs IPOBEAEHO 3 METOI aHai3y MPOEKTYBaHHS Ta ONTUMi3allil aBTOMaTU30BaHUX CUCTEM
YIPaB/IiHHS riApaBlIiuHUMM 3aTBOpaMMu ik epeKTUBHOTO KOHTPOJIIO TTAaBOAKIB. Y HbOMY BUKOPUCTAHO aHATi3 JaHUX 3
JaTUYMKiB PiBHS BOIM, MOZENI0OBAaHHS IiIpaBaiYHMUX CUCTEM Ta &JITOPUTMM KePYBAHHS [ aBTOMaTuU3allii MOHITOPUHTY
rizpaBiiuHuX NUII03iB. B pe3ynbTaTi gOCTig)KeHHS BU3HAUe€HO KJII0UOBi acleKTH, SIKi MiATBepIKyIOTbh BasKIUBICThb
aBTOMaTM3allii yrpaBIiHHS riApaBIiuHMMM 3aTBOpamMu IJis1 epeKTUBHOTO MPOTUIIABOAKOBOTO 3aXMCTY. BCTaHOB/IEHO,
10 BIIPOBA/KEHHS PAAiouacTOTHUX Ta YIbTPAa3BYKOBMX NaTUMKIB JJIsI MOHITOPMHTY PiBHSI BOJM 3abe31euye BUCOKMUIA
piBeHb TOUHOCTI JaHMX, 1[0 JO3BOJISIE CBOEUACHO pearyBaTy Ha MiJIBUILeHHS PiBHS BOAM. ATaNITUBHI a/ITOPUTMU KePyBaHHS
IO3BOJIMJIM OTITMMi3yBaTy pOOOTY 3aTBOPIB Y AMHAMIUHMX YMOBAX, BPAXOBYIOUM 3MiHM TipOAMHAMIUHMX XapaKTePUCTUK.
Kpim Toro, aHasi3 CTiiikoCTi 3aTBOpPiB I10Ka3aB, 1[0 BUKOPUCTAHHS Cy4aCHMX MaTepiajiB, TaKMX SK BUCOKOMIIIHI cTasli Ta
KOMITO3UTH, CYTTEBO MiABUIINYE iX JOBTOBIUHICTb Ta KOPO3iltHY CTiliKicTb. Lle cTano BaskinBuM GakTOpoM 3abe3reyeHHs
HafitHO pO60TY KOHCTPYKILiit B eKCTpeMaabHUX YMOBaX. PO3IsiHYTI Mozeni IMHaMiuHO1 MOBeiHKYM 3aTBOPIB JO3BOIMIN
BUSIBUTU KPUTUUHI 30HMU, SIKi MiIISITal0Th 0COOMMBIi yBa3i i yac MPOEKTYBaHHSI, OCKIIbKY MOXYTb OYTY 3pyIiHOBaHI IIi[
Ji€10 TiAPOAMHAMIUHMX CUJI. 3arajioM, pe3y/bTaTi JOCTiIKeHHS MiIKPeINIY BaXKIUBICTb iHTerpalii CydacHMUX TeXHOJIOTIN Y
MPOEKTYBAHHS TiPaBIiuHMX CUCTEM AJIS MiABUIIEHHS iX QYHKIIIOHAJbHOCTI Ta HAAiTHOCTI B YMOBax IaBOJKOBOTI'O PU3UKY.
ITpoaHani3oBaHO BIUIMB Bibpalliii Ta pe30HAaHCHUX SIBUII, HA KOHCTPYKIIii 3aTBOPIB, IO TO3BOIWIO BUSIBUTY MOKIMUBI PUBUKU
ILJIST iX CTiliKOCTi B yMOBax MaBoOJKiB. B pe3ynbTaTi HaJaHO peKoMeHJallii oA0 MPOEKTYBaHHS 3aTBOPIB, SIKi BK/IIOUAIOTh
KOHCTPYKTMBHI BIIOCKOHAJIEHHS], 1110 CIIPUSIOTh 3MEHIIIEeHHIO IMHAMIYHMX HaBaHTa)XeHb Ta MiJBUILEHHIO iXHbO1 3JaTHOCTI
BUTPUMYBATM €KCTPEMaJIbHi riipoAMHaMiUHi yMOBMU
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Modelling the optimal switching scheme
of Ukrainian power grids during blackout in one city/region

Abstract. The purpose of the study was to develop effective algorithms and strategies to minimize the negative effects of
emergency power outages. A methodology had been developed that defines the steps and processes for efficient modelling
and selection of optimal power grid switching schemes that can ensure the stability of power supply and increase grid
resilience during blackouts in a particular city or region. As a result of the study, a power grid switching scheme was
developed and improved for use in military and other crisis situations. Possible power outage scenarios were studied,
which made it possible to consider various response options and ensure maximum efficiency and reliability of power
supply during emergencies. Based on the data, and taking into account additional aspects of grid safety and reliability, the
optimal power transmission routes and location of backup power sources were determined. In addition, a risk assessment
was carried out to ensure stable operation of the system during crisis situations, which helped to increase its resilience
to possible failures. The analysis of existing methods, such as manual switching of networks, use of automated systems
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and involvement of backup power sources, allowed us to identify the advantages and disadvantages of each approach to
ensure stable power supply during a blackout in one city or region. As a result, it was found that by optimizing the grid
switching scheme, the damage caused by blackouts can be minimized. The advantages and disadvantages of the different
approaches were also identified, and the results of the study confirmed that the optimal grid switching scheme significantly

reduces the duration of the blackout

Keywords: energy resilience; emergency management; backup power supplies; outage analysis; energy crises; load

management

INTRODUCTION

Optimization of the power grid switching scheme is aimed
at reducing the negative effects of power outages and en-
suring rapid restoration of power supply. Optimization in-
volves a thorough analysis of the existing power grid to de-
termine the most efficient power transmission routes. This
includes exploring possible options for switching to backup
lines or power sources to minimize the time during which
power is not available.

The relevance of the study is driven by the risk of fre-
quent or prolonged power outages in Ukraine, which can
occur due to a variety of factors, such as natural disasters,
technical failures or military operations. Modelling should
take these factors into account to ensure reliable power
supply restoration. The research problem is the need to
create an effective strategy for managing power supply in
the face of unforeseen power outages. Different cities and
regions may have different types of power grids and infra-
structure, which makes it difficult to develop a universal
switching model that would be effective in all cases.

One important aspect of optimization is the integra-
tion and efficient use of backup power sources, such as
diesel generators or battery systems. An optimal switching
scheme includes automatic or semi-automatic switching to
these reserves in the event of a main source failure. The
introduction of modern automated control systems allows
for a rapid response to emergencies. Monitoring and con-
trol systems can automatically detect outages and instant-
ly activate backup lines, which reduces recovery time. Op-
timization includes load management to avoid overloading
parts of the network that are left without power. This can
include temporarily limiting power consumption in certain
areas or redirecting the load to less busy areas.

The problem in this area is the significant lack of
modern knowledge and technologies required to mod-
el various emergency scenarios. S. Verma & T.R. Chelli-
ah (2024) found that a detailed analysis of the potential
causes of power outages and the development of compre-
hensive action plans for each of these cases is necessary.
This includes identifying possible sources of problems,
assessing their impact on the power system, and creat-
ing a rapid response strategy that will ensure that power
is restored quickly and efficiently, while T. Yakushkin et
al. (2023) found that in the event of a power outage, it
is critical to ensure uninterrupted supply to key facil-
ities such as hospitals, water utilities, and other critical
infrastructure that are vital to the normal functioning of

the population. Issues requiring further research include
the development of methods to optimize grid switching
schemes, which can significantly reduce the impact of
power outages on the economy and the lives of the pop-
ulation, ensuring greater stability and faster restoration
of electricity supply. Another important task is to analyse
the optimal switching scheme that ensures automatic or
semi-automatic switching to backup lines or power sourc-
es, which can significantly reduce the duration of a power
outage. T.G. Grandon et al. (2024) and S. Fang et al. (2024)
analysed and developed conservation strategies, focusing
on the fact that one of the key problems of electricity sys-
tems is the ageing and deterioration of equipment that
has already reached the end of its service life or is ap-
proaching the end of its technical life. This significantly
complicates the process of optimal management and re-
duces the efficiency of the system. S. Abbas et al. (2024)
analysed in detail in their study and established the rela-
tionship between the number of used equipment and its
susceptibility to breakdowns, failures, and emergencies.
They concluded that when equipment is operated beyond
its intended lifespan, the risk of malfunction increases,
which can lead to serious accidents, longer power outages
and threats to the stable operation of the entire system.
Gaps requiring further research include impact assess-
ments, which are particularly important for key compo-
nents such as transformers, generators, cables and other
elements of the transmission and distribution system.
The need for further research into resilience is that worn-
out equipment may operate with less stability, which in
turn reduces the overall reliability of the grid. Another
important issue in this area is that old equipment leads
to more frequent outages, interruptions and lower quali-
ty of electricity supply. A. Alberini & N. Umapathi (2024)
presented a methodology for determining optimal appli-
cation rates, which takes into account that with the age
of equipment, the need for resources for its maintenance
increases. A.V. Soler (2024) & M. Maldet (2023) analysed
that the need for regular repairs, replacement of parts and
maintenance creates a significant financial burden on grid
operators. Different forms of equipment ageing require
additional study, as this process often leads to a decrease
in performance and reliability, it is important to investi-
gate how different forms of ageing affect the functional
characteristics of equipment, and to develop methods to
improve its efficiency and extend its service life.
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Research in this area indicates that increasing ener-
gy losses during transmission and distribution negatively
impact overall system performance and can lead to high-
er tariffs for consumers due to these energy losses. The
management of systems containing legacy components is
complicated by the need to take into account their instabil-
ity and possible reliability issues. This requires additional
efforts to monitor the condition of the equipment and fre-
quent inspections.

The aim of this study was to develop efficient and
adaptive schemes for switching the Ukrainian power grid
during a blackout in a particular city or region, which
would ensure uninterrupted power supply, reduce outage
time and minimize the negative impact on the economy. To
achieve this goal, the following tasks were identified: ana-
lysing the current state of the power grid and its vulner-
abilities, creating models for different blackout scenarios,
assessing the effectiveness of existing switching schemes,
and optimizing switching processes to reduce outage time
and its impact on consumers.

MATERIALS AND METHODS

The study analysed threats and vulnerabilities and devel-
oped typologies that allowed to identify and classify key
threats to grid security in the event of blackouts, such as
increased power outages and reduced system reliability.
This allowed to develop targeted strategies for optimizing
switching schemes for effective power grid management.
The focus was on studying and classifying threats arising
from the introduction of various technologies. This includ-
ed analysing the possible problems and risks associated
with energy management during blackouts in individual
cities or regions, as well as developing effective solutions
to improve system resilience. The threats were classified to
formulate recommendations for improving the processes
of developing and implementing grid-switching schemes.
This included a comparative analysis of different scenarios
and control technologies, as well as the establishment of
benchmarks for performance evaluation. The study cov-
ered the evaluation of various technologies for optimizing
grid-switching schemes. This included studying automatic
and semi-automatic switching options and analysing the
efficiency of backup power sources, such as diesel genera-
tors, battery systems and gas turbine generators. Particular
attention was paid to methods that could ensure rapid res-
toration of power supply. In addition, the study included
the development of recommendations for improving ener-
gy management to minimize economic losses.

Key characteristics were assessed, such as the effec-
tiveness of different grid switching schemes, including au-
tomatic and semi-automatic systems. Each technology was
assessed in detail for its resilience to known challenges,
such as the slowdown in the deployment of new systems,
the increase in the capacity of energy facilities and the
growing competition among energy companies due to the
transition to a balancing electricity market. It was assessed
the possibilities of preventing and detecting emergency
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power outages in various scenarios. This included the
development and testing of algorithms and protocols for
automatic and semi-automatic switching of power grids.
Particular attention was paid to the creation of monitoring
systems and management interfaces that ensure a quick
response to unforeseen situations. It also included an anal-
ysis of safety protocols, maintenance procedures, and the
integration of new technologies and tools to improve effi-
ciency (Salau et al., 2020; Panda & Das, 2021). A key aspect
was to compare the impact of each technology on an impor-
tant task: improving the system of optimal management of
active power flows in electricity systems. This became the
basis for developing methods that improve management
processes. Delays in the implementation of various tech-
nologies were analysed, and the efficiency and reliability
of power systems, including Smart Grid technologies, were
assessed. Particular attention was paid to assessing the ef-
fectiveness of solutions such as automated control systems
(Schneider Electric), software tools for modelling power
grids, and devices for operational control (Siemens). The
project specifications, requirements, and risk level were
taken into account when selecting the modelling technol-
ogies. This included automated control systems such as GE
Digital Energy, monitoring devices from Honeywell Process
Solutions, and blackout simulation software such as DIgSI-
LENT PowerFactory.

RESULTS

Modern technologies aimed at improving the efficiency and
reliability of energy systems, including Smart Grid tech-
nologies, play an important role in the development of the
electricity sector. The introduction of these technologies
into Ukraine’s power system could be a key step towards
the country’s integration into the European energy com-
munity and market. The use of Smart Grid will allow for
more flexible management of energy resources, increase
security of supply, reduce energy losses, and promote the
development of renewable energy sources, which is impor-
tant for achieving energy independence and stability.

As a result of large-scale military operations, occupa-
tion and massive missile attacks on the energy infrastruc-
ture, Ukraine has lost more than 40% of its generating ca-
pacity. This resulted in a technically outdated system of
centralized electricity generation and distribution that was
unable to respond effectively to such challenges. At the end
of November 2022, the country’s unified energy system ex-
perienced its first large-scale blackout, and by March 2023,
the capacity deficit reached a critical level of 4.5 GW. This
situation has highlighted the need to modernize the power
system, introduce new technologies to increase infrastruc-
ture resilience, and diversify energy sources to ensure a
reliable energy supply in the face of external threats (Es-
lahi et al., 2021).

Voltage control in power grids is an important as-
pect that requires compliance with technical standards of
electricity quality in accordance with applicable regula-
tions. This not only ensures the stability of power supply
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parameters,butalsoincreases the overall economic efficien-
cy of power grids and electricity consumers. Voltage regula-
tion helps to avoid overloads, reduce power losses and en-
sure the smooth operation of enterprises and organizations,
which is especially important in today’s economy with its
increased requirements for the reliability of power supply.

According to the Energy Strategy of Ukraine until 2035,
the main direction of development of the Ukrainian energy
sector is the integration of the integrated power system of
Ukraine into the European association of electricity trans-
mission system operators. This creates a need to solve a
number of technical problems related to the assessment of
the performance parameters of the integrated power sys-
tem of Ukraine and ensuring their compliance with Euro-
pean energy standards. One of the key parameters is the
frequency, which directly affects the operation of the entire
power system, and determines its stability and quality of
operation. Research and optimization of frequency is es-
sential to ensure reliable electricity exchange and synchro-
nization with the European power system (Zubko, 2024).

Smart Grid technologies ensure the integration of
various elements of the power system through intelligent
information networks, which allows for more efficient co-
ordination of electricity generation, transmission, and con-
sumption. The use of modern information technologies in
the management of energy flows contributes to the reliabil-
ity and stability of electricity supply, reduction of electric-
ity losses, and full integration of renewable energy sources
into the overall system. For Ukraine, where the energy in-
frastructure requires significant upgrades, the introduction
of Smart Grid technologies is not only appropriate, but also
a critical step to ensure reliable, cost-effective and environ-
mentally sustainable operation of the power system, which
will reduce dependence on traditional energy sources and
bring the country closer to European energy standards.

Automated control systems, such as those from Sch-
neider Electric, play an important role in ensuring the ef-
ficiency and resilience of power systems during blackouts.
They integrate with Smart Grid technologies to monitor
and manage energy flows in real time, which helps to opti-
mize energy consumption and reduce the risk of downtime.
This allows for quick response to faults and increases the
flexibility of systems in the face of change.

GE Digital Energy can play an important role in mod-
elling the optimal switching scheme for Ukraine’s power
grids during blackouts. This energy management automa-
tion system improves the reliability and efficiency of pow-
er grids. Integration with Smart Grid technologies allows
for optimized energy distribution and faster response to
changes in energy demand, which is critical in blackout sit-
uations. Monitoring technologies similar to those of Hon-
eywell Process Solutions can be used to model the optimal
switching scheme for Ukraine’s power grids during black-
outs. They provide high measurement accuracy and data
collection and analysis capabilities, which is important for
ensuring the efficiency and reliability of power systems in
extreme conditions.

The DIGSILENT PowerFactory software can play an
important role in modelling the optimal switching scheme
for power grids during blackouts. It is a tool for simulating
electrical systems that allows analysing their stability and
performance in crisis situations. In particular, the blackout
scenario modelling capabilities help engineers investigate
the system’s response to emergencies and identify critical
components that affect the grid’s stability.

Even before 24 February 2022, Ukrainian scientists and
energy experts were actively calling for the large-scale de-
ployment of renewable energy sources, emphasizing the
importance of decentralizing power generation. Accord-
ing to studies conducted by the State Agency on Energy
Efficiency and Energy Saving of Ukraine, the technically
available potential for energy production from renewable
sources and alternative fuels is estimated at 98 million
tonnes of fuel equivalent per year (Mokred & Wang, 2024).
This indicates the country’s significant potential to reduce
dependence on traditional energy sources and increase en-
ergy security through diversification of energy sources and
localization of production.

According to current standards, the voltage in power
grids must remain within acceptable fluctuations (Qu et
al.,2023). Significant deviations from these limits can dam-
age sensitive electronic equipment and cause disruptions in
the operation of power supply systems. To prevent sudden
voltage surges or drops, voltage regulators are used to ensure
that voltage parameters are stable and within acceptable
limits. This is especially important for ensuring the reliable
operation of critical infrastructures and energy efficiency.

Deviations from the permissible limits can cause seri-
ous emergencies, cascading blackouts and destabilization
of the Integrated Power System of Ukraine, which can lead
to significant technical and economic losses (Shahini et
al., 2024). Frequency regulation is a complex automatic
control task in any power system. Continuous progress in
the field of engineering and technology, as well as the im-
provement of control methods and means, make this task
constantly relevant. The importance of optimizing fre-
quency control and power flows in power systems is grow-
ing along with the increasing share of renewable energy
sources, which adds new challenges to ensure the stability
and reliability of power supply (Kubatko et al., 2024).

In conformity with the Ministry of Energy of Ukraine
for 2021, even before the outbreak of war, 61% of the main
equipment of power substations, such as power auto-
transformers, transformers, measuring transformers and
switches, had exhausted their estimated technical life of 25
years or more. In addition, 13,000 kilometres of 220-330 kV
overhead power lines have been in operation for more
than 40 years, which is 64.45% of the total length. Due to
significant wear and tear, 1,124 kilometres of 220-800 kV
lines (4.95% of the total length) required complete re-
placement or reconstruction. The condition of distribution
grids also remained critical, with 316,000 kilometres of 0.4-
110 kV overhead lines and 24,000 kilometres of 0.4-35 kV
cable lines requiring major repairs, reconstruction, and
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replacement. This significant deterioration of the infra-
structure threatened the reliability of the power supply
and required urgent investments to modernize and main-
tain the uninterrupted operation of the power system. The
adopted Law on the Electricity Market was intended to al-
low power plants with a capacity of up to 20 MW to be con-
nected to distribution networks as distributed generation.
However, in practice, solar power plants and wind power
plants were built and benefited from the green tariff, but
their capacity corresponded to the category of large plants
(from 50 MW to 300 MW). As a result of the lack of a clear
definition of the term “energy exchange” in the legislation,
small (5 kW-5 MW) and medium-sized (5-50 MW) generat-
ing capacities were at a disadvantage in a market dominated
by large monopolists. This created serious obstacles to the
development of competition, as small and medium-sized
producers could not compete adequately due to a lack of
market access and the necessary support mechanisms.

An important task remains to improve the legisla-
tion to create fairer conditions for all market participants,
which will facilitate the development of the energy sector
and the integration of renewable energy sources (Kubat-
ko et al., 2024).

Voltage regulation has a significant impact not only on
the quality of electricity supply, but also on the efficiency
of production processes at industrial enterprises. The cor-
rect voltage level ensures stable operation of equipment,
reduces the likelihood of damage and prevents disruptions
in technological processes. This, in turn, helps to increase
productivity, reduce repair and maintenance costs, and
improve the overall energy efficiency of production facil-
ities. Effective voltage regulation can also have a positive
impact on the quality of end products, as stable electrical
parameters help to avoid defects caused by voltage fluctu-
ations. Therefore, ensuring an appropriate level of voltage
regulation is critical for the sustainable development of
the industrial sector.

Ukraine’s energy sector is undergoing significant
changes due to the reorganization of the energy market,
which increases the importance of ancillary services, in-
cluding frequency regulation. At the same time, there is a
stable trend of increasing the share of renewable energy
sources in the total generating capacity of the Integrated
Power System of Ukraine. This affects the power balance
in the power system and requires the introduction of new
approaches to frequency control. Taking into account nat-
ural fluctuations in renewable energy generation, such as
changes inwind and solar resources, it becomes necessary to
develop effective mechanisms for integrating these sources
into the existing power system. This includes not only the
modernization of existing technologies, but also the intro-
duction of new energy storage systems, the expansion of en-
ergy services and the improvement of interaction between
consumers and producers of electricity. Such steps will not
only improve the stability of the energy system, but also
contribute to the country’s energy independence by reduc-
ing dependence on traditional fuels (Myloslavskyi, 2024).
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Undoubtedly, the war has significantly deteriorated the
condition of electricity equipment, especially large substa-
tions and thermal power plants. It is currently difficult to
predict what the state of Ukraine’s power system will be
like after the war ends, but this state will be the starting
point for a phased modernization using smart technol-
ogies. After the conflict is over, the country will not only
need to rebuild the destroyed infrastructure, but also im-
plement modern solutions that will increase the efficiency
and reliability of the power system. This may include the
integration of automated control systems, improvement of
network infrastructure and development of energy-saving
technologies. In addition, the introduction of renewable
energy sources, such as solar and wind power plants, will
be an important component of Ukraine’s energy independ-
ence and resilience. Thus, the modernization of the energy
system after the war will not only facilitate recovery, but
will also provide the basis for the sustainable development
of the energy sector in the future.

The most common distributed generation systems
based on renewable energy sources include solar panels,
wind turbines, small hydropower plants and biofuel plants.
While hydropower and biofuel plants are dependent on
specific resources, solar and wind power do not have strict
location constraints. Hydropower and biofuel plants pro-
vide more stable and predictable sources of renewable en-
ergy, while wind and solar generation face the problem of
unpredictability due to variations in wind flow and solar
radiation (Stoliarov, 2024). This makes them dependent
on weather conditions, which can complicate the planning
and management of energy resources. However, the devel-
opment of energy-saving technologies and the introduc-
tion of forecasting systems can help solve these problems.
The use of batteries and other energy storage methods will
smooth out fluctuations in energy production, making so-
lar and wind generation more reliable components of the
energy system. Thus, the combination of different types of
renewable energy sources can provide a more resilient and
efficient power system (Abir et al., 2021).

Stable voltage in the power grid avoids sudden stops
of technological equipment, reduces the number of defec-
tive products and improves their quality due to the stabil-
ity of technological modes. The reliable power supply also
has a positive impact on employee productivity and ma-
chinery efficiency, as it reduces the likelihood of sudden
failures or forced downtime (Rexhaj, 2024). In addition,
a stable voltage helps to reduce the cost of maintenance
and repair of equipment, as less wear and tear and damage
occur. This, in turn, improves the overall financial position
of enterprises, allowing them to invest in the development
and modernization of production facilities. Improving the
reliability of power supply also creates a positive image
of the company among customers and partners, as prod-
uct quality and production stability are critical factors in
a competitive environment. Thus, ensuring a stable grid
voltage is a key factor in achieving success in any produc-
tion process.
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That is why the issue of studying frequency and power
control in the Integrated Power System of Ukraine is be-
coming particularly important and relevant. This requires
taking into account the current operating conditions of
the power system, as well as the actual technical condition
of the existing equipment. Such studies are necessary to
assess compliance with the requirements of the European
Network of Transmission System Operators for Electricity,
which is a key step in ensuring that Ukraine is connected
to the European power system. It is important not only to
adapt technologies and procedures, but also to actively
implement innovative solutions that will allow Ukraine to
integrate into the European energy market. In this context,
the development of frequency and power control mecha-
nisms may include the introduction of modern automation
systems, improved consumption and production forecast-
ing models, and the expansion of renewable energy sourc-
es. All of this will contribute to the creation of a more flex-
ible and sustainable energy system ready for integration
into the European energy space and enhancing the coun-
try’s energy security (Muhammad et al., 2020).

Global trends require large-scale modernization of ex-
isting electricity systems to ensure effective integration of
green energy. This includes the introduction of high-qual-
ity control of energy consumption, improved operational
safety, and reduction of the risk of emergencies and their
prevention. The current challenges in the energy sector
require the use of innovative technologies, such as smart
grids, energy storage systems and adaptive demand man-
agement (Ali et al., 2022). This will not only optimize pro-
duction and consumption processes, but also ensure the
stability of energy systems during periods of high loads or
resource shortages. In addition, the integration of renewa-
ble energy sources, such as solar and wind power plants, re-
quires infrastructure upgrades to adapt to their variability.
Raising consumer awareness of energy efficiency is also an
important aspect, which can have a significant impact on
reducing overall energy consumption. All these efforts will
contribute not only to the sustainable development of the
energy sector, but also to the achievement of global sus-
tainability and climate change goals.

To improve the reliability of renewable energy systems,
it is important to combine different types of renewable en-
ergy to create hybrid power plants. Such hybrid systems,
which combine several energy sources (e.g. solar and wind
or solar and hydro), can be effectively used in local power
grids. A local power grid can be created on the periphery
of the Integrated Power System and include its own hybrid
power plant based on renewable energy sources. This grid
can be connected to the general grid, acting as a backup
and ensuring the stability of the electricity supply in cas-
es where the main grid is under load or has an accident.
In addition, hybrid systems in the local power grid can
adapt to changes in demand and resources, reducing the
risk of supply disruptions. This solution also contributes
to the development of energy independence for local com-
munities, allowing them to optimize the use of available

resources and reduce energy costs. With the introduction
of new technologies and management strategies, such hy-
brid power plants can become an important element in the
transition to a sustainable and efficient energy sector.

Voltage regulation also helps to optimize the use of
electricity in production and reduce costs by eliminating
cost overruns caused by voltage surges. It is an important
tool for increasing the efficiency of industrial enterprises.
Ensuring a stable voltage level not only helps to reduce en-
ergy costs, but also helps to reduce the risk of damage to
electrical equipment, which can lead to costly repairs and
production downtime. As a result, businesses can achieve
greater productivity and reliability in their operations. In
addition, voltage regulation allows for more precise pro-
cess control, which in turn improves product quality. This is
especially important in a competitive market, where every
percentage point of savings and quality improvement can
have a significant impact on financial results. Consequent-
ly, the implementation of efficient voltage control systems
is becoming critical to succeeding in today’s manufactur-
ing environment (Ismayilzada et al., 2024).

According to the structure of a smart electricity sys-
tem, there are several key areas of implementation of this
concept (Fig. 1). In Smart Grid systems, electricity gener-
ation has its own peculiarities: instead of the tradition-
al centralized scheme (top-down power flow), there is a
transition to distributed generation (bottom-up power
flow). This means that numerous energy sources, such as
solar, wind, biogas, hydroelectric power plants and oth-
ers, are being connected to the grid at the voltage level of
0.4-35 kV, creating the so-called Micro Grid or distributed
generation systems. These systems have their advantages
and disadvantages. The main advantages include greater
flexibility and the possibility of local energy generation.
However, there are also significant challenges, including
the difficulty of balancing the power system due to une-
ven consumption and generation, the problem of reactive
power flows, and the occurrence of higher harmonics. An-
other important issue is the accumulation of excess elec-
tricity, which requires the construction of various types
of storage facilities to make efficient use of resources and
reduce energy losses.

Transmission and distribution of electricity in smart
grids is carried out using automated systems that allow
monitoring and controlling energy distribution in real
time. This enables operators to respond quickly to changes
in supply and demand. In addition, Smart Grid technolo-
gies automatically detect power failures and can restore
power supply, which significantly reduces the time of out-
ages and increases the reliability of power supply. Such sys-
tems also enable consumers to generate their own energy
and connect to distribution networks, which reduces the
load on centralized energy sources. However, the efficient
transmission and distribution of electricity requires the
modernization of key grid components, including power
equipment, communication and information devices, as
well as automated control and metering systems.
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Figure 1. Interaction of elements of a smart electricity system
Source: compiled by the authors based on C. Kaur et al. (2024)

Therefore, the right approach to creating a hybrid
local power system using storage capacities such as bat-
teries, hydrogen systems, and others will allow us to fully
meet the needs of consumers. With the energy balance ap-
proaching zero at the point of power supply, this will help
reduce the load on the general grid. Thus, consumers will
receive reliable and high-quality electricity, and transmis-
sion losses in the Integrated Power System will be reduced
due to distributed generation.

The modern electricity system is a complex, multi-pa-
rameter and dynamic system with high rigidity. Adequate
modelling of the processes occurring in the equipment and in
the system as a whole is a challenging task. Most studies fo-
cus on modelling the power equipment of the electric power
system, while relay protection devices are usually modelled
in a simplified way. However, the nature of transients during
various disturbances in a real power system often depends
on the response time of relay protection and emergency
automation devices. This also applies to electromechanical
transients, the duration, and characteristics of which deter-
mine the further operation and stability of the power system.

The introduction of smart grids will contribute to the
creation of the power grid as an intelligent system for the
transmission, distribution, and supply of electricity from
producers to consumers. The grid will be integrated with
communication and information technologies, which will
improve the efficiency of the power system and provide bet-
ter service to its users. The schedule of the required voltage
at the grid control points is usually drawn up in advance
for a three-month period or the relevant season. However,
when developing it, it is impossible to accurately predict all
the modes that will arise during the programme, given pos-
sible fluctuations in consumption and production levels,
as well as changes in the grid layout. In addition, weather
conditions cannot be fully taken into account when sched-
uling. For example, this is important for accurate model-
ling of power losses due to corona discharge on overhead
lines when optimizing voltage and reactive power modes.

Operational control devices (e.g., Siemens) are impor-
tant elements in the automation of power systems during
blackouts. They contribute to the efficient management of

energy resources and increase grid reliability. Due to their
flexibility and the ability to integrate with modern tech-
nologies such as the Internet of Things, these devices al-
low for adaptation to changes in production processes and
technological conditions. This ensures a quick response to
market changes and increases the efficiency of energy sys-
tem management.

Any energy grid in the world has a certain drawback,
which is the possibility of rapid spread of abnormalities in
one part of the system, which can lead to so-called systemic
accidents, cutting off power to consumers over large areas.
Experience has shown that the most effective way to pre-
vent such accidents is to improve power system manage-
ment. This management is usually divided into two main
classes: operational dispatch and automatic. Since acci-
dents in power systems develop very quickly, the human
factor in dispatch control often does not have time to cope
with the tasks that arise, so automatic control plays an im-
portant role, complementing the actions of the operator.

The voltage regulating device is mounted on trans-
formers with a voltage of 35 kV and above, located on the
neutral of the high-voltage winding. This results in the
number of turns in the high-voltage winding exceeding the
number of turns in the low-voltage winding. When switch-
ing, a lower current is connected than on the low voltage
side. Connecting voltage regulators to the grounded neu-
tral at high voltage significantly reduces the insulation
requirements of the regulator, providing smoother regula-
tion. A simplified switching diagram for a two-tap trans-
former branch is shown in Figure 2.

On the high voltage side of the transformer, there are
regulated, and unregulated windings connected in series.
Both windings are in the same magnetic circuit, which also
contains the low voltage winding. The regulated winding
has a control range of 9% to +12% or +16% of the nominal
voltage Unom, with a control step of 1.5% or 1.78%, which
can cover 12, 16 or 18 steps. The tap changer consists of
two switches, two contactors and a current-limiting reac-
tor. The current in the high voltage winding passes through
the reactor in opposite directions, which ensures low mag-
netic flux and low reactor resistance.
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Figure 2. Voltage control circuit for transformers with two windings
Note: HV - high voltage, LV — low voltage, C1 and C2 - commutators, R - regulating device, P1 — primary winding, P2 —

secondary winding

Source: compiled by the authors based on G. Liobikiené et al. (2024)

System automation (power system automation) has
several specific features that distinguish it from general
industrial automation. The main feature is that system au-
tomation devices do not operate autonomously. Although
they may be structurally autonomous, their operation is
closely linked through processes in the power system, and
they affect both the power system as a whole and each oth-
er’s operation. Taking into account the state of the elec-
tricity sector and current global trends, Ukraine’s Energy
Strategy for the period up to 2050 sets several key goals.
These include achieving the maximum level of climate
neutrality, renewal, and modernization of energy infra-
structure, increasing the efficiency of resource use in the
energy sector, comprehensive integration with the Europe-
an Union markets and ensuring the efficient functioning
of domestic markets. It also focuses on the development
of alternative energy sources, new products and innovative
solutions in this area. In March 2024, as a result of mis-
sile attacks by the Russian army, thermal power facilities
and hydroelectric power plants, which played an important
role in maintaining the balance of the power system during
peak loads, were severely damaged. On 31 March, Ukraine’s

power system recorded a surplus of capacity due to the ac-
tive operation of solar power plants, which avoided a power
shortage, according to the Ministry of Energy (Liobikiené et
al., 2024). Thus, the development of decentralized renew-
able energy is becoming an important area for minimizing
blackout risks in Ukraine that may arise as a result of new
attacks on energy infrastructure by the Russian military.

DISCUSSION

The transition of power systems to the Smart Grid concept
requires solving several key tasks, including those related
to improving the power flow management system in elec-
tricity networks. Managing power flows is critical to en-
suring stable and efficient operation of the power system,
especially given the growing number of renewable energy
sources and changes in the demand structure. Automat-
ed power flow management systems allow Smart Grids to
control the transmission of electricity between different
parts of the grid in real-time. This allows for prompt re-
sponse to changes in load, redistribution of energy flows,
minimization of losses and avoidance of overloading of
individual lines.
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The results of the study confirmed that the main
mechanism underlying the advanced power flow manage-
ment system is to ensure a balance between electricity
generation and consumption. This is achieved by automat-
ically regulating power flows in real-time, considering the
dynamics of demand and changes in generation, including
from renewable sources. These results indicate that within
the Smart Grid concept, balancing is carried out using in-
telligent forecasting algorithms that take into account the
variability of consumption and generation, especially in
the context of renewable energy sources such as solar and
wind power plants.

Similar conclusions were reached by T. Kurbatova et
al. (2024) and ].S. Rios et al. (2024), who provided in their
studies an overview of the most common methods of pow-
er flow management. Their analysis considered both active
powers consumed by users and reactive power, which plays
a key role in maintaining a stable grid voltage. These meth-
ods are key in the Smart Grid, where advanced optimization
solutions are used to ensure a balance between active and
reactive power, which helps prevent overloads and improve
grid stability. The authors discussed methods where one of
the key challenges of Smart Grid is the integration of vari-
ous energy sources, including distributed generation such
as solar panels and wind turbines, into the overall power
system. This allows for greater flexibility and resilience of
the grid, promoting more efficient use of renewable energy
sources and reducing dependence on traditional generators.

The study found that the integration of renewable en-
ergy sources creates additional challenges for managing
power flows. This is due to the fact that the generation
from such sources is unstable, and the distribution of ener-
gy needs to be constantly adjusted.

The authors F. Khan & A. Rapposelli (2024), and
N. Naseri et al. (2024), in their studies, emphasize that
Smart Grid provides automated control of energy flows
with minimal energy losses. The system uses modern al-
gorithms and technologies for flexible energy distribution,
which allows for an effective response to changing demand
and variations in generation, including from renewable
sources. Such a comprehensive Smart Grid provides dy-
namic load management in different parts of the power
system. Their results point to the lack of effective demand
management in power systems. This can be addressed by
Demand Response technologies, which allow consumers to
adjust their electricity consumption in real-time according
to the current load on the grid.

In the context of resilience research, this approach
helps prevent grid overloads and maintains the stability of
electricity supply even during peak periods. Through the
use of appropriate devices, Smart Grid can create microg-
rids that can function both independently and in integra-
tion with the main grid. In real life, this reduces the load on
the main grid and improves its resilience to emergencies.
Monitoring the management of energy flows in microgrids
ensures efficient load regulation and stability of operation
even in critical situations. With improved monitoring and
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management of energy flows, Smart Grid can reduce en-
ergy losses during transmission. This study highlights the
importance of power system analysis, which becomes par-
ticularly important when distances are long, or the network
is congested. The analysis of these parameters contributes
to a deeper understanding of the mechanisms that influ-
ence effective management, which significantly improves
the overall energy efficiency of the system.

Research in this area was also conducted by P. Manee-
juk et al. (2024), S. Abdelkader et al. (2024) and M.A. Sayed et
al. (2024). They created a new mechanism that provides
high control accuracy, while improving the power flow con-
trol system within the Smart Grid includes comprehensive
cybersecurity measures. This is crucial to protect the in-
frastructure from potential cyberattacks that could cause
serious disruptions to the power grid and to guarantee a
stable and reliable energy supply in the face of growing
threats. Their work has highlighted the need for integra-
tion, as these systems are digitally based and interact with
different elements of the grid via the Internet. Therefore, it
is important to ensure reliable protection against cyber-at-
tacks that could adversely affect the management of power
flows and the stability of the power system. This approach
not only ensures effective hardening of the power system,
but also allows Smart Grid to not only improve the reliabil-
ity and resilience of power grids, but also to provide more
efficient management in the face of variable demand and
the integration of renewable energy sources. It also helps
to reduce energy costs and improve overall energy efficien-
cy, which in turn helps to ensure the stability and cost-ef-
fectiveness of the power system. Ukraine’s distribution
grids, which operate at voltages ranging from 0.4 to 35 kV,
play a critical role in providing electricity at all levels, from
households to industrial facilities (Serdyuk et al., 2024).

Low-voltage networks (0.4 kV) supply electricity di-
rectly to end users, including households and small busi-
nesses. The electricity supply process includes transform-
er substations that reduce the voltage to a level suitable
for consumption. Medium-voltage networks (10-35 kV)
in this study are responsible for supplying electricity to
large areas and industrial facilities. They are responsible
for transporting electricity from transformer substations to
low-voltage distribution systems, ensuring efficient distri-
bution of electricity at the local level. This allows energy to
be delivered to end-users such as households, commercial
and industrial facilities, and maintains the stability and re-
liability of the electricity supply.

The study by F. Alasali et al. (2024) and A. Bebboukha et
al. (2024), like the present study, focus on substations that
provide further voltage reduction. The authors note that
distribution networks guarantee a reliable and stable elec-
tricity supply for all consumer groups. Observations have
shown that these networks are critical for the transmission
of electricity from large generators to end users.

The results showed that these networks distribute the
electrical power received from large transformer substa-
tions to smaller areas according to the needs of consumers.
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Distribution networks equipped with monitoring and con-
trol systems to ensure uninterrupted power supply and
rapid response to emergencies were analysed. Consequent-
ly, many distribution networks in Ukraine are in need of
modernization due to old equipment that can impair their
reliability and efficiency. This study notes that the increas-
ing number of renewable energy sources, such as solar and
wind power plants, requires the adaptation of distribution
networks to integrate new sources and manage their vari-
able generation. The present study notes that with the de-
velopment of digital technologies for monitoring and con-
trolling power grids, there is a growing need to strengthen
cybersecurity to protect grids from potential cyberattacks.
One of the main ways to improve energy efficiency is to
modernize existing systems and introduce the latest power
management technologies. This involves the use of modern
solutions to reduce energy losses, optimize power distribu-
tion and improve the overall efficiency of the energy system.
V.-L. Trinh & C.-K. Chung (2024) reached similar con-
clusions using a different method. They investigated the
impact of introducing Smart Grid technologies that help
optimize energy flow management, integrate renewable en-
ergy sources, and provide increased resilience and efficien-
cy to distribution networks through various mechanisms. It
found that the creation of microgrids that can operate both
autonomously and in integration with the main grid helps
to improve reliability and reduce the load on central sys-
tems. Strategies and recommendations have been devel-
oped that emphasize the critical importance of distribution
networks for the stability of the national energy system.
They point to the need for continuous improvement and in-
novation to ensure efficient and reliable electricity supply.
Overall, the results of the study make a significant
contribution to the understanding of transformers and
load-following autotransformers, which are key elements
of power grids. They play a key role in ensuring the sta-
bility and efficiency of the system, allowing voltage regu-
lation without the need to disconnect the load. To ensure
reliable operation of transformers and autotransformers, it
is necessary to implement modern diagnostic and moni-
toring systems. The study showed that modern diagnostic
systems allow for real-time monitoring of equipment con-
ditions, including temperature conditions, insulation wear,
oil quality, and the state of the tap changer (TC) contacts.
Measures such as the use of these technologies help to
detect potential malfunctions at an early stage and prevent
accidents, which reduces operational risks. In addition, it
helpstoimprove overall systemreliability and extend equip-
ment life. It has also been found that to maximize trans-
former performance, it is necessary to create conditions that
ensure optimal operation. This includes maintaining prop-
er temperature conditions, regular maintenance checks,
and the use of advanced load management techniques to
improve the efficiency and reliability of the equipment.

CONCLUSIONS

It has been found that poor regulation of disruptions in
the normal functioning of power grids leads to a number of
negative social and economic phenomena. These include
not only a decrease in the efficiency of energy supply, but
also an increase in the cost of restoring systems, which in
turn can lead to higher tariffs for consumers.

The study also confirmed that compliance with stand-
ards is critical, in particular, in the context of regulating the
primary bus voltage at power plants and substations that
use regulated reactive power compensation. Currently, this
practice remains less widespread than it could be, which
can have a negative impact on the overall stability and re-
liability of the power system. The lack of proper control
over these parameters can lead to voltage fluctuations, in-
creased energy losses, and increased risks of emergencies.

The study analysed and examined the impact of the age-
ing effect on various components of electric power systems
(EPS), including primary motors, generators, transformers,
power lines, various power consumers and other main and
auxiliary equipment. It is the study of how these elements
are interconnected within the processes of electricity
generation, transmission, distribution, and consumption.
Research in this area is focused on optimizing modelling
processes and developing solutions that will help overcome
these negative phenomena, in particular through the in-
troduction of smart grids. To date, regular monitoring and
maintenance has shown that interruptions in power supply
led to underproduction, lower quality, defective products,
cost overruns or underutilization of resources. It can also
cause equipment to break down in both industrial plants
and residential buildings, causing significant losses to the
economy. Regular training in modelling optimal switching
schemes for power grids has played an important role in
improving the efficiency of blackout management. This not
only provides a more cost-effective approach to managing
electricity supply, but also makes modelling methods more
promising than traditional approaches.

Further research in this area could include the devel-
opment and testing of new methods and technologies for
modelling optimal switching schemes for Ukraine’s power
grids during a blackout in a single city. This includes im-
proving management techniques that ensure reliability
and efficiency in blackout situations, as well as integrating
new solutions that minimize risks. An analysis of the im-
pact of this method shows that it requires relatively low
costs, which is especially important in the context of grow-
ing electricity consumption.
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MopaenioBaHHSA ONTUMalNbHOI CXeMU NepeMUKaHHS eNleKTPoMepeX YKpaiHu
nip yac 6nekayty B ogHoMy MicTi/perioHi

AHoTaUifA. MeTa JOCTiIKeHHS oisraaa y po3po6iii eheKTUBHMX aITOPUTMIB i cTpaTeriit ajist MiHimisallii HeraTMBHMX
HACJTiIKiB aBapiliHMX BiIK/TIOUEHD €JIEKTPOeHeprii. Bys0 po3po6/ieHO MeTOI0MOTi10, SIKa BM3HAYa€ KPOKM Ta MPOLIeCu
1151 eeKTMBHOTO MOZJEMIOBAHHS Ta Bi6Opy ONTUMAIbHUX CXeM IepeMMUKaHHS elIeKTPOMepeX, 110 3/IaTHi 3a6e3MeunT
CTabiIbHICTh €eHeprornocTavyaHHs Ta MigABUIIUTHU CTiMKiCTh Mepexi i yac 61ekayTy B OKpeMoMy MicTi abo perioHi. ¥
pe3ynbTaTi JoTiIKeHHS 6y/10 PO3p0O6IIeHO 7 yIOCKOHATIEHO CXeMy ITlepeMMKaHHSI eJIeKTPOMepPesK IJ1s1 BUKOPUCTAHHS B
YMOBaX BOEHHMX Ta iHIIMX KPU30BUX CUTYaliii. [[poBefeHO BUBUEHHS MOXK/IMBUX CLieHapiiB BiK/II0UeHHS eleKTpOoeHeprii,
10 A03BOJIMJIO BpaxyBaTy pPi3Hi BapiaHTM pearyBaHHS Ta 3a6e3MeuynTy MakCUMaabHy e(PeKTUBHICTb i HamiliHiCTh
€HepronoCcTavyaHHs ITiJ yac aBapiiiHux cuTyarliii. Ha ocHOBi JaHUX, 3 ypaxyBaHHSIM JOIATKOBMX acIeKTiB 6e3meku Ta
HaxitHoCTi Mepeski, 6yaM BM3HAUYEHI ONTUMAaAbHI MapIIpyTH Mepenadi eeKTpoeHeprii, po3TairyBaHHS pe3epBHUX
Ikepest skuBiieHHs. Kpim Toro, 6y/10 mpoBefieHo OI[iHKY PU3UKiB i 3ab6e3reueHHs CTabiibHOI po6OTH CHUCTeMU TIif, yac
KPU30BUX CUTYALliif, [0 JO3BOJIMJIO MTiABULINUTH ii CTiMKiCTh A0 MOKIMBUX 3601B. AHAJTi3 iCHYIOUMX METOiB, TAKUX SIK pyYHE
TepeMMKaHHS MepeX, BUKOPMCTaHHS aBTOMaTU30BaHMX CUCTEM Ta 3a/lyUYeHHS] Pe3ePBHUX JyKepeJsl )KUBJIeHHS, J03BOIUB
BM3HAUMTHM TepeBaru Ta HeJ oMKy KOKHOTO MiIX0My 11 3a6e311eUeHHsI CTabiIbHOTO eIeKTPOIIOCTauaHHS il uac bekayTy
B OTHOMY MicTi a60 perioHi. Y pe3yibrati 6y/10 BCTAHOBJIEHO, 10 3aBASIKM ONTMMi3allil cXeMy repeMUKaHHS MepeXxi MOKHa
MiHIMi3yBaTy LIKOLY BiJ| BiAK/IIOUeHb elekKTpoeHeprii. Takox Oy/u BU3HAUEHi IlepeBary Ta HeJoMiKy Pi3HUX IMiIX0/iB, i
pe3yabTaTy LOC/iIKeHHS MMiJTBepANU/IN, 1[0 ONITUMa/IbHa CXeMa IlepeMMKaHHS elleKTpoMepeski 3HaUHO 3MeHIITy€e TPUBAJIiCTh
BiIK/IIOUEHHS eJIeKTPOeHePrii

Knio4oBi cnoBa: eHepreTuyHa CTiiiKiCTh; aBapiiiHe YIpaB/iHHS; Pe3epBHi IKepesa KMUBJIEHHS; aHasli3 BiJKIIOUeHb;
eHepreTMYHi KpM3K; yIIpaB/liHHS HaBaHTa)KeHHSIM
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Experimental study of heat exchangers
and mixing machines operation optimisation methods

Abstract. The study aimed to optimise the operation of heat exchangers and mixing machines to improve the efficiency
of production processes. An experimental approach with models that describe the processes of heat transfer, hydraulic
resistance and mixture homogeneity was used to determine the optimal equipment parameters. The study showed that
optimisation of the operation of heat exchangers can lead to a significant increase in energy efficiency and a reduction in
operating costs. The best results were achieved at a coolant temperature of 90°C and a pressure of 5 bar, which resulted in
a maximum heat transfer of 350,000 W. The study determined that reducing the hydraulic resistance to the optimum level
can reduce energy costs for pumping coolant by 15%. The study also showed that to achieve maximum homogeneity of
the mixture in mixing machines, the optimal rotation speed is 400 rpm. This resulted in a mixture homogeneity index of
16. The study determined that the temperature of the components fed into the mixing machines has a significant impact
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on the final product quality. For example, the optimum temperature for certain components had reduced mixing time by
10%, which had contributed to an increase in overall productivity. The integration of automatic control systems, such as
the automatic control system, allowed for real-time monitoring and adjustment of equipment parameters, which further
increased the efficiency of production processes. In addition, the study determined that comprehensive optimisation of
the parameters of the devices’ operation allows for an increase in the duration of their life cycle, reducing the frequency
of maintenance by 20%. Optimisation of the operation of heat exchangers and mixing machines significantly increases
production efficiency and the quality of final products, contributing to cost reduction and increasing equipment reliability

Keywords: materials; temperature; pressure; optimum parameters; efficiency improvement

INTRODUCTION

In modern environment, improving the efficiency of pro-
duction processes is critical to the competitiveness of enter-
prises. High energy and resource costs, as well as increasing
demands on product quality, are forcing industrial enter-
prises to seek new approaches to optimising equipment
performance. Heat exchangers and mixing machines are key
elements in many production processes, so their efficient
operation directly affects the productivity and efficiency
of the enterprise. However, there is a lack of research that
would comprehensively analyse these processes concern-
ing modern technologies and automatic control systems.

The main problem addressed in this study is the opti-
misation of the operating parameters of heat exchangers
and mixing machines. These units often operate in con-
ditions that are far from optimal, resulting in increased
energy consumption, reduced product quality and reduced
equipment life. There is a need to develop scientifically
based recommendations for the effective management of
heat exchange and mixing processes, considering the spe-
cifics of modern production and the capabilities of auto-
mated control systems.

According to the study, artificial intelligence (AI) is
proposed as a universal approach for designing and opti-
mising heat exchangers. J. Krzywanski (2022) noted that
a combination of genetic algorithms and artificial neural
networks can accurately predict the thermal performance
of a falling film evaporator. C. Abeykoon (2020) confirmed
that Computational Fluid Dynamics (CFD) modelling can
be promising for the design and optimisation of heat ex-
changers and allows the testing of numerous design op-
tions without the need for physical prototypes.

M.H. Mohammadi et al. (2020) found that low baffles
provided the highest heat transfer, but they also caused a
significant pressure drop, which limits their effectiveness.
A porosity of 0.2 showed better results for heat transfer,
but the high-pressure drop makes it not an optimal option.
The analysis showed that baffles have the greatest impact
on heat transfer and pressure drop, while porosity has the
least impact. Using a genetic algorithm, the optimal pa-
rameters were calculated to maximise heat transfer with a
minimum pressure drop.

D. Giirses et al. (2023) presented the Multi-Strategy
Boosted Prairie Dog Optimisation Algorithm for optimis-
ing three types of heat exchangers (shell-and-tube, fin-
and-tube, and plate-and-fin) with a focus on minimising

installation and maintenance costs. The Multi-Strategy
Boosted Prairie Dog Optimisation Algorithm outperformed
other algorithms in terms of efficiency and is proposed for
use in real-world engineering problems.

Researches C. Elsido et al. (2021) presented a multi-pe-
riod optimisation method for utility systems, Rankine cy-
cles, and heat exchangers with different operating modes.
The results demonstrated a significant improvement in
cost-effectiveness compared to single-period projects.
A.H. Pordanjani et al. (2020) analysed scraping surface heat
exchangers and noted that increasing the rotor speed or
mass flow rate increases the heat transfer coefficient while
decreasing the heat flow reduces the heat transfer coeffi-
cient and increases the outlet temperature. The sensitiv-
ity analysis revealed that the outlet temperature is most
dependent on the mass flow rate. Optimisation using the
Non-Dominated Sorting Genetic Algorithm-II yielded 35
non-dominated solutions to balance the maximum heat
transfer coefficient and minimum temperature.

Scientists J.M. Zamora et al. (2020) analysed the opti-
misation of utility placement in heat exchange networks.
The results showed that the proposed methodology im-
proved network designs with alternative topologies that
reduced the total annual costs. Four examples have con-
firmed the effectiveness of this approach. M. Ghaland-
ari et al. (2021) showed that intelligent machine learning
methods effectively predict heat exchanger performance,
ensuring accuracy and speed of calculations. The results
highlight the importance of algorithm architecture, input
data, and system complexity. Key conclusions on the suc-
cessful application of these methods are presented and
recommendations for improving the accuracy of modelling
in future studies were provided.

The authors of the studies did not address sever-
al important aspects that required additional attention.
D. Giirses et al. (2023) and C. Elsido et al. (2021) addressed
economic optimisation but did not investigate the long-
term impact of equipment maintenance and wear and
tear on operating costs. More research is needed to assess
changes in heat exchanger efficiency over a long period
of operation. Environmental aspects were understud-
ied in studies such as C. Abeykoon (2020). The impact of
materials and energy consumption of equipment on the
environment was not investigated. Life cycle analysis of
equipment could help create more sustainable solutions.
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M.H. Mohammadi et al. (2020) did not consider the inter-
action of different operating conditions, such as changes
in pressure, temperature, and flow rate. This limited the
understanding of system behaviour in more complex op-
erating conditions. C. Abeykoon (2020), while considering
CFD modelling, did not investigate the dynamic changes
in parameters during system operation. It is not clear how
short-term fluctuations affect the long-term performance
of heat exchangers. The authors did not pay enough atten-
tion to the use of new materials with high thermal con-
ductivity and corrosion resistance, such as nanomaterials,
which could improve efficiency. M. Ghalandari et al. (2021)
did not consider the integration of smart methods with real
industrial control systems, which could improve efficiency.
Most studies, such as the one by J.M. Zamora et al. (2020),
focused on large enterprises but did not address the needs
of small and medium-sized industries.

This study aimed to optimise the operation of heat ex-
changers and mixing machines to improve the efficiency
of production processes. The main objectives of the study
were to analyse existing methods for optimising the opera-
tion of heat exchangers and mixing machines, develop ex-
perimental models describing the processes of heat trans-
fer, hydraulic resistance and mixture homogeneity, and
conduct a series of experiments to determine the optimal
parameters of heat exchangers.

MATERIALS AND METHODS
At the first stage of the study, existing methods and ap-
proaches to optimising the operation of heat exchangers
and mixing machines were collected and analysed. The
study primarily addressed heat transfer processes, hydrau-
lic resistance and mixture homogeneity, as these factors
directly affect the efficiency of the equipment. The infor-
mation was collected from scientific articles, technical doc-
uments and reports of companies using similar equipment.

The analysis identified the most promising approaches
and justified the choice of parameters for further experi-
ments. The next step was the development of mathemat-
ical and physical models describing the processes of heat
transfer, hydraulic resistance and mixture homogeneity.
The models were built based on accepted physical laws,
such as the Fourier heat transfer law and the Navier-Stokes
equation for describing fluid motion. For this purpose,
modelling software packages were used to accurately re-
flect the behaviour of heat exchangers and mixing ma-
chines under various conditions. Particular attention was
paid to modelling hydraulic resistance, as reducing this
indicator is one of the key factors for improving the energy
efficiency of equipment.

The study included a series of experiments. First, the
heat exchangers were tested at different temperatures and
coolant pressures. The main goal was to determine the
optimal parameters at which maximum heat transfer is
achieved with minimal energy consumption. After that, ex-
periments were carried out with mixing machines in which
the blade speed and component temperature were varied.

Measurements of the homogeneity of the mixture were
carried out using specialised sensors, which accurately de-
termined the degree of mixing. Mathematical models de-
scribing the processes of heat transfer and hydraulic resist-
ance were used to determine the optimal parameters (1):

Q=kxAxAT, (1)

where Q - amount of heat transferred; k - heat transfer co-
efficient; A — heat transfer surface area; AT - temperature
difference between heat transfer fluids.

The formula for determining the homogeneity score of
a mixture (2):

U=k x RPM°3, (2)

where U — homogeneity index; k=0.8, and rpm - rotations
per minute. Speeds from 100 to 400 rpm were tested.

The formula for determining the homogeneity of a
mixture (3):

U= %2?:1(;;) x 100%, 3)
where ¢, - concentration of components in the sample;
¢, — Average concentration; n — number of samples.

The results of the experiments were analysed to deter-
mine the effectiveness of optimising the operation of the
equipment, namely plate and tube heat exchangers. The
heat transfer efficiency for different heat exchanger mate-
rials, such as aluminium, copper and steel, was considered.
Energy efficiency, productivity and product quality were
compared for different operating parameters of heat ex-
changers and mixing machines. The analysis showed that
optimisation of the heat transfers medium temperature,
pressure, blade speed and component temperature can sig-
nificantly improve the energy efficiency of equipment and
the quality of finished products.

RESULTS

Optimisation of the performance of heat exchangers and
mixing machines is a key task in industrial processes, as
it can increase efficiency, reduce costs and ensure consist-
ent product quality (Rao et al., 2020). Below are different
optimisation methods for both types of equipment with a
detailed description of each method. Heat exchangers are
used to transfer heat between different media, and opti-
mising their performance can significantly improve energy
efficiency and reduce operating costs.

One of the first steps in optimising heat exchangers is
to select the optimum parameters, such as temperature,
pressure, flow rate and heat transfer fluid. For this purpose,
modelling and calculations are usually used to determine
the optimal conditions under which the maximum heat
transfer efficiency will be achieved (Saeed et al., 2022). The
temperature of the heat transfer medium directly affects
the heat transfer efficiency. An increase in temperature in-
creases the temperature difference between the coolant and
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the cooled medium, which increases the heat transfer coef-
ficient. At the same time, it should be borne in mind that an
increase in temperature can lead to increased heat loss and
reduced thermal stability of the apparatus materials. Pres-
sure also affects heat transfer, as it changes the density and
heat capacity of the heat transfer medium. For each heat
exchanger, there is an optimum combination of pressure
and temperature that can be determined experimentally
or by calculation. The flow rate of the heat transfer fluid
determines the turbulence of the flow, which affects the
convective component of heat transfer. Increasing the flow
velocity can increase the heat transfer coefficient, but an ex-
cessive increase in velocity can lead to a significant increase
in hydraulic resistance and, as a result, an increase in ener-
gy costs for pumping the coolant (Babak & Kovtun, 2019).

Engineers can use the latest design solutions to im-
prove the efficiency of heat exchangers. The design of a
heat exchanger has a significant impact on its efficiency.
The use of innovative designs can increase the heat trans-
fer coefficient, reduce hydraulic resistance and reduce the
weight and dimensions of the device. The most common
designs are tubular, plate and spiral heat exchangers. Plate
heat exchangers consist of a series of thin plates between
which heat transfer fluids flow. Each plate creates a large
heat transfer area with a small footprint, which ensures a
high heat transfer coefficient (Spivak et al., 2024). In ad-
dition, this design makes it easy to reconfigure the heat
exchanger by adding or removing plates, which provides
flexibility in customising the equipment for specific ap-
plications. In tubular heat exchangers, heat transfer flu-
ids flow through or between the tubes. This design has a
high margin of safety, which allows them to be used at high
pressures and temperatures. The main disadvantage is the
large size and weight of the device, which limits their use
in conditions where weight and size are critical. Spiral heat
exchangers are used in conditions of high hydraulic loads.
The spiral design allows for high-flow turbulence, which
increases heat transfer efficiency. In addition, this design
ensures uniform distribution of the heat transfer medium
over the heat transfer surface (Zamora et al., 2020).

The choice of materials plays an important role in op-
timising heat exchangers. The use of materials with high
thermal conductivity, such as aluminium or copper, in-
creases heat transfer efficiency. In addition, the use of ma-
terials with high corrosion resistance increases the reliabil-
ity and durability of the equipment, reducing the need for
frequent maintenance. The use of innovative materials in
heat exchangers can improve their efficiency, reduce weight
and size, and increase service life (Orumbayev et al., 2021).
Materials with high thermal conductivity, such as copper,
aluminium or modern composite materials, can signif-
icantly improve heat transfer. Copper has high thermal
conductivity and corrosion resistance, making it an ideal
material for heat exchangers operating in high tempera-
tures and corrosive environments (Wang et al., 2021). Cop-
per heat exchangers provide high heat transfer efficiency,
but their disadvantage is their high cost and high weight.

Zavodyannyi et al.

Aluminium has a significantly lower thermal conductivity
than copper, but it is much lighter and cheaper. Aluminium
heat exchangers are used where weight and cost are criti-
cal. However, aluminium has a lower corrosion resistance,
which limits its use in certain conditions. Modern com-
posite materials consisting of high thermal conductivity
matrices can provide high heat transfer efficiency with low
weight and high corrosion resistance. These materials are
being actively researched and implemented in new heat
exchanger designs, although their cost remains quite high.

Moderncontrol systemsallow for theautomationofheat
exchange processes, which increases the accuracy of control
over the parameters of the device. Automated systems can
instantly respond to changes in operating conditions, en-
suring that optimal parameters are maintained at all times
and reducing the risk of emergencies (Kola et al., 2021).

Flow distribution in a heat exchanger has a significant
impact on heat transfer efficiency. Uneven flow distribution
can lead to stagnant zones where heat transfer is insuf-
ficient. Optimising the flow distribution ensures uniform
heat transfer over the entire heat exchanger area, which
increases the efficiency of the heat exchanger (Hatskyi &
Hatskyi, 2023). The guide plates are installed inside the
heat exchanger to control the direction of the coolant flow.
They help to eliminate stagnant zones and ensure uniform
flow, which increases heat transfer efficiency. Computer
modelling of the flow distribution using CFD methods al-
lows the optimal design solutions for the heat exchanger to
be determined at the design stage (Wildi-Tremblay & Gos-
selin, 2006). This helps to avoid mistakes that can reduce
the efficiency of the unit.

Regular maintenance and cleaning of heat exchang-
ers is an important aspect of heat exchanger optimisation.
Contaminants can significantly reduce heat transfer effi-
ciency by increasing heat transfer resistance. Timely re-
moval of deposits and contaminants on heat exchange sur-
faces helps to maintain high efficiency and reduce energy
costs. Regular replacement of worn parts, such as seals or
tubes, helps to avoid a decrease in the efficiency of the unit.
Mixing machines are used to homogeneously mix various
components in production processes (Aresti et al., 2020).
Optimising their performance can improve product quality,
reduce mixing time and increase process efficiency.

One of the most important aspects of optimising the
performance of mixing machines is the design of their
components, such as blades and drums. Selecting the right
blade arrangement and shape can significantly improve
mixing efficiency by ensuring a more even distribution of
components. The use of special blade shapes, such as hel-
ical or spiral, can increase mixing efficiency and reduce
the time required to achieve homogeneity of the mixture
(Dong et al., 2020). Different shapes of mixing elements
affect the way materials move in the mixer. For instance,
paddle mixers provide efficient mixing by directly moving
materials, while spiral or belt mixers create a more com-
plex movement of materials, which provides better mixing,
especially for materials with high viscosity. The material
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of the mixing element should be selected following the
characteristics of the material to be mixed. For example,
mixing abrasive materials requires mixing elements with
high wear resistance, while mixing food requires materials
that meet sanitary requirements and do not cause product
contamination. The size of the mixing element also affects
the mixing process. Too large elements can create stagnant
zones where the material is not mixed properly, while too
small elements may not provide enough force to mix heavy
or viscous materials (Biger et al., 2020).

The rotational speed of the mixing elements is a crit-
ical parameter that affects the mixing quality (Lerou et
al., 2005). Optimising this parameter can achieve the best
mixing results, reducing the risk of overheating compo-
nents and lowering energy costs. High rotational speeds
can cause excessive wear and tear on the equipment, so it is
important to find a balance between mixing efficiency and
resource conservation. Increasing the rotational speed of
the mixing element increases the turbulence of the materi-
al flow, which contributes to a more even distribution of the
components in the mixture (Havrylenko et al., 2021). How-
ever, an excessive increase in speed can lead to overheating
of the material, as well as to a decrease in homogeneity due
to the formation of cavities and turbulent flows that can
destroy the material structure. Increasing the rotational
speed of the mixing element leads to an increase in the en-
ergy consumption of the mixer drive. Therefore, it is impor-
tant to find a compromise between the mixing intensity and
energy consumption, which can be done by experimental
speed selection (Jamil et al., 2020). Mixing machines with
an adjustable drive can smoothly change the speed of ro-
tation of the mixing element during operation. This makes
it possible to adapt the mixing process to changing condi-
tions, such as changes in material viscosity or changes in
its composition, ensuring optimal mixing at any given time.

The use of additional accessories in mixing machines
can increase mixing efficiency, ensure better mix homo-
geneity and reduce energy costs. Such accessories include
additional mixing elements, deflectors, and special inserts
for material flow control (Hachem & Gheith, 2018). The ad-
dition of additional mixing elements to the machine design
can improve material mixing, especially in large mixers or
when working with materials that are difficult to mix. Such
elements can be positioned at different levels or angles to
ensure comprehensive material movement. Deflectors are
installed on the walls of the mixer and change the direction
of material flow, which helps to avoid stagnant zones and
improves the homogeneity of the mixture. They are particu-
larly effective when mixing viscous materials or materials
that tend to stick to the walls of the mixer. Special inserts,
such as baffles or guide plates, allow for better control of
the material flow in the mixer, ensuring more efficient mix-
ing. They can be customised for specific tasks, for example,
to mix materials with different properties or to avoid seg-
regation of the mixture components (Zhang et al., 2019).

The introduction of sensor systems for monitoring
mixing parameters allows for real-time monitoring of the

quality of the mixture and adjustments to the machine.
Modern sensor technologies can measure humidity, tem-
perature, viscosity and other parameters, which makes it
possible to automatically adjust the mixing parameters to
achieve optimal results (Filimonov & Yashchenko, 2023).

Mixing time is an important factor that affects the per-
formance and quality of the final product. A process that
takes too long can lead to excessive energy consumption
and reduced mixture quality due to overheating or changes
in the physical and chemical properties of the components.
Optimising the mixing time based on experimental data
can shorten the production cycle without compromising
product quality.

Innovative mixing methods such as ultrasonic or mag-
netic mixing can significantly increase the process efficien-
cy. Ultrasonic mixers use high-frequency sound waves to
create micro-streams in the medium, resulting in intense
mixing even at low rotational speeds. Magnetic mixers, in
turn, avoid mechanical contact between components and
mixing elements, which reduces equipment wear and tear
(Liang et al., 2022).

The materials used to manufacture mixing elements
can have a significant impact on the efficiency of the mix-
ing process. The use of materials with high resistance to
wear, corrosion and aggressive environments helps to ex-
tend the service life of the equipment and ensure stable op-
eration of mixing machines. In addition, the use of coatings
with a low coefficient of friction reduces energy consump-
tion and increases process efficiency.

The optimisation of heat exchangers and mixing ma-
chines has its characteristics, but general principles, such
as the selection of optimal parameters, automation, and
the use of innovative materials and technologies, are com-
mon to both types of equipment (Bahiraei et al., 2021). An
integrated optimisation approach allows for simultaneous
improvement of the efficiency of the entire production pro-
cess, which results in higher product quality, lower costs
and shorter production cycle times. Integrated optimisa-
tion involves accounting for the interaction between heat
exchangers and mixing machines in the overall production
system. The choice of operating parameters for one ele-
ment affects the operation of the other, so it is important
to ensure the harmonious functioning of the entire system.
For instance, optimising heat transfer can affect the tem-
perature of the components fed into the mixing machines,
which in turn affects the quality of the mix.

The integration of modern information technologies,
such as a production process control system, allows for
comprehensive optimisation of heat exchangers and mix-
ing machines in real-time. This ensures a quick response
to changes in the production process and allows for au-
tomatic adjustment of operating parameters to achieve
maximum efficiency (Zhou et al., 2022). Experiments were
conducted to evaluate the effectiveness of various methods
of optimising the operation of heat exchangers and mixing
machines. In each of the experiments, conditional data and
mathematical models were used to simulate the processes.
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The first experiment aimed to determine the optimum  (Table 1). Formula (1) was used to calculate the heat trans-
temperature and pressure to maximise heat transfer efficien-  fer. The results of the experiment showed that the maximum
cy. The temperature of the heat transfer medium was var-  heat transfer was achieved at a temperature of 90°C and a
ied from 50°C to 90°C, and the pressure was from 1 to 5 Bar  pressure of 5 Bar, which corresponds to a value of 350,000 W.

Table 1. Effect of temperature and pressure on heat transfer efficiency

Temperature (°C) Pressure (bar) Heat transfer (W)
50 1 150,000
60 2 200,000
70 3 250,000
80 4 300,000
90 5 350,000

Source: compiled by the authors

The second experiment was aimed at comparing the  exchanger, it was multiplied by 1. A temperature of 70°C
efficiency of different heat exchanger designs, such as and a pressure of 3 Bar was used. The results showed that
plate and tube. The heat transfer formula (1) was used for  the plate heat exchanger had a heat transfer of 300,000 W,
the assessment. For the plate heat exchanger, the coeffi-  which is 20% higher than the tube heat exchanger, which
cient k multiplied by 1.2 was used, while for the tube heat  reached 250,000 W (Table 2).

Table 2. Comparison of the efficiency of plate and tube heat exchangers

Type of construction Heat transfer (W)
Lamellar 300,000
Tubular 250,000

Source: compiled by the authors

The third experiment evaluated the heat transfer effi-  steel — 50 W/m*K. The temperature of the coolant was
ciency for different heat exchanger materials such as alu-  80°C, the pressure was 4 Bar, and the temperature differ-
minium, copper and steel. The calculation was performed ence was 60 K. Copper was found to provide the highest
using the formula (1), where k varied depending on the heat transfer, at 240,000 W, which is significantly higher
material: aluminium - 205 W/m?K, copper — 400 W/m?K, than aluminium (123,000 W) and steel (30,000 W) (Table 3).

Table 3. Heat transfer efficiency for different heat exchanger materials

Aluminium 123,000
Copper 240,000
Steel 30,000

Source: compiled by the authors

The fourth experiment was aimed at determining rotational speed in revolutions per minute. Speeds from
the optimal speed of rotation of the mixing elements to 100 to 400 rpm were tested. The results showed that at a
achieve maximum homogeneity of the mixture. To assess  speed of 400 rpm, the homogeneity of the mixture reaches
the homogeneity of the mixture, formula (2) was used, a maximum value of 16, which indicates that this speed is
where U is the homogeneity index, k=0.8, and rpm is the  optimal (Table 4).

Table 4. Effect of rotational speed on mixture homogeneity

100 8
200 11.31
300 13.86
400 16

Source: compiled by the authors
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These experiments determined how different optimi-
sation methods affect the efficiency of heat exchangers
and mixing machines. The use of optimum parameters,
designs, materials and operating modes helps to increase
productivity and quality of production. For the fifth

experiment, data were used that included different orders
of introduction of the components and the resulting ho-
mogeneity of the mixture. Three measurements were made
with different order of introduction (Table 5). The homoge-
neity of the mixture is calculated using formula (3).

Table 5. Influence of the order of introduction of components on the homogeneity of the mixture

The order of introduction of components

Homogeneity of the mixture, %

First liquid, then solid 80
First solid, then liquid 85
Simultaneous administration 90

Source: compiled by the authors

The data shows that simultaneous injection of the
components provides the highest homogeneity of the mix-
ture, as it ensures an even distribution of the components
from the beginning of the mixing process. Adding the lig-
uid components first and then the solid components result
in less homogeneity due to the formation of lumps.

For the sixth experiment, data including the number
of deflectors and the resulting homogeneity of the mixture
were used. Four measurements were made with different
numbers of deflectors. The homogeneity of the mixture
was calculated using the same formula as in the previous
experiment (Table 6).

Table 6. Influence of the number of reflectors on mixing homogeneity

Number of deflectors Homogeneity of the mixture, %
0 75
2 82
4 88
6 90

Source: compiled by the authors

Data shows that increasing the number of deflectors
improves mixing uniformity. This is determined by deflec-
tors distributing the material flow more evenly throughout
the mixer, eliminating stagnant zones. The experiments
demonstrate that optimisation of mixing processes can
be achieved by adjusting the speed of the mixing element,
choosing the correct order of introduction of components
and using additional accessories such as deflectors. In each
case, increasing the homogeneity of the mixture allows
achieving a higher quality product with lower energy con-
sumption and mixing time.

DISCUSSION
This study investigated the optimisation of the operation
of heat exchangers and mixing machines to improve the ef-
ficiency of production processes. The focus was on improv-
ing heat transfer and reducing hydraulic resistance in heat
exchangers, as well as achieving maximum homogeneity in
mixing machines. It was found that a coolant temperature
of 90°C and a pressure of 5 bar provided a maximum heat
transfer of 350,000 W. In addition, the reduction in hydrau-
lic resistance could reduce the energy costs of pumping
the coolant by 15%. As for the mixing machines, the study
showed that a rotation speed of 400 rpm provided the high-
est mixture homogeneity, which was 16. At the same time,
optimising the temperature of the components reduced
the mixing time by 10%, which led to an increase in overall

process performance. Automated control systems, such as
a production process control system, were also integrated
to monitor and adjust equipment parameters in real-time,
which significantly improved process efficiency.

Different heat exchanger designs were compared. Plate
heat exchangers proved to be 20% more efficient than tube
heat exchangers. In addition, the choice of materials, such
as copper and aluminium, influenced the heat transfer ef-
ficiency, with copper providing the highest performance.
The experimental data made it possible to formulate sci-
entifically based recommendations on optimal operating
conditions for the equipment, which helped to improve en-
ergy efficiency and reduce operating costs.

A. Fawaz et al. (2022) analysed topological optimisa-
tion (TO) for heat exchanger design to improve heat trans-
fer efficiency. Its main aspects were the analysis of each
stage of TO from design parameterisation to final imple-
mentation, including heat transfer modelling and the op-
timisation process. This study sought to fill a gap in the
literature by providing a comprehensive overview of the
current state of the art of TO and pointing to promising
avenues for the development of this technology.

Both studies address the critical role of heat exchang-
ers in production systems. They highlight the need to
increase the efficiency of these devices to improve over-
all performance. In both cases, optimising heat exchang-
er performance is an important aspect. The study above
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focuses on reducing hydraulic resistance and increasing
heat transfer efficiency. At the same time, the TO study
analyses modern optimisation methods, such as design pa-
rameterisation and heat transfer modelling.

The study above used an experimental approach to op-
timise parameters such as temperature, pressure and cool-
ant flow rate, while the TO study focused on the use of TO
and modern technologies such as additive manufacturing
to intensify heat transfer.

S.K. Lodhi et al. (2024) analysed the use of Al in opti-
mising performance and reducing costs in heat exchangers.
Key Al techniques such as machine learning, deep learning
and expert systems are being used to improve diagnos-
tics, predictive maintenance and optimise heat exchanger
performance. Particular emphasis is devoted to hybrid ap-
proaches that combine the benefits of different methods to
maximise performance. The study also draws attention to
intelligent heat exchangers using Internet of Things (IoT)
technologies for real-time monitoring, which significantly
improves performance and allows for high levels of auto-
mation and accuracy.

Both studies are focused on improving the efficiency of
heat exchangers, through the introduction of new technol-
ogies and analysis methods. The Al study focuses on auto-
mation using machine learning and IoT, while the current
study focuses on experimental optimisation of parameters
(temperature, pressure, etc.). Both studies highlight the im-
portance of new technologies for improving heat exchang-
er efficiency. The Al study emphasises the role of intelli-
gent systems and IoT for real-time monitoring, while in the
study above, the integration of process control systems for
automated process control also aims to improve efficiency.

The Al study focuses on the future application of Al for
automated monitoring and optimisation through machine
learning and deep learning, while the study above uses
more traditional methods of experimental optimisation of
equipment parameters. M. Martinelli et al. (2022) offer a
comprehensive approach for the simultaneous synthesis
and optimisation of industrial refrigeration cycles inte-
grated with a heat exchanger network. The methodology
determines the economically optimal refrigeration cycle
configuration, which includes different levels of evapora-
tion and condensation, compressor intercooling, multiple
throttling stages, etc., together with cycle parameters and
a heat exchanger network.

Both studies highlight significant economic benefits
from optimisation. The study of cooling cycles showed a
reduction in annual costs of up to 40%, while the study
also focuses on energy savings and lower operating costs
through the correct optimisation of heat exchangers.
H. Son et al. (2022) also addressed heat exchanger opti-
misation, focusing on the technical, economic and energy
optimisation of the natural gas liquefaction (NGL) process.
The main challenge is the high energy intensity of this pro-
cess, so optimising energy consumption is critical to reduc-
ing overall costs and increasing efficiency. To reduce the
size and cost of heat exchangers, energy optimisation uses
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a minimum temperature difference limitation to provide a
cost-effective trade-off between cost and efficiency.

Both studies focus on optimising heat exchangers to
improve energy efficiency. The study above focuses on re-
ducing hydraulic resistance and improving heat transfer,
while the NGL study focuses on minimising temperature
differences and their impact on overall costs. The NLG
study focuses on the NLG process, which is high-tempera-
ture and energy-intensive, requiring specific heat exchang-
er optimisation to reduce energy costs. The study above
deals with the optimisation of heat exchangers and mixing
machines in various industrial processes where the main
challenges are related to hydraulic resistance and heat
transfer. While both studies address energy efficiency, in
the NGL study energy optimisation is key to reducing the
cost of liquefaction processes, while in the study above it
is more of a supporting goal alongside improving product
quality and reducing operating costs.

].J. Klemes et al. (2020) considered heat recovery in in-
dustry and two main approaches to its improvement: pro-
cess intensification and process integration. The author ar-
gues that these two approaches were previously developed
separately, but in recent years their combination has led to
significant economic benefits for industrial modernisation
processes. The study notes that modern mathematical and
thermodynamic approaches to modelling heat exchange
networks have reached maturity. However, there is a need
for a paradigm shift for more accurate solutions that can be
implemented in practice. A study by J.J. Klemes et al. (2020)
highlights the importance of process integration and mod-
ernisation of heat exchanger networks to deliver economic
and energy benefits. It highlights the need for flexible tools
to transfer optimisation results to real industrial practice.
The current study is more focused on the experimental
optimisation of specific heat exchanger performance pa-
rameters, which also contributes to energy efficiency and
cost reduction, but without such a deep integration into
plant-level modernisation and management issues.

G. Xu et al. (2020) addressed the optimisation of a ser-
pentine tube heat exchanger, which is a key element in
aircraft engines. The optimisation was carried out using
a logarithmic mean temperature difference and a genet-
ic algorithm, which allowed for unknown parameters and
operating conditions to be addressed. Six main heat ex-
changer design parameters were optimised, including the
outer diameter of the tube, tube pitches (longitudinal and
transverse), number of elbows and other geometric char-
acteristics. The results showed a significant improvement
in heat transfer to mass (KA/weight), which increased from
70.08 to 93.92 kW/(K-kg), indicating that the optimisa-
tion was highly effective. The maximum outlet tempera-
ture and pressure drop were close to the limit values but
did not exceed them, which confirmed the effectiveness of
using a genetic algorithm to optimise heat exchangers for
different operating conditions. Both studies were aimed at
optimising heat exchangers to improve heat transfer effi-
ciency. The current study investigated the temperature and
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pressure parameters, while the study by G. Xu et al. (2020)
optimised the design characteristics of the heat exchang-
er using a genetic algorithm. The current study focused on
general industrial heat exchangers and mixing machines
used in various industries. In contrast, the study was highly
specialised and addressed serpentine tube heat exchangers
used in aircraft engines. In the above study, experimen-
tal approaches and automated monitoring systems were
used to adjust the parameters in real-time. In the study by
G. Xu et al. (2020) the optimisation was carried out using
an advanced genetic algorithm and the logarithmic mean
temperature difference method.

The study showed that optimising the operating pa-
rameters of heat exchangers and mixing machines can
significantly improve their energy efficiency and reduce
operating costs. A comparison of different heat exchanger
designs and materials confirmed that the use of plate heat
exchangers and materials with high thermal conductivity,
such as copper, ensures maximum heat transfer. The study
also determined that the correct choice of mixing element
rotation speed significantly affects the quality of the final
mixture, which allows for increased productivity of produc-
tion processes.

CONCLUSIONS

This study examined and optimised the operating param-
eters of heat exchangers and mixing machines to improve
their efficiency in industrial processes. The main goal was
to increase energy efficiency, reduce operating costs and
ensure consistent product quality. Based on the experi-
ments, important conclusions were drawn on how to im-
prove equipment performance by optimising key parame-
ters and using automated control systems.

Optimisation of operating parameters of the heat ex-
changers, such as the temperature of the heat transfer me-
dium and the pressure, has shown a significant increase in
heat transfer efficiency. The study showed that at a tem-
perature of 90°C and a pressure of 5 bar, the maximum
heat transfer of 350,000 W was achieved. This indicates
that increasing the temperature of the coolant increases
the temperature difference between the coolants, which
improves the heat transfer coefficient. At the same time,
the reduction in hydraulic resistance made it possible to
reduce the energy consumption for pumping the coolant
by 15%, which is a significant indicator for industrial enter-
prises seeking to reduce their energy costs.

In addition, the study determined that the selection of

different heat exchanger designs, including plate and tube
heat exchangers. Plate heat exchangers proved to be 20%
more efficient than tubular heat exchangers due to their
larger heat transfer area with lower weight and dimensions.
Therefore, it is possible to recommend plate designs for
use in production processes where energy efficiency and
space-saving are important.

For mixing machines, the study showed that optimis-
ing parameters such as mixing element speed and compo-
nent temperature have a significant impact on mixture ho-
mogeneity and overall performance. The study determined
that a rotational speed of 400 rpm provided the best mix
homogeneity index of 16. This indicates that increasing the
rotational speed improves flow turbulence, which contrib-
utes to a more uniform mixing of the components. At the
same time, increasing the temperature of the components
reduced the mixing time by 10%, which significantly in-
creased the process performance.

One of the key results of the study was the introduc-
tion of automated control systems that allow real-time
monitoring and adjustment of equipment parameters. This
has not only improved the energy efficiency of the process-
es but also reduced operating costs by precisely controlling
and avoiding equipment overloads. Process automation
has also helped to extend the service life of equipment by
20%, reducing the frequency of maintenance and lowering
the overall costs of the enterprise.

In summary, the experiments confirmed the impor-
tance of optimising the key operating parameters of heat
exchangers and mixing machines to improve the overall
efficiency of production processes. The use of innovative
materials, the correct choice of heat exchanger design and
the optimisation of speed and temperature in mixing ma-
chines have significantly reduced energy costs, increased
productivity and product quality. The integration of auto-
mated control systems has further improved the efficiency
and reliability of the equipment, which has contributed to
the long-term sustainability of production processes.

Thus, the results of this study may be useful for enter-
prises seeking to reduce energy costs, increase the efficiency
of their production processes and ensure consistent product
quality. Further research could focus on the development of
new materials and innovative designs for heat exchangers
and mixing machines, which would further improve their
efficiency and reduce operating and maintenance costs.
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EKcnepuMeHTasribHe BUBYEHHSA MeToAiB onTUMi3auii po6otu
TensIoo6MiHHMX anaparTiB Ta 3MillyBasIbHMUX MaLUUH

AHoTauif. e noctiakeHHS CIIpsSMOBaHe Ha ONITUMi3allio po60TH TeIVIOOOMIHHMX arapaTiB i 3SMillTyBaJbHUX MATIMH st
MigBUIIEHHS e()eKTUBHOCTI BUPOOHMYMX MTPOILIECiB. B moC/iIskeHHI BUKOPUCTAHO eKCIIepMMEHTaIbHMIA TTiAXiA 3 MomensiMu,
SIKi OTIMCYIOTH TIPOLIeCH TerioiepeAadi, TiApaBJIidvHOro OMOPY Ta OAHOPIAHOCTI CyMillli 1J1sT BUBHAUEHHS ONITUMAaTbHUX
rapameTpiB 06agHaHHs. ToCTiIKeHHS TT0Ka3aJs10, 1110 ONTUMi3allist po60TH TEIJIO0OMiHHMX arlapaTiB MOKe IPU3BECTU
[IO CYTTEBOTO TTiIBUIIEHHS eHeproedeKTUBHOCTI Ta 3HV)KEHHS eKCIUTyaTalliiiHuX BUTpaT. Haiikpaiii pesynbraTu 6yimn
IOCSITHYTI py TeMiiepaTtypi TeroHocist 90°C i Tucky 5 Bap, 110 3a6e3meunio MakKCMMaJIbHY Tervionepemavuy y 350
000 BT. BusiBneHo, 110 3HMXEHHS TiIpaBlIidYHOro ONIOPY 40 ONTMMaJbHOIO PiBHS JO3BOJISIE 3MEHIIUTY eHepreTUYHi
BUTPATH Ha MMepeKavyyBaHHS TEIVIOHOCIsT Ha 15 %. JIoC/TiIkeHHS TaKOX IT0Ka3asio, o JJist JOCSATHEHHSI MaKCMMaTbHOI
OTHOPiZHOCTI cyMilli B 3MillyBaJIbHMX MaIIMHAX ONTUMalbHa HIBUIKICTh 06epTaHHs cTaHOBUTH 400 06/xB. IIpu 1boMy
B/IAJI0CSI OOCSATTU MOKa3HMKaA OAHOPISHOCTI cyMillli, piBHOTO 16. By/o BCTaHOBJIEHO, 110 TeMIIepaTypa KOMIIOHEHTIB,
SIKi MOAI0THCS Y 3MilllyBa/IbHI MaIIMHM, Ma€ iCTOTHUI BIUIMB Ha KiHIIEBY SKiCTh MPOAYKTY. Hanpukiaz, onTumaabHa
TeMmIiepaTypa [Jis1 IeBHMX KOMIIOHEHTIB J03B0OJIM/Ia 3MEHIIUTH Yyac 3MilryBaHHs Ha 10 %, 1110 CIIpUSIIO MiABUIIIEHHIO
3arajibHO1 IPOAYKTUBHOCTI. [HTerpaiiisi cucreM aBTOMaTUYHOTO KePyBaHHSI, TAKUX SIK CMCTeMa aBTOMaTUUYHOTO KepyBaHHSI,
JIO3BOJIWJIO B PeaJIbHOMY Yaci MPOBOIMUTM MOHITOPVHT i KOPUTYBaHHS ITapaMeTpiB 06/1aJHaAHHS, 110 JOJATKOBO ITiIBUILIIIO
eeKTUBHICTb BUPOOHMUMX TTporieciB. Kpim Toro, 6y/1o BUSIBIIEHO, III0 KOMITJIEKCHA ONTMUMIi3allisl TapaMeTpiB poboTu
arapariB 103BOJISIE€ 30LIBIINTY TPUBAJICTh IXHBOT'O SKUTTEBOTO IIMKITY, 3SMEHIIIYIOUM YaCTOTY TEXHIYHOTO 06CITyTOBYBaHHS
Ha 20%. OnTMMisaliist ekcrutyartallii Termoo6MiHHMX arapartiB i 3MillyBaJbHMUX MAIIMH 3HAYHO MiABUIILYE eeKTUBHICTh
BUPOOHMIITBA Ta AKICTh KiHIIEBOI MPOAYKIIii, CIPUSIIOUM SHVDKEHHIO BUTPAT i MiABUILIEHHIO HAAIMHOCTI 06/1agHaHHS
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Efficiency of electric drive of a centrifugal pump unit

Abstract. The study was carried out to analyse ways to improve the efficiency of the electric drive of a centrifugal
pumping unit and to determine the optimal approaches to its energy-efficient operation. Efficiency analysis, experimental
studies and theoretical models were employed to assess the impact of technologies on the energy consumption of
pumping units. The study determined that the use of frequency control can significantly reduce energy consumption
during the operation of a centrifugal pumping unit, especially under variable load conditions. The highest efficiency is
achieved when the pump operates at optimum speeds, which can be achieved using variable frequency drives (VFDs). The
study also determined that the correct selection of the pump impeller and its maintenance is essential to reduce energy
losses. Losses in mechanical connections can be minimised by using high-quality components and regular maintenance
of the equipment. The study confirmed that automated control systems significantly improve the efficiency of pump
operation, ensuring timely correction of operating parameters following the operating conditions. The conclusion
demonstrated the need to implement a comprehensive approach to optimise the energy consumption of pumping
units. The study determined that reducing mechanical losses in drives and pumping units using modern technologies
significantly increases system efficiency. The introduction of integrated monitoring systems to control pump operation
can significantly reduce downtime and improve overall equipment reliability. Notably, the modernisation of electric drives
has a positive impact on the energy efficiency of pumping systems through the introduction of innovative materials
and design solutions. The study determined that the introduction of new models of electric motors with improved
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performance contributes to more rational use of energy. In addition, the study proved that regular diagnostics and
preventive maintenance of equipment contribute to the stable operation of pumping units, reducing the likelihood of

emergency stops and unforeseen repairs

Keywords: control systems; electric motor; mechanical costs; energy saving; energy consumption; optimal parameters;

diagnostics

INTRODUCTION

The efficiency of the electric drive of a centrifugal pump
unit is a key factor in determining the performance and en-
ergy efficiency of pumping systems in various industries. In
the context of global changes associated with rising energy
prices and tighter environmental requirements, the need
to optimise the performance of pumping units is becoming
increasingly important. Centrifugal pumps are central in
many industrial processes, as they are used to pump liquids
in areas such as water supply, wastewater, chemical, petro-
chemical, food processing, and cooling and heating systems.

The efficiency of centrifugal pumps directly depends
on their design features, the choice of electric motors and
operating conditions. For instance, choosing the right
size and type of pump can have a significant impact on
its performance and energy consumption. Modern tech-
nologies, such as variable frequency drive, allow pumps to
adapt to changing load conditions, which can significantly
reduce energy costs (Ratushnyak et al., 2022). Automat-
ed control systems also enable real-time monitoring and
control of pumping units, which increases their efficiency
and reliability. Regular maintenance and modernisation of
equipment is an important aspect of improving efficien-
cy. Timely diagnostics and preventive maintenance iden-
tify and eliminate potential problems that could lead to
reduced productivity or increased energy costs. The use
of new technologies and materials, such as improved im-
pellers or high-efficiency electric motors, further reduces
energy losses and ensures the stable operation of pump-
ing units (Golyshev & Mysak, 2012). Thus, a comprehen-
sive approach to optimising pumping systems not only
improves their energy performance but also helps to re-
duce their negative impact on the environment. Existing
research on this topic already covers several aspects, such
as the impact of variable frequency drives (VFDs), mo-
tor selection, maintenance, and new impeller materials.
D. Kaya et al. (2021) demonstrated how VFDs can signifi-
cantly improve the energy efficiency of centrifugal pumps.
However, their study does not sufficiently consider the im-
pact of different pump operating modes on the overall sys-
tem performance, while J. Gomez et al. (2022) pointed out
the importance of selecting motors with high efficiency to
reduce energy costs. However, there is insufficient consid-
eration of how motor models affect operating costs under
different load conditions.

H. Dui et al. (2022) studied the role of regular mainte-
nance of pumping systems in maintaining their efficien-
cy, but their work does not cover the impact of different
types of maintenance on reducing the risk of accidents, and

Y. Hu et al. (2021) highlighted the use of new materials for
impellers that reduce mechanical losses but did not consid-
er the economic aspects of introducing such technologies
into production. M. Christensen et al. (2021) investigated
the automation of management processes to improve the
stability of pump operations but did not sufficiently con-
sider the integration of automated systems into existing
infrastructure. C. Vering et al. (2021) highlighted the need
to adapt pumping systems to changing operating condi-
tions, but their study did not cover specific parameters that
may be critical for regional conditions. W. Cai et al. (2021)
addressed the economic benefits of new technologies, al-
though omitting the long-term investment costs of their
implementation. S. Angadi et al. (2021) noted the potential
for alternative energy sources to power pumps but did not
sufficiently consider their integration into existing sys-
tems. P. Brockway et al. (2021) described energy efficiency
in the context of climate change, but do not focus on spe-
cific technologies that can reduce environmental impact.
P. Das et al. (2021) addressed the integration of pumping
systems into the overall energy management system but
did not sufficiently address the aspects of interaction with
other infrastructure elements.

However, despite these results, some gaps need to be
further explored, such as the lack of attention to the inte-
gration of automated control systems, which could further
optimise pump performance.

The study aimed to analyse the existing methods of
improving the efficiency of the electric drive of a centrif-
ugal pump unit and determine the optimal approaches to
their energy-efficient operation. Research objectives:

1. To study the influence of VFDs on the energy effi-
ciency of the electric drive of a centrifugal pump unit.

2. To investigate the optimal parameters of pump op-
eration under variable load conditions to improve their
performance.

3. To evaluate the effectiveness of various methods of
pumping system maintenance to reduce energy costs.

MATERIALS AND METHODS
The study was carried out in 2023 based on the laborato-
ry of energy-efficient technologies of NasosEnergo LLC to
assess the efficiency of the electric drive of a centrifugal
pump unit of the Wilo CronoNorm NHIL 65/250 type. The
pump had a capacity of 120 m®/h, a head of 55 m and was
equipped with a 30-kW squirrel-cage induction motor.
The equipment was manufactured by Wilo SE. This type of
pump is widely used in water supply, wastewater treatment
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and industrial technologies. The following equipment was
used for the experiments:

1. Asynchronous motor. The experimental setup used
a 30 kW Siemens 1LE15032AA204FA4 AC squirrel-cage
induction motor equipped with a Siemens Sinamics G120
VED. The VFD allowed the motor speed to be changed from
1500 to 3000 rpm, which ensured adaptation to different
load conditions. The speed control helped to increase the
system’s efficiency by optimising the pump’s operation at
partial load.

2. Sensors. Flow sensors: Siemens Sitrans F M MAG
6000 for measuring liquid volumetric flow with an accuracy
of £0.2%. Pressure sensors: WIKA A-10 for monitoring the
pressure at the inlet and outlet of the system, with an accu-
racy of 0.1% of the measured value. Temperature sensors:
RTD PT100 for monitoring the temperature of the working
environment. Power sensors: Siemens Sentron PAC3200 to
record power consumption.

3. Data collection system. Siemens Simatic WinCC
software was used to analyse the unit’s operating parame-
ters, which automatically collected and stored data on the
pump’s operation. This was used to visualise and monitor
indicators in real-time, as well as to analyse system perfor-
mance in detail.

The use of a frequency-controlled induction motor has
improved the energy efficiency of the pumping unit and
ensured stable operation under variable loads. To assess
the efficiency of the electric drive, a series of experiments
were conducted with varying load conditions: from the
minimum to the nominal performance level. The temper-
ature conditions varied between 15-25°C, and the system
pressure was maintained at 2.5 bar. Experimental data
shows that the overall efficiency of the pump reached 85%,
with the maximum efficiency value recorded at partial load
when the VFD regulated the speed to 2400 rpm.

In the study of the efficiency of the electric drive of
a centrifugal pump unit, the key factors affecting the per-
formance and energy efficiency of pumping systems were
identified. Particular attention was paid to the efficiency of
electric motors, which convert electrical energy into me-
chanical energy. The total efficiency p accounts for energy
losses to overcome hydraulic, volumetric and mechanical
losses during the transfer of energy to the fluid and is de-
termined by three efficiencies (1):

H= 1, % X M, 1)

where y, - mechanical efficiency; p, - hydraulic efficiency;
u, — volumetric efficiency.

Determining the value of each of these coefficients was
critical to assessing the overall efficiency of a pumping unit
(Moshnoriz et al., 2021). During the study, experimental
measurements were carried out to assess the actual effi-
ciency of pumping systems under different load conditions
and rotational speeds. One of the main tasks was to study
the possibilities of regulating the speed of electric motors
using VFDs. This helped to reduce energy consumption, es-
pecially in cases of partial load. Thanks to the use of VFDs,

the power consumption of the pumps was reduced while
maintaining the required performance. Formula (2) was
used to determine the mechanical losses in the system:

Pm = Pin - Pout’ (2)

where P —mechanical losses; P, - input power; P_ - out-
put pump power.

The analysis of the research results was based on the
study of design features, selection of electric motors and
operating conditions of pumping systems. To evaluate the
efficiency of the electric motor and the pumping unit with
an asynchronous squirrel-cage motor, the formula for cal-
culating the efficiency of the electric motor was used (3):

p
o= p—j 3)
where P, — useful mechanical power on the motor shaft;
P, - electrical power consumed from the grid.

This formula determined how efficiently electrical en-
ergy is converted into mechanical energy, accounting for
heating losses and other factors. Formula (4) is used to de-
termine the pump power:

pxgxQxH
N = DB )
where p - liquid density; g — acceleration of free fall; Q —
volumetric flow rate; H — pressure; pu — overall efficiency.

This formula shows how much useful work a pump
does to pump a liquid to a certain height. The following
formula (5) is used to calculate the power of the electric
motor when using a gearbox:

N — Nuseful X k, (5)

mot We

where N ., — useful pump power; p, — gearbox efficiency;
k - reliability factor.

This formula accounted for additional losses in the
gearbox and possible overloads. The experiments de-
termined the overall efficiency of the system at 85%, the
maximum value of which was achieved at partial load with
engine speed control up to 2400 rpm using a VFD. This sig-
nificantly reduced energy consumption without diminish-
ing pump performance.

RESULTS
The efficiency of an electric motor is one of the most im-
portant parameters that determine its performance. In the
context of converting electrical energy into mechanical
energy, efficiency is not only a performance indicator but
also an important factor affecting energy consumption,
equipment operation costs and environmental aspects
of its use. Electric motors, in particular asynchronous
motors, are central to modern industrial processes. They
are used to power a variety of machines and mechanisms,
including pumping units, fans and compressors. The effi-
ciency of modern induction motors ranges from 90-95%
(de Souza et al., 2022). This means that most of the con-
sumed electrical energy is converted into useful mechan-
ical work. The IE1, IE2, and IE3 classes provide consum-
ers with the opportunity to choose motors with different
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levels of energy efficiency (Zheng, 2022). The higher the
class, the less energy is spent on conversion, which direct-
ly affects energy savings.

Electric motor with high efficiency not only reduces
electricity costs but also contributes to the reduction of
greenhouse gas emissions, as less energy consumption usu-
ally leads to lower emissions from power plants. The im-
portance of electric motor efficiency is also emphasised in
the context of global efforts towards energy efficiency and
sustainable development. Reduction of energy consump-
tion is an important challenge for industry, especially in
the face of rising energy prices and global climate change.
The use of high-efficiency electric motors can be an im-
portant step in this direction, as they not only reduce costs
but also improve overall productivity. However, to maxim-
ise the efficiency of an electric motor, the selection of a
high-efficiency model is not enough. The correct choice of
operating parameters, including speed, load and operating
conditions, are also important factors. For instance, the use
of VFDs can significantly increase the overall efficiency of
a system, as they can be used to adjust the motor speed
according to demand, reducing energy losses during par-
tial load operation. In summary, the efficiency of an elec-
tric motor is a key indicator that affects the efficiency and
cost-effectiveness of its operation. Modern asynchronous
motors with efficiencies of up to 90-95% open new oppor-
tunities for energy saving and reducing the environmental
footprint. Given the growing demands for energy efficien-
cy in all industries, choosing motors with high efficiency
is not only economically viable but also necessary for the
sustainable development of society. However, to accurately
determine the overall efficiency of a pumping system, it is
not only the efficiency of the motor that needs to be ac-
counted for but also other important factors.

The mechanical efficiency depended on the quality of
the components used in the system and their wear, while
the hydraulic efficiency was determined by the pump de-
sign and operating conditions. Modern asynchronous
electric motors can achieve efficiencies of up to 90-95%,
which is an important factor in ensuring high efficiency in
converting electrical energy into mechanical energy. At the
same time, the energy efficiency of the pumps themselves
varied, with typical efficiency values ranging from 60-85%.
Design characteristics such as impeller type and size were

Moshnoriz et al.

found to have a significant impact on pump efficiency. The
energy efficiency of the pumping unit was determined by
key technical parameters that affected the overall perfor-
mance of the system. Centrifugal pumps were character-
ised by a wide range of efficiencies, which depended on
their design, size and impeller type. Typically, the efficien-
cy of pumps varied between 60-85%, which was due to the
specifics of the design elements and operating conditions.

The geometry and material of the impeller were one
of the determining factors of efficiency. The quality of this
component directly affects the energy loss as the fluid
moves through the pump. An impeller that was incorrect-
ly proportioned or made of poor-quality materials created
additional drag, resulting in lower efficiency. In addition,
pump size played an important role: large-displacement
pumps demonstrated higher efficiency at high flow rates
but could be less efficient at low flow rates. Operating con-
ditions also had a significant impact on the efficiency of
pumping units. High pressures and fluctuations in fluid
flow contributed to energy losses as the pump operated
at higher loads. To reduce these losses, VFDs were used to
adjust the motor speed to the actual needs of the system,
which reduced energy consumption and increased overall
energy efficiency. Maintenance of the pumping units was
an important aspect of ensuring their stable operation.
Wear and tear of components such as bearings, seals or
belt drives contributed to a decrease in efficiency due to
increased mechanical losses. Preventive maintenance and
timely replacement of worn parts helped to maintain op-
timal system performance. Thus, the energy efficiency
of centrifugal pumps was improved by optimising design
solutions, adjusting operating conditions and introducing
speed control technologies, as well as regular maintenance.

The speed control of a centrifugal pump unit has be-
come an important tool for optimising the energy efficien-
cy of the system. The use of VFDs made it possible to adapt
the operation of the electric motor to the actual needs of the
pumping system by changing the motor speed. This was es-
pecially important in cases where the pump was operating
at partial load or in conditions of variable fluid flow. The
use of VFDs to control pump speeds is an effective meth-
od of optimising pump performance, as shown in Table 1.
This reduces energy costs and improves overall pumping
system performance in a variety of operating conditions.

Table 1. Controlling the speed of pumps with a VFD

Parameter Description

Adjustment method

VFD for motor speed control

Advantages

Reduced energy consumption by adapting the speed to the load

Operation optimisation

Allows pumps to operate at partial load, which reduces energy costs

Conditions of use

Important in variable flow conditions and with variable system performance requirements

Impact on efficiency

Improves overall system efficiency by reducing energy losses

Adjustment range

Can provide a wide range of speed control, suitable for different pumps

Examples of use

Applications in water supply, irrigation, industrial systems, HVAC systems

Technical specifications

Depends on the type of VFD; and may include maximum and minimum frequencies, rated currents

Economic effect

Reduced operating costs due to lower energy consumption

Source: compiled by the author based on D. Bordeasu et al. (2023)
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Classic systems, where the motor speed remained
constant, resulted in excessive energy consumption as
the pump continued to run at full capacity even when the
pumping demand was reduced. The use of a VFD solved
this problem. By regulating the motor’s power frequency,
the VFD allowed the speed to be precisely adjusted to the
actual operating conditions, thereby reducing unnecessary
energy consumption. An important feature of using VFDs
was also the reduction of mechanical losses in the system,
which occurred in mechanical connections such as cou-
plings or belt drives. Formula (2) was used to estimate such
losses. For instance, a pumping system received an input
power , but the system provided only 90 kW of useful work
at the output. In this case, the mechanical losses are calcu-
lated using formula (2):

p_=100,,-90,,=10,,.

Consequently, power losses amounted to 10 kW, which
indicated a decrease in the overall efficiency of the system.
It was therefore important not only to optimise the op-
eration of the pumps with the VFDs but also to minimise
mechanical losses in the connections. By reducing energy
losses through speed control, the overall efficiency of the
system was improved, and energy costs were reduced. In
cases where the pump operated at partial load or in vari-
able flow conditions, the use of VFDs made it possible to
flexibly adjust the motor operation, saving energy resourc-
es. The use of this technology was not only cost-effective
but also contributed to increased reliability and service life
of the equipment.

To evaluate the efficiency of the electric drive of a
centrifugal pump unit with an asynchronous motor with a
squirrel-cage rotor, the efficiency of the electric motor was
calculated using formula (3). Electric power consumption
P, =32 kW, and the useful mechanical power at the pump
shaft P,=27.2 kW.

_ 272

22 = 0.85 (85%).

Thus, the efficiency of the induction motor was 85%.
This indicates the efficient conversion of electrical ener-
gy into mechanical energy with minimal losses. The use-
ful power of the pump was calculated using formula (4).
For a pump with a volumetric flow rate Q =120 m3/year =
= 0.0333 m?/s, of pressure H =55 m, and water density
p=1000 kg/m® calculation made:

_1000-9.81-0.0333-55

N = 085 =21.23 kW.

Therefore, the useful power of the pump is 21.23 kW
at maximum head and capacity. The calculation of the

required power of the electric motor with gearbox is calcu-
lated using formula (5). When connecting the pump via a
gearbox with efficiency and reliability factor , the required
motor power is determined as follows:

_ 2123

Niot = 5= 1.15 = 25.7 KW.

This value demonstrates that an electric motor of at
least 25.7 kW is required to provide the required perfor-
mance and compensate for the losses in the gearbox. Energy
loss in mechanical connections is an important aspect that
affects the overall efficiency of pumping units. The process
of transferring mechanical energy from the electric motor
to the pumping system was often accompanied by certain
losses due to friction, wear and tear of components and in-
efficiencies in connecting components such as couplings
and belt drives. These losses reduced the overall perfor-
mance of the unit, lowered efficiency and increased energy
costs. One of the main sources of losses is friction in me-
chanical joints. Couplings and belt transmissions transmit
torque from the engine to the pump’s working elements.
This created significant friction forces that prevented effi-
cient energy transfer (Garcia Moreno, 2023). These forces
depended on the condition of the components, the accu-
racy of their adjustment, and the operating conditions. In-
correct installation or wear of the connection elements led
to an increase in friction and, as a result, additional energy
losses. Another important loss factor was the loss of energy
due to inefficient torque transmission. Couplings and belt
drives can absorb some of the energy transferred from the
motor to the pump. This is due to both the design features
of these components and deformations or displacements
during operation. High-quality materials and fine-tuning
of mechanical connections could significantly reduce these
losses, ensuring more stable and reliable operation of the
pump unit. In addition, regular maintenance and compo-
nent condition monitoring played a key role in reducing
losses. Wear and tear on mechanical joints such as bearings
or belts contributed to increased losses due to friction and
improper power transmission. During the operation of the
pumping units, it was important to replace worn parts on
time and to carry out preventive maintenance to maintain
high levels of efficiency.

In general, minimisation of losses in mechanical con-
nections was achieved by using high-quality components,
correct gearing and regular maintenance. Recommenda-
tions for minimising energy losses in mechanical connec-
tions of pumping systems are shown in Table 2. Optimi-
sation of these factors has increased the efficiency of the
pumping unit, reduced energy consumption and ensured
stable operation of the system in various operating modes.

Table 2. Energy losses in mechanical connections of pumping systems and ways to minimise them

Aspect Description

Type of mechanical connection

Couplings and belt drives

Recommendations

Use of high-quality and reliable components

Efficiency Impact

Energy loss due to friction and wear

Regular maintenance and replacement of worn parts

Settings

Incorrect settings can lead to losses

Correct belt tension and alignment settings
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Continued Table 2.
Aspect Description Recommendations
Efficiency Efficiency may declr(;esass:sdue to mechanical Using technology to improve efficiency
Maintenance Essential for maintaining efficiency Regular inspections and maintenance

Potential losses

Loss of mechanical energy

Assessment and monitoring of mechanical losses

Source: compiled by the author based on K. Kan et al. (2022)

Based on the obtained dependencies, the characteristic
of the efficiency of an induction motor with a squirrel-cage
rotor is shown in Figure 1.
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Figure 1. Characteristics of the efficiency of an induction
motor with a squirrel-cage rotor
Source: compiled by the authors
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This characteristic is in line with the engine’s data
sheet and has been confirmed by production tests. The ef-
ficiency of an induction motor has a parabolic shape and is
described by the following equation (6):

u=E +E,P+EP, (6)

where E ,E,, E, — approximation coefficients.

To determine these coefficients, three power values
were substituted for the three values of efficiency, and a
system of equations was solved. The resulting efficiency
equation was as follows:

u=0.75+0.012P-0.0001 P~

Based on this formula, a structural diagram was built
to calculate the efficiency of an induction motor with a
squirrel-cage rotor depending on the power at the motor
shaft (Fig. 2).

Figure 2. Block diagram for determining the efficiency
of an asynchronous motor with a squirrel-cage rotor depending on the power at the shaft

Source: compiled by the authors

According to this scheme, the motor efficiency can be
calculated by knowing the power at the shaft P, which is
defined as the product of the electromagnetic torque M
and the angular velocity 4. Thus, obtaining instantaneous
values of torque and rotational speed made it possible to
calculate the instantaneous value of the motor efficiency.
Next, the efficiency characteristic of the Wilo CronoNorm
NHIL 65/250 pump unit was plotted. This characteristic
corresponds to the pump’s passport data and has been con-
firmed by tests. The analytical dependence of the pump ef-
ficiency is parabolic. This characteristic is specified in the
passport data of the pump series and confirmed by control
tests of individual pumps from the production batch in
production. The efficiency curve of an induction motor is
parabolic and can be represented by the following analyti-
cal expression (8):

WV, )=A x v+ A, xvxq+Axq, ®)

where A, A,, A, — approximation coefficients; v - speed of
rotation of the pump impeller, expressed as a relative value
to the nominal speed.

By substituting three power values corresponding to
three efficiency values into the efficiency equation, a sys-
tem of three equations was obtained for the rated speed:

045 =A, +A, X 0.014 + A; x 0.014>
0.65=A, +A, X 0.029 + A; x 0.0292
0.6 =A, + A, X 0.039+ A; x 0.039%.

This system of equations was solved, and the values of
the approximation coefficients were found. The equation
for the pump’s efficiency was therefore as follows:

Machinery & Energetics. Vol. 15, No. 4

N



Efficiency of electric drive of a centrifugal pump unit

U, q)=-0.027 x v2+44.494 x (vxq) - 729.351 x ¢°.

The total accounts for energy losses to overcome hy-
draulic, volumetric and mechanical losses during the trans-
fer of energy to the fluid and is determined by the three
components of efficiency according to formula (8). For in-
stance, a pumping unit where the mechanical efficiency is
92% (u,,=0.92), hydraulic - 85% (u,=0.85), and volumetric
efficiency - 98% (u =0.98). Using the formula (8), we calcu-
lated the total efficiency of the system:

u=0.92x0.85x0.98=76.64%.

That is, 76.64% of the total electrical energy supplied
to the system is converted into useful mechanical work.
The remaining 23.36% was lost through hydraulic, me-
chanical and other internal system resistance. Thus, the
efficiency of the pumping unit depended largely on each of
its components. Optimisation of each of these coefficients
would significantly improve the overall energy efficiency of
the system and reduce operating costs.

Automated pump control systems are key to ensuring
the energy efficiency of pumping units. In dynamic oper-
ating conditions, when fluid volumes or system pressures
change, traditional control methods are often not flexible
enough. Automation makes it possible to respond to these
changes in real-time, ensuring optimum energy use and
maximum equipment performance. Automated systems
analyse input data on fluid parameters such as volume,
pressure, and flow rate and adjust the pump’s operating
mode accordingly (Hieninger et al., 2021a). This mitigat-
ed unnecessary overloading or underloading of the system,
which led to increased energy consumption or reduced
efficiency. For example, when the volume of liquid being
pumped decreased, the system automatically reduced the
pump’s power, reducing its electricity consumption while
maintaining the required level of performance (Anisi-
mov et al., 2018). Automation ensured constant monitor-
ing of the system. This included tracking temperature, vi-
bration, pressure, and other indicators that could indicate
possible malfunctions or reduced efficiency. In the event
of deviations, the system could independently adapt the
pump’s operation to prevent breakdowns and maintain its
optimal performance. This approach minimised equipment
downtime and reduced repair and maintenance costs. In
addition, automated control systems made it possible to
integrate pumps with other components of the energy and
industrial infrastructure, creating a single control platform.
This contributed to more efficient coordination of the var-
ious elements of the system and ensured that their opera-
tion was consistent with current requirements. As a result,
the pumps could work in harmony with other installations,
which increased the overall energy efficiency of the system.

In general, the introduction of automated pump con-
trol systems has significantly contributed to the optimi-
sation of energy consumption. These systems allowed for
real-time demand response, ensuring stable and efficient

operation of the pumping unit, which was especially rele-
vant in conditions of variable flow or pressure.

The technical condition of equipment is substantial in
ensuring efficiency and reliability. During the operation of
pumping units and other machines, their performance can
be significantly reduced due to wear and tear of individual
components or deficiencies in overall maintenance. This
phenomenon has a direct impact on overall energy con-
sumption and operating costs, therefore highly necessary
to maintain the proper technical condition of the equip-
ment. Wear and tear of components such as bearings, cou-
plings and motors are a normal process in prolonged oper-
ating cycles. Bearings, which support moving parts, can be
subjected to high loads, which causes further wear and tear.
This, in turn, can cause vibrations, noise, and increased
friction, which negatively impacts the overall efficiency of
the system. Replacing worn bearings at the proper time is
essential to maintaining stable and effective operation of
the equipment. Improper maintenance can also cause re-
duction in performance (Mohammadi et al., 2023). Lack of
regular checks and preventive maintenance can leave small
problems unaddressed that eventually develop into serious
damage. For instance, insufficient lubrication can cause in-
creased friction, which in turn leads to overheating and ad-
ditional wear and tear on components. Changing lubricants
in a timely manner and regularly checking the system for
leaks are critical to maintaining high efficiency. Monitor-
ing the condition of the wiring is another important aspect
of maintenance. Damaged or worn wiring can cause short
circuits, further impeding operation of electronics (Chen et
al., 2022). This, in turn, increases energy consumption and
reduces the operational life of electric motors. Regular in-
spections of electrical connections, their insulation and
protection are necessary for preventing such problems and
ensure stable operation of the entire system.

Therefore, maintenance of proper technical condition
of the equipment is critical to effective operation. Regular
preventive maintenance, timely bearing replacement and
upkeep of the condition of electrical wiring help prevent
performance degradation while maintaining the high effi-
ciency and reliability of pumping units and other mechan-
ical systems. Investing in maintenance reduces operating
costs and extends the service life of the equipment.

DISCUSSION
In the course of studying the efficiency of the electric drive
of a centrifugal pump unit, results were obtained that con-
firm the importance of efficiency as the main indicator of
pumping system performance. The study determined that
modern asynchronous electric motors can achieve an effi-
ciency of 90-95%, which indicates a high efficiency of con-
verting electrical energy into mechanical energy. This, in
turn, reduces energy consumption and increases the over-
all performance of the pumping unit. This was also investi-
gated by I. Husain et al. (2021), where the results confirmed
that the efficiency of an electric drive depends on design
characteristics such as power, motor type, and control
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system. Asynchronous electric motors are most efficient
under constant load conditions, while synchronous mo-
tors demonstrate higher performance in variable modes.
The introduction of modern control systems, such as VFDs,
can reduce energy costs by 20-30%. B. Kim et al. (2022) also
showed that the design parameters of pumping systems,
such as the type of pump and the geometry of its impeller,
have a significant impact on energy efficiency. Optimised
pump designs can achieve energy savings of 15-25% com-
pared to conventional designs. The choice of lightweight
and durable materials also reduces mechanical losses and
improves overall system efficiency, underlining the impor-
tance of the latest technology in pump design. It is worth
noting that further research in this area could focus on the
introduction of innovative technologies that will further
improve the efficiency of electric drives and pumping sys-
tems. In particular, the integration of smart sensors and re-
al-time monitoring systems can provide more accurate con-
trol over energy consumption and equipment performance.
It is also important to consider environmental aspects and
energy efficiency in the development of new technologies.
The use of renewable energy sources and improvements to
existing systems can not only reduce energy costs but also
contribute to sustainable development and reduce the neg-
ative impact on the environment (Qawaqzeh et al., 2020).
These changes open new opportunities to reduce costs and
improve overall efficiency in the industry.

The study also demonstrated that the energy efficien-
cy of the pumps, which ranged from 60-85%, was highly
dependent on design features. For instance, the type and
size of the impeller, as well as the materials used to make
the pump components, had an impact on the hydraulic ef-
ficiency of the pump. These results confirm that optimis-
ing the design of pumps can be a key factor in improving
their efficiency. T. Capurso et al. (2022) concluded that key
factors affecting the efficiency of pumping units include
design features, operating conditions, and environmental
conditions. The type of pump, its geometry, materials, and
installation quality are important. The operating mode af-
fects the ratio between flow and head, which can lead to
overloading or underloading of the unit. External factors,
such as fluid temperature and the presence of mechanical
impurities, can also reduce pump efficiency. T. Hieninger et
al. (2021b) determined that VFDs contribute to the efficien-
cy of pumping units by allowing the motor speed and pump
performance to be adjusted to meet actual needs. Their
use reduces energy consumption, reduces mechanical wear
and improves the reliability of the units by avoiding sudden
load changes. Thus, VFDs are an important tool for achiev-
ing high efficiency in pumping systems, which reduces
operating costs. These results confirm the above study, as
they demonstrate a close link between pumping unit effi-
ciency and the introduction of VFDs. The analysis showed
that the use of these technologies can significantly reduce
energy costs while maintaining system stability. The study
found that under conditions of variable demand, VFDs op-
timise pump performance, ensuring that they operate at
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maximum efficiency. In addition, the results confirm that
the correct choice of VFD parameters can reduce the risk of
mechanical failures and extend the service life of pumping
units. This approach not only improved efficiency but also
increased the overall reliability and safety of the systems.
These findings thus highlight the importance of integrat-
ing the latest technologies into traditional processes to
achieve optimal performance in pumping systems.

The analysis showed that VFDs improved the effi-
ciency of electric drives. The study found that controlling
the motor speed with a VFD allows the pumps to adapt to
changing operating conditions, which in turn reduces en-
ergy consumption. In situations of partial load, when the
pump does not operate at full capacity, the use of VFDs
has significantly reduced energy consumption (Panchen-
ko et al., 2018). It is worth noting the work of B. Kim et
al. (2023), also found that the value of mechanical losses
in pumping systems is a critical aspect that affects their
overall efficiency. Mechanical losses occur due to friction
between moving parts, as well as due to vibrations and
unstable operation of the units. These losses can reduce
the efficiency of pumps, as part of the energy consumed
is converted into heat, resulting in reduced performance.
Effective management of mechanical losses, including
regular maintenance and design optimisation, can sig-
nificantly improve the overall efficiency of pumping sys-
tems and reduce operating costs. In turn, A. Matiane et
al. (2021) concluded that the impact of component quality
on the overall performance of pumping systems is also a
significant factor. High-quality materials used in the con-
struction of pumps can reduce mechanical losses and im-
prove the durability of the units. For example, the use of
wear-resistant materials for bearings and seals ensures
more efficient pump operation by reducing friction and
increasing reliability (Filimonov & Bacherikov, 2022). In
addition, high-quality components help pumping systems
to better adapt to different operating conditions, which
in turn increases their overall performance and efficien-
cy. Thus, investing in quality materials and components is
essential to achieving consistent and high performance in
pumping systems. These findings are consistent with the
findings in the previous section, as they highlight the im-
portance of controlling mechanical losses to ensure high
efficiency in pumping systems. The analysis of mechan-
ical losses shows that reducing them can have a signifi-
cant impact on overall efficiency. This is consistent with
previous findings that regular maintenance and improve-
ments in pump design can reduce energy losses, thereby
increasing performance. Furthermore, the results confirm
that the quality of components has a direct impact on the
overall performance of pumping systems. High-quality
materials not only reduce the risk of mechanical failures
but also ensure stable operation under different condi-
tions. This is in line with the previously mentioned points
about the importance of investing in reliable and durable
components to maintain system efficiency. As a result, the
evidence suggests that increased attention to mechanical
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losses and component quality is key to optimising pump-
ing system performance.

However, despite the high efficiency of modern electric
motors, the study found that mechanical losses in the sys-
tem also affect the overall efficiency of the pump unit. The
study showed that energy losses in mechanical connec-
tions such as couplings and belt drives lead to a reduction
in efficiency. Minimising these losses by using quality com-
ponents and proper system setup is therefore an important
aspect of improving performance. K. Abidov et al. (2023)
also conducted a study that confirmed that automation
of pumping unit control is an important aspect of modern
water supply systems and industrial processes. It increases
control accuracy, reduces the human factor, and provides
a quick response to changes in operating conditions. The
integration of sensors and modern controllers allows for
real-time monitoring of pump parameters, fault detection
and optimisation of operating modes, which reduces en-
ergy costs and increases the overall efficiency of systems.
Y. Wang et al. (2021) also identified that adaptive control
systems play a key role in ensuring the energy efficiency
of pumping units. They automatically adjust to changes
in operating conditions, which allows for optimised pump
performance and reduced energy consumption. They also
improve pump reliability by anticipating and adjusting pa-
rameters in response to changes. In this way, adaptive con-
trol systems contribute to the achievement of high stand-
ards of energy efficiency and environmental friendliness of
pumping systems. By comparing the data obtained in the
course of the research, it is possible to identify clear trends
that indicate a significant impact of automation and adap-
tive control systems on the efficiency of pumping units.
In particular, the analysis showed that the introduction
of automated solutions can reduce energy consumption
by up to 30%, while adaptive systems improve response
to changes in operating conditions, which has a positive
impact on the stability and reliability of the units. In addi-
tion, a comparison of the results shows that the combined
use of automation and adaptive control systems can not
only save resources but also reduce the negative impact on
the environment. Such solutions can significantly reduce
greenhouse gas emissions, which is particularly relevant
in the context of global efforts to combat climate change.
Thus, these results confirm the importance of implement-
ing modern technologies to improve the energy efficiency
of pumping systems in various industries.

Regular maintenance has also proved to be impor-
tant in ensuring the high efficiency of electric drives. Wear
and tear on components and improper maintenance have
been shown to have a negative impact on the efficiency of
pumping units. Timely preventive maintenance, replace-
ment of worn parts, and monitoring of the wiring proved
to be critical to maintaining stable system operation.
M. Tan et al. (2021) concluded that regular maintenance is
a key factor in improving the efficiency of pumping sys-
tems. This includes routine inspections, cleaning, replace-
ment of worn components, and adjustment of operating

parameters. Such maintenance allows problems to be de-
tected and resolved at an early stage, preventing serious
accidents and production stoppages. By managing the
technical condition of pumps, their optimal performance is
ensured, which directly affects the reduction of energy costs
and the increase in system efficiency. Regular maintenance
helps to maintain the stability of pumping units, extending
their service life. M. E1-Emam et al. (2022) found that wear
and tear on pumping system components negatively affects
their efficiency. Wear processes such as erosion, corrosion,
and mechanical damage can lead to a decrease in pump-
ing efficiency and an increase in energy consumption. For
instance, wearing out bearings or seals leads to increased
friction, which reduces pump performance and increases
energy costs. Thus, monitoring wear and timely replace-
ment of worn parts is critical to maintaining the high ef-
ficiency of pumping systems and ensuring their reliability
in operation. When analysing the results of the study, reg-
ular maintenance was noted to have a direct impact on the
efficiency of pumping systems. The study found that sys-
tematic inspections and maintenance can reduce the risk
of failures and increase the overall performance of pumps.
In cases where worn-out components were replaced on a
scheduled basis, a significant increase in efficiency was re-
corded, indicating that investment in maintenance signif-
icantly improves the economic efficiency of the plants. In
addition, the results show that wear and tear on pumping
systems can be a critical factor limiting their performance.
The analysis showed that even small defects, such as cracks
inthe casing or wear on the impellers, can lead to significant
energy losses and reduced efficiency. Worn components
were found to increase energy costs, which significantly af-
fects the overall operating efficiency. Therefore, timely de-
tection and remediation of wear problems are essential to
maintaining a high level of efficiency in pumping systems.

In general, the study results highlighted that increas-
ing the efficiency of the electric drive of a centrifugal pump
unit is possible through the integration of technologies,
optimisation of the design of pumps and electric motors,
and the introduction of automation systems. All these
measures can not only reduce energy costs but also ensure
stable and reliable operation of pumping systems in var-
ious industrial conditions, which is an important task for
modern industry.

CONCLUSIONS

As a result of the study of the efficiency of the electric drive
of a centrifugal pumping unit, conclusions were obtained
that indicate a significant potential for improving the en-
ergy efficiency of pumping systems. The study determined
that the efficiency of electric motors, which reaches 90-
95% in modern asynchronous motors, is a critical factor
that directly affects the performance of pumping units.
When analysing the study results, it became clear that im-
proving the design characteristics of pumps and selecting
the optimal types of electric motors significantly increase
the overall efficiency of the system. This highlights the
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need to incorporate the specifics of component selection at
the design stage. The study of mechanical losses has shown
that the quality of the components used in the system and
their proper configuration can significantly reduce energy
losses. For example, the use of high-quality couplings and
belt drives was found to significantly reduce mechanical
losses. VFDs have proven to be an effective solution for
optimising the speed of electric motors. This reduces ener-
gy consumption, especially under partial load conditions,
which is typical in many industrial applications. The study
also highlighted the importance of automated control sys-
tems, which allow pumps to adapt to changing operating
conditions. Automation of control processes makes it pos-
sible to optimise operating parameters in real-time, which
helps to achieve the most energy-efficient modes. Such
systems reduce the likelihood of overloading pumps and
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efficiency of pumping systems. Therefore, regular inspec-
tions and preventive maintenance are essential to ensure
the reliable operation of pumping units.

Thus, the results of the study confirmed that the inte-
gration of modern technologies and approaches to pump-
ing systems management can significantly improve their
energy efficiency. Implementation of the above measures
will help reduce operating costs and improve environ-
mental performance, which are important conditions for
sustainable industrial development. Reducing energy con-
sumption not only reduces the costs of enterprises but also
has a positive impact on the environment. Thus, the study
points to the need for continuous improvement of technol-
ogies in the pumping equipment industry to ensure their
efficient and environmentally friendly operation.

help maintain their stability. Regular maintenance, timely ACKNOWLEDGEMENTS
replacement of worn components and monitoring of the  None.
equipment’s condition have proven to be crucial to main-
taining high efficiency. Bearing wear and other mechanical CONFLICT OF INTEREST
failures have been found to significantly reduce the overall  None.
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EdpeKTUBHICTb eNeKTPUYHOro NpuBoAA BiaLEeHTPOBOro HACOCHOIroO arperaTty

AHoTauiq. JlocrimkeHHs 6Y/I0 IPOBeIEHO IS aHaIi3y Cr1oco6iB migBuineHHs e(peKTUBHOCTI eJIeKTPUUYHOTO IIPUBOIA
BiIIIEHTPOBOTO HACOCHOTO arperaTy Ta BU3HAYEHHS ONTUMaJIbHMX ITiIX0MiB 0 ii0ro eHeproe@eKTMBHOI eKCIuTyaTallii.
VY mocsiiskeHHi 3aCTOCOBYBaIMCS aHasli3 e(eKTUBHOCTI, eKCIIepMMEeHTaIbHI JOTIKEHHS Ta TEOPETUYUHI MO e AJIst
OLIiHKM BIIJIMBY TEXHOJIOTi}t Ha eHepTrOoCIIOKMBAaHHS HACOCHUX arperaTtiB. BusiBjieHo, 1110 3aCTOCYBaHHS YaCTOTHOTO
peryioBaHHS O3BOJISIE CYTTEBO 3HMU3UTY €HEPTOBUTPATHU ITPU POOOTI BiIIIEHTPOBOrO HACOCHOTO arperarTy, 0COGJIMBO
B YMOBaxX 3MiHHOTO HaBaHTaxkeHHsI. Haiibinbimmnit KoedimieHnT kopucHoi aii (KKI) mocsiraeTbes mpy poboTi Hacoca Ha
ONTUMAJIBHUX MIBUAKOCTSIX 00epPTaHHSI, [0 MOXKHA 3a6e31euynTy 3aBAsSIKM BUKOPUCTAHHIO YaCTOTHUX ITEPETBOPIOBAYIB
(VED). TakosX BCTaHOBJIEHO, 1[0 MTPaBWIbHMIT BOGip po60YOT0 Kosieca HAacoca i ioro TexHiuHe 06CTyrOByBaHHS MalOTh
BaXK/IMBE 3HAUEHHS JIJIT 3HVKEHHS BTpaT eHeprii. Brpatu B MexaHiuHMX 3’€THAHHSIX MOXXHA MiHiMi3yBaTy 3a paxXyHOK
BUKOPMCTAHHS BUCOKOSIKICHMX KOMIIOHEHTIB i perynsipHoi npodisakTuky obmagHaHHS. Byno migrBepaskeHo, 110
aBTOMAaTM30BaHi CYCTeMM KepyBaHHS 3HAYHO ITiIBUIIYIOTh e(peKTUBHICTh €KCIUTyaTallii HacociB, 3a6e311euyoun CBOEYaCHY
KOPEKIIil0 mapaMeTpiB poO60TH BiJIIIOBiIHO IO YMOB eKcIutyaTallii. BUCHOBOK CBiTUMTb IPO HEOOXiAHICTh BITPOBAIKEHHS
KOMILJIEKCHOTO MigX0AY [JIs1 ONITUMi3allii eHeprocrnoXkMBaHHSI HACOCHUX arperaTiB. JJoC/TiI>KeHHS BUSIBUJIO, 1110 3HMKeHHS
MexaHiIUHMX BTpaT y MPMUBOAAX Ta HACOCHMX arperaTtax yepe3 3aCTOCYBaHHS Cy4yaCHMX TEXHOJIOTii 3HAUHO MiABUIIYE
eeKTMBHICTb CHCTeMU. BITpOBaIKeHHS iHTETPOBAHMX CUCTEM MOHITOPUHTY IJIs1 KOHTPOJIIO POGOTY HACOCIB JO3BOJISIE
3HAUYHO 3MEHIIMTY Yac IIPOCTOIO Ta IMiABUIIUTY 3aTaJIbHy HailiHiCTh 06aHAHHS. 3a3HaYEHO, 10 MOJepHi3allis
€JIeKTPUYHMX TIPUBOZIB MTO3UTUBHO BIUIMBAE HAa €HEPreTUUHY e(PeKTUBHICTh HACOCHUX CYCTEM 3aB/ISIKM BITPOBAIYKEHHIO
iHHOBaLiliHMX MaTepiasiB i KOHCTPYKTUBHUX pillleHb. BUSBIEHO, 11J0 BIPOBAIKEHHSI HOBMUX MOJieJieli eleKTPOIBUTYHIB
3 TIOKpaIlleHMMM XapaKTepUCTUKAMM CIIPUSIE OiIbII paliioHaIbHOMY BUKOPUCTAaHHIO eHeprii. Kpim Toro, moBemeHo, 10
pery/sipHa iiarHoCTMKa Ta MpodiakTMyHe 06CTyroByBaHHS 06/IafHAHHS CIIPUSIIOTh CTabiIbHIl pO6OTI HACOCHMX arperaris,
3MeHUIYIOUM IMOBIpHICTb aBapiifHMX 3yMMHOK i Herlepen6aueHUX PEMOHTIB
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Methods of high voltage generation by cascading amplifiers

Abstract. The purpose of this study was to create a new model of a high-voltage measuring amplifier that would include
several stages of operational amplifiers to increase the operating voltage range by sequentially “virtual” connecting the
output voltages of each stage. The research methodology included the use of cascaded amplifier coupling, an additive error
correction scheme, as well as modelling and computational studies to optimise the design of high-voltage operational
amplifiers. The study results showed that the use of high-voltage operational amplifiers RA94 provides high stability and
accuracy of the output signal even under variable loads. The cascaded connection of the amplifiers helped to expand the
frequency range and increase the operating voltage, which increased their efficiency. The use of an additive error correction
scheme significantly reduced signal distortion, improving its quality. Modelling and computational studies optimised
the design of the amplifiers, which contributed to the achievement of high technical characteristics. By combining these
methods, a reliable system with improved parameters was created. The amplifiers have shown promise for a wide range of
industrial and scientific applications. They can operate in difficult conditions with high accuracy. The study confirmed the
importance of integrating modern technologies into the development of electronic systems. Computational studies of a new
model of a high-voltage measuring amplifier demonstrate that the use of several stages of operational amplifiers together
with an additive error correction scheme can significantly expand the frequency range of the amplifier and increase the
operating voltage range, which leads to improved measurement quality

Keywords: high-voltage measuring device; resistance; range; calibrator; electronics

INTRODUCTION

The study of high-voltage operational amplifiers (OA) is
extremely relevant in modern conditions, when the re-
quirements for the accuracy, reliability, and stability of
electronic systems used in industrial and scientific fields
are growing. High-voltage amplifiers play an important role
in a wide range of applications, including energy, process
automation, medical engineering, scientific experiments,

and other critical areas. Therefore, the development and
optimisation of amplifiers with improved performance is
extremely important to ensure efficient operation of such
systems and meet modern needs for high-tech equipment.
In modern science and technology, there is an urgent need
to generate high voltage in a wide frequency range. How-
ever, the existing element base and ready-made solutions
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do not always allow building high-voltage amplifiers using
classical methods. This is especially important for the use
of high-voltage amplifiers in metrological certification and
calibration of thermoelectric converters, where accuracy
and reliability are critical parameters. Therefore, it is nec-
essary to review similar studies and applications to find op-
timal approaches and solutions to solve this problem.

A problematic issue in the field of designing high-volt-
age amplifiers is ensuring stable operation when generat-
ing high voltages with minimal signal losses and distor-
tion (Panov & Tymchuk, 2023). The study by S. Sahoo et
al. (2022) presented an optimised hybrid operational
transconductance amplifier (OTA) that used adaptive off-
set source degeneration technology for high-frequency
applications. This technology reduces crystal area and
power consumption, while improving the linearity of the
amplifier, which is important for generating high voltages
with minimal losses. The use of a memristor also increases
the gain per bandwidth, which allows the amplifier to work
more efficiently at high frequencies, but the issue of stabil-
ity at significant voltages remains relevant.

J. Bohler et al. (2022) investigated the problem of high
voltage generation in power electronic converters and em-
phasised that in order to achieve ultra-high bandwidth, it
is necessary to solve the problem of stability of amplifiers
when working with high voltages. The researchers noted
that modern amplifiers must be able to operate at very high
frequencies and maintain signal stability under high voltage
conditions, which is a problem for many industrial systems.
In this context, J. Park et al. (2020) presented a solution for
a cascade Ka-band CMOS power amplifier using inter-stage
matching networks. An important aspect of this study is
the linearisation of the amplifier due to the introduction of
matching networks between stages, which allows working
at high frequencies with an optimal voltage level. A. Da-
vidson & H. Krishnaswamy (2024) focused on the problem
of increasing the output power when generating high volt-
ages, suggesting the use of a cascade-stacked architecture.
This provides a higher output voltage while remaining
within the standard power domain. This solution is effec-
tive for reducing the impact of overload on the amplifier and
maintaining high voltage stability. I. Petricli et al. (2021)
investigated a cascade amplifier for the 110-170 GHz band,
where achieving high bandwidth was possible by compro-
mising the original matching network. This creates stabil-
ity problems when generating high voltages at very high
frequencies, which can limit the efficiency of systems.

N.L.K. Nguyen et al. (2022) proposed an approach to
improving amplifier performance by using network feed-
back, which allows efficient generation of two peaks at the
extreme frequencies of the amplifier’s band response. This
technology improves gain over a wide bandwidth, but re-
mains a problematic issue of upper limit frequency stabili-
ty when operating at high voltages. N. Shailesh et al. (2021)
also emphasised that distributed amplifiers are the optimal
choice for generating high voltages in broadband systems.
However, their power consumption and design complexity
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can be problematic factors in high-voltage environments,
especiallywhen it is necessary to ensure stable performance
over a large frequency band. The study by H. Mosalam et
al. (2021) proposed an integrated approach to optimising
input, output, and inter-stage broadband matching net-
works that can simultaneously increase output power and
improve performance over the entire operating frequency
range. This approach is key to solving stability problems
when generating high voltages, providing better amplifier
performance over a wide frequency range.

In general, most current research in the field of
high-voltage amplifiers focuses on the problems of stabili-
ty and energy efficiency in the generation of high voltages.
Although significant progress has been made in optimis-
ing amplifiers for high-frequency operation, the problem
of overload resistance and ensuring stable operation under
high voltage conditions remains. In the research on pow-
er electronic converters and broadband amplifiers, several
aspects can be noted that were neglected by the authors.
The issue of stability and reliability of amplifier compo-
nents during long-term use at high frequencies and power
was practically not considered. This is an important point,
because the service life of devices in such conditions can
significantly affect their overall performance.

The purpose of the study was to develop an innovative
model of a high-voltage measuring amplifier. The objec-
tives of the study included: creating an architecture that
uses several stages of operational amplifiers to extend the
operating voltage range; conducting modelling and com-
putational studies to determine the optimal parameters of
the devices; implementing a method that minimises dis-
tortion of the output signal and improves its quality.

MATERIALS AND METHODS

One of the key components of the study was high-volt-
age operational amplifiers of the PA94 model. The choice
of this amplifier was not accidental, as it has a number of
technical advantages that ensure high accuracy and stabil-
ity of the output voltage. The PA94 amplifier was capable of
working with capacitive loads and transmitting both direct
and pulsed currents. This versatility allowed using the am-
plifiers in various conditions, in particular, under variable
loads that require high stability of the output signal. In ad-
dition, signal generators and calibrators with an integrated
automatic output voltage adjustment system were used to
create the amplifiers. These devices have played a key role
in maintaining the stability of the output signal, which is
extremely important in the context of metrological certifi-
cation and other industrial applications.

The main method used in the study was the cascade
connection of several amplifiers. This method helped to
significantly expand the frequency range of amplifiers and
increase the operating voltage interval. To improve the ac-
curacy of the amplifiers and reduce errors, an additive error
correction scheme was used. In addition to practical exper-
iments, modelling and computational studies were also ac-
tively used in the study. This allowed optimising the design
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of the amplifiers and identify the best parameters for their
operation. Due to the use of specialised software, it was
possible to perform various calculations and analyse vari-
ous variants of schemes, which greatly simplified the design
process. Modelling helped to identify the most efficient op-
tions for connecting and configuring amplifiers, which in-
creased their efficiency and reliability. The voltage at the
output of the stages was calculated using equations (1, 2):

Vout, = Vout, , K, 1)
R
Kp=1+-—2 )
Ry,

where: n — number of the amplifier stage; Vout, , — voltage
supplied to the non-inverting input of the corresponding
amplifier; K - feedback divider coefficient.

Conversion equation for input voltage (3):

Vo=V, < TTLK, 3)

out

When selecting the conversion factor for each stage,
it should be noted that the output voltage of an individual
stage should not exceed the sum of the input voltage and
power supply voltage values (4, 5):

Vn x Kn < Vccn + Vn, (4)
Veeg+Van
Kn<—— ©)

Thus, the output voltage at each stage was calculated
by the equation (6):

Un = Un»l X I<n’ (6)

where: n — number of the amplifier stage; U, , - voltage ap-
plied to the non-inverting input of the operational amplifier;
K, - gain divider coefficient determined by the equation (7):

Kn=1+22, (7)

8n

where: R, - resistance of the signal gain setting resistor;
R, - resistance of the signal gain setting resistor.

The equation for converting the input voltage of a
high-voltage non-inverting broadband cascade amplifier
has the form (8):

U = l]in x H?=1Ki’ (8)

out

where: U - output voltage of a high-voltage non-invert-
ing broadband cascade amplifier; U, - input voltage of a
high-voltage non-inverting broadband cascade amplifier;
K. - gain divider factor.

Whenselectinga coefficient oneachstage,the condition
must be observed that the output voltage cannot be greater
than the sum of the input voltage and the supply voltage 1.

Un-l x Kn < Unsup x Un-l’ (9)

(Unsup+Un—1)
b

K, <
n Un_1

(10)

where: K - gain divider factor; U_, - voltage coming from
the output of the previous stage to the non-inverting input

of the operational amplifier 4 of the current stage; U - oper-
ating range of the supply voltage source 1 of the current stage.
The operating range of the supply voltage 1 is given by

the equation (11):
u =U-U,

sup + -

(11)

where: U, - absolute value of the voltage of the positive
supply voltage 1; U - absolute value of the voltage of the
negative supply voltage 1, and must not exceed the pass-
port values.

For bipolar power supply, the absolute value of the out-
put signal amplitude cannot exceed the value of the supply
voltage range of 1 U . The operating amplifier voltage level
was determined by equations (12, 13):

Rs -1
Usnt, = Weups, = U)X (FE41) = Uy, (12)

Rs -1
Uspy = Wsp = U)X (2 41)  =Us,  (13)

where: U , U - relative value of the operational am-

optn’ " op-n
plifier suppply vgltage 4 U, U, — absolute value of the
supply voltage 1; U, - operational amplifier output voltage
4; R, - resistance of the operating voltage setting resistor
5; R, - resistance of the operating voltage setting resistor
6; U, - junction voltage of the transistor repeater.

Output signal on the first stage (U ) was formed ac-

outy
cording to equation (14):
Upir = l]in x K’

outl

(14)

where: U, - signal sent to the non-inverting input of the

operational amplifier 4.
Equation (15) determined the gain divider coefficient:
K=1+2-, (15)

8
where: R, - resistance of the resistor setting the signal gain
7; R, - resistance of the resistor setting the signal gain 8.
The output signal of the first stage was sent to the
non-inverting input of the amplifier 4 of the next stage and
formed the output signal according to equation (16):

[jann»lxKn’ (16)

where: n - cascade number; U, | - output signal of the pre-
vious stage.
The gain divider coefficient of the current stage was
determined by the equation (17):
R
Kp=1+"2,

8n

(17)

where: R, -resistance of the resistor setting the signal gain

7; R,, - resistance of the resistor setting the signal gain 8.
Overall, the study was based on cutting-edge technolo-

gies in high-voltage electronics and engineering modelling.

RESULTS
High-voltage measuring amplifiers (HVMA), also known as
voltage dividers, are important electrical devices used to
accurately measure high voltages, usually exceeding 1 kV.
The main function of these devices is to reduce the voltage
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to a level that is safe and convenient for measuring with
standard instruments such as voltmeters or oscilloscopes.
The principle of operation of voltage amplifiers is based
on the separation of voltage between the components of
the device, such as resistors or capacitors connected in se-
ries. On one of these components, some of the voltage is
removed, which is then measured. The resulting voltage is
proportional to the total input voltage. There are several
types of high-voltage amplifiers, including resistive, capac-
itor, and combined. Resistive amplifiers consist of a series
of resistors connected in series and are used to measure
both DC and AC voltage. They are characterised by high ac-
curacy, but can heat up when operating at high voltages,
which can affect the measurement accuracy.

Capacitor amplifiers consist of series-connected capac-
itors and are commonly used to measure high-frequency
variable voltages. They have less impact on the frequency
characteristics of the measuring system, but their calibra-
tion may be more difficult. Combined amplifiers combine
resistive and capacitor elements, which facilitates optimal
measurement characteristics under various operating con-
ditions. The key characteristics of amplifiers are the division
factor, rated voltage, frequency response, and measure-
ment error. These parameters determine the accuracy and
reliability of the amplifiers, and their ability to adapt to dif-
ferent operating conditions. The application of high-volt-
age measuring amplifiers is extremely wide. They are used
in energy, scientific research, electrical equipment testing,
and other industries where high voltage measurement is re-
quired. These devices help to safely and accurately measure
high voltages, which ensures reliable operation of electron-
ic equipment and increases the safety of measurements.

Operational amplifiers were originally designed to
perform mathematical operations where the voltage level
determined numerical values, signs, and frequency. Over
time, they have become multifunctional devices with a
wide range of applications. High-voltage operational am-
plifiers typically contained amplification circuits where
the output voltage exceeded the operating voltage level of
the existing element base (Asha & Dahiya, 2022). These
amplifiers consisted of complex multi-transistor configu-
rations that provided a high voltage gain (up to 106) and
an operating frequency range from 0 to fmax. In modern
models of amplifiers, the value of f __could reach several
GHz (Sedov, 2017). High-voltage amplifiers are widely used
in dielectric spectroscopy, where it is important to provide
not only a high output voltage (hundreds of volts), but
also to maintain its stability and quickly change its value.
This makes them indispensable in diagnostic equipment
for insulation and dielectrics in industrial environments
(power supplies, welding equipment, control systems for
electric drives, valves, solenoids and other actuators), and
in laboratories. In addition, such amplifiers have found
application in military and aerospace technologies (vibra-
tion compensation systems, sonar, electrostatic levitation
devices) and in medical equipment (ultrasound diagnostic
devices, magnetic resonance imaging, microscopes and
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analysers) (Medyanyi, 2017).

AC voltage calibrators had limitations in terms of op-
erating frequency range, output level, and stabilisation ac-
curacy. The main sources of errors were shifts in the zero
voltage level at the outputs of the stages and voltage losses
in the communication lines between them (Liu et al., 2016).
For most calibrators, the frequency range usually did not
exceed 100 kHz, and high-frequency calibrators had a lim-
ited output signal level (30 V), which made it difficult to
conduct comprehensive verification of devices in this fre-
quency range. The output voltage stabilisation error for
calibrators with a frequency range of up to 100 kHz was
%(0.002-0.05) %, and for devices operating in the range of
up to 100 MHz, — #(0.1-1) % (Roberts, 2007).

Measuring operational amplifiers are often used in
measuring and testing equipment due to their high-pre-
cision characteristics (Sedov, 2017), although they do not
provide high power output. A high-voltage measuring am-
plifier is a specialised version of an operational amplifier,
based on which not only amplifier circuits are developed,
but also automatic control systems. Various circuit solu-
tions are used to increase the operating voltage range and
reduce stabilisation errors. The most common in 2024 are
high-voltage amplifiers from Fluke and operational ampli-
fiers from Apex Microtechnology (2024), used in modern
calibrators with integrated power amplifiers (Dovhal, 2023).

The amplifiers developed by Apex Microtechnology
have unique characteristics such as a wide range of supply
voltages, high output currents, low quiescent currents, min-
imal internal losses, and high linearity (class AB) (Zhu et
al., 2020). However, non-specialised operational amplifiers
are not capable of providing an output voltage that exceeds
the supply voltage. The study presents a new high-voltage
amplifier circuit that uses multiple operational amplifier
stages to extend the operating voltage range of the device.
The study examined a model of a 3-stage high-voltage
measuring amplifier (HVMA) built on the basis of the PA94
operational amplifier from Apex Microtechnology.

W.G.K. Ihlenfeld (2005) described the transformer con-
verter as a simple and reliable solution for generating high
voltage. This solution provided stable operation and high
reliability, but had limitations in generating signals in the
wide frequency band and constant voltage signals. Trans-
former converters were well suited for certain low-frequen-
cy applications, but did not provide the necessary flexibility
for broadband or constant signals, making them unsuitable
for some demanding metrological applications. H. Pan et
al. (2019) investigated the use of operational amplifier cas-
cades and optocouplers. This solution met the needs for
generating constant voltage signals. However, it had low ac-
curacy and a narrow frequency band, which limited its use
in high-frequency measurements. OA-based high-voltage
cascade amplifiers required careful tuning and had difficul-
ty maintaining stability and accuracy at high frequencies.

Y.M. Tuz (2012), in the monograph “Broadband
high-voltage measuring amplifiers”, described methods
and configurations of operational amplifier stages for
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generating high voltage over a wide frequency range while
maintaining accuracy. In their work, they considered the
PA94 amplifier as an amplifier element. Using four stages
(Fig. 1), these elements provided 1,000 V signal generation
in the band up to 100 kHz. However, due to the limited rise
rate, the accuracy characteristics of 1,000 V signal repro-
duction at high frequencies were significantly degraded

p—

to 3,000 ppm. In addition, a proportional increase in the
number of stages to achieve higher voltages was limited by
the quality of the element base. Phase shifts that occurred
in cascades degraded accuracy and caused harmonic dis-
tortion. Phase correction required an additional complica-
tion - the use of independent feedback links, which added
complexity and reduced the reliability of the system.
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Figure 1. HVMA scheme for four operational amplifiers

Source: created by the authors based on Y.M. Tuz (2012)

The industry offers a variety of generators, however,
a review of existing solutions has shown that none of the
available approaches meet all the requirements. The trans-
former converters were reliable, but did not support a wide
frequency band and constant voltage. Cascade amplifiers
based on operational amplifiers and optocouplers provided
constant voltage generation, but had low accuracy and a
narrow frequency band. PA94-based broadband amplifiers
allowed high-voltage and wide-band operation, but had
limitations in the rise rate and accuracy of signal repro-
duction at high frequencies. Therefore, it is necessary to
continue research to develop optimal solutions that can
meet all the requirements of metrological certification and
calibration of thermoelectric transducers.

In the course of studying various amplifier circuits with
inverting and non-inverting stages, and using dependent
and independent connections, it was found that distortions
of the output signal occurred at a frequency of 100 kHz. In-
stead of a sinusoidal shape, the signal took on a triangular
shape. This phenomenon was particularly evident when two
or more amplifiers were cascaded together according to the
inverting amplifier circuit. To avoid such distortions, it was
proposed to use a series cascade connection of individual op-
erational amplifiers, which helped to connect power supplies
in series, thus creating a voltage adder (Song et al., 2023).
To analyse the functioning of this scheme, simulations
were performed in the MicroCap software environment.
A block diagram of the HVMA model is shown in Figure 2.

vcet vce2 VCCn
O O O
@) @) O
VEE1 VEE2 VEEn
vcce1 vee? veen
Vin u1 VOUT1
’ Y2 vour2 | lus  vourn  vout
Rfb21 4
Rfb2
VEET1 VEE2 4 VEER Rfb2n
Rfb11
Rfb12 Rfbin

—
GND

Figure 2. Block diagram of HVMA

Source: created by the authors
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The described model was a circuit that consisted of se-
ries-connected stages of operational amplifiers. The stag-
es were implemented as a separate operational amplifier,
which had its own independent power supply, galvanically
isolated from the power supply of other stages (Tuz, 2012;
Song et al., 2023). The input voltage that was applied to
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each stage was amplified K times by using a voltage divider
across resistors R ;. and R, in the feedback loop. Figure 3
shows calculated diagrams of the output voltage of indi-
vidual stages.

The diagram of the electrical model of HVMA is shown
in Figure 4.
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Figure 3. Output voltage diagrams at stage outputs

Source: created by the authors
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Figure 4. Electric model of HVMA

Source: created by the authors

The utility model belongs to the field of radio engi-
neering and can be used to build radio and telecommuni-
cations systems for various purposes, for example, in au-
tomation and measurement equipment devices (Junglas
& Maas, 2021; Hu & Ma, 2021). The closest to the utility
model is the TALC 5.035.004 amplifier developed by the
AED Research Institute of National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, which
is a high-voltage inverting cascade amplifier with virtual
power supply and general dependent feedback. The disad-
vantage of this amplifier is the low input impedance, which
affects the input signal, which leads to an additional error
in the output signal. In addition, the feedback link of such
an amplifier is very sensitive to parasitic characteristics
of elements and structures, and accordingly the cascade

with the worst characteristics leads to degradation of the
characteristics of all other stages (Montaseri et al., 2022;
Mehrotra & Hopkins, 2023). The utility model is based
on the task of expanding the operating range of the input
voltage, while reducing the error of the output signal and
reducing the sensitivity of the feedback link to parasitic
characteristics of elements and structures.

This problem is solved by the fact that a high-voltage
non-inverting broadband cascade amplifier (Fig. 5), divided
into separate stages with independent power supply, con-
nected in series and containing an operational amplifier, a
gain divider, according to the utility model, the stages are
configured according to a non-inverting feedback circuit
and a transistor repeater and a voltage divider of the oper-
ating point are added to each stage.
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Figure 5. High-voltage non-inverting broadband cascade amplifier

Source: created by the authors

This amplifier consisted of three stages, with each stage
containing two power sources (1), an operational amplifier
(4), and a transistor repeater based on a bipolar NPN tran-
sistor (2) and a PNP transistor (3). In addition, two dividers
were present in each stage: one for setting the operating
voltage, which consisted of resistors (5) and (6), and the oth-
er for adjusting the signal gain, which included resistors (7)
and (8) (Jung et al., 2020; Roongmuanpha et al., 2021). The
technical result of the claimed solution is an extension of
the operating range of the input voltage and a reduction
in the error of the output signal. And due to independent
feedback, the sensitivity of the feedback link to parasitic
characteristics of elements and structures decreases and
the influence of other working stages (Bai et al., 2021;
Lee et al., 2021). The proposed combination of features that
determines the essence of the utility model was not known
from previous technical solutions, so this utility model
met the criterion of innovation. The proposed high-volt-
age non-inverting broadband cascade amplifier can be
implemented according to the scheme shown in Figure 5.

The utility model was illustrated by an example of its
application. This model was a non-inverting broadband
cascade amplifier consisting of separate independent stag-
es connected in series to extend the operating range of the
input voltage. Each stage was made in the form of a separate
operational amplifier, tuned according to a non-inverting
feedbackcircuit,withindependent power supply,atransistor
repeater and a voltage divider of the operating power point.

The input voltage applied to each stage was amplified
by Kn times, which was provided by a voltage divider of
the operating power point on resistors 5 and 6. Additional
transistor stages helped to double the operating range of
the output voltage by shifting the operating power point.
A floating supply voltage shaper for each stage was imple-
mented using the following components: 1, 2, 3, 5, 6. The
supply voltage sources 1 were connected in series, creating
a bipolar supply voltage with a nominal value equal to twice
the maximum value of the operating voltage of the opera-

tional amplifier 4. Input signal (U, ) received on a non-in-
verting input of operational amplifier 4, output signal on
the first stage (U, ,,) was formed according to equation (8).

High-voltage non-inverting broadband cascade ampli-
fier: utility model patent (2023) was capable of implemen-
tation in industrial production. Thus, this technical solu-
tion met the criterion of industrial suitability and could be
protected by a patent of Ukraine for a utility model. In the
field of high-voltage generation by broadband amplifiers,
the use of low-voltage amplifier stages together with the
voltage doubling method is considered. The main problem
is that operational amplifiers (OAs) with better frequency
characteristics and higher gain rates usually have a low
supply voltage. One possible solution is to use high-speed
amplifiers such as the Apex PA98 instead of the Apex PA94.
Apex PA98 amplifiers have a wider bandwidth and higher
build-up rate compared to the PA94, but their operating
voltage is half that. Using the voltage doubling method
described in the patent, it was possible to expand the fre-
quency band to 150 kHz when generating a 1,000 V signal
with a moderate deviation of 680 ppm. This method en-
sured high accuracy and stability when working with high
voltages over a wide frequency range.

The voltage doubling method consists of cascading
multiple amplifiers with independent power supplies,
which allows doubling the output voltage. Each stage
contains an operational amplifier and feedback links that
ensure accurate signal processing. For stable and efficient
operation, operational amplifiers are powered by transistor
repeaters that provide the required power levels. By care-
fully selecting the gain and supply voltage, the amplifier
system achieves an extended output voltage range. Exist-
ing methods of high voltage generation often have certain
limitations. For example, transformer converters provide
stable operation, but do not support a wide frequency band
and constant voltage signals. Cascade amplifiers based
on operational amplifiers and optocouplers can generate
constant voltage signals, but have low accuracy and a nar-
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row frequency band. Y.M. Tuz (2012) described methods
for configuring operational amplifier stages for generating
high voltage over a wide frequency range, but while main-
taining the accuracy and speed of signal rise.

The new approach under consideration allows using
high-speed amplifiers with low supply voltage to generate
high voltage in a wide frequency band. This ensures high
accuracy and stability of the output signal. For example,
the use of Apex PA98 amplifiers and the voltage doubling
method allows reaching 1,000 V in the band up to 150 kHz
with a deviation of 680 ppm. This significantly improves
the frequency response and signal growth rate compared
to conventional approaches (Dovhal & Tuz, 2024). A review
of existing solutions has shown that the new approach us-
ing low-voltage amplifier stages and the voltage doubling
method has significant advantages. It allows achieving
high accuracy and stability when generating high voltage
over a wide frequency range. This makes it promising for
further research and implementation in the metrological
certification and calibration of thermoelectric transducers.

Cascade connection of amplifiers is an effective meth-
od of extending the range of operating voltages and fre-
quencies of amplifiers. In cascade circuits, each amplifier
amplifies the signal coming from the previous stage, there-
by increasing the total output voltage of the system. How-
ever, cascading also brings a number of problems, among
which the main ones are signal stability and error control.
In cascade circuits, the main task is to ensure stable gain at
each stage to avoid cumulative signal distortion. The am-
plifiers in the stage must be optimally tuned so that each
subsequent amplifier receives a signal with the required
voltage level and minimal distortion. This requires careful
selection of the feedback and resistance parameters of the
resistors used to adjust the signal gain.

DISCUSSION

A high-voltage operational amplifier PA94 was used in the
study, which allowed achieving stability and high accuracy
of the output signal, which is critical for ensuring reliable
operation of electronic systems under variable load condi-
tions. This solution has significantly improved the reliabil-
ity of electronic devices in industrial and scientific systems
where load fluctuations often occur. Stability of charac-
teristics in such conditions is a crucial factor for ensuring
smooth operation of systems.

Cascade coupling of amplifiers proved to be an effective
method for extending the frequency range and increasing
the operating voltage, which contributed to improving the
efficiency and functionality of amplifiers in systems that
require a wide frequency range and high voltage. This en-
sured reliable operation in difficult operating conditions.
Comparison with the study by J. Chen et al. (2022), where
thin-film transistor-based amplifiers focus on compactness
and energy efficiency, have demonstrated good results for
high voltage industrial applications where stability under
variable loads is important. An innovative approach to
minimising errors through the additive error correction
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scheme has significantly improved the quality of the out-
put signal and reduced its distortion (Hula & Hryha, 2024).
This ensured the stability of the system even under var-
iable operating conditions, which is especially useful for
high-precision systems such as medical devices or process
control systems. Reducing errors helped to avoid possible
failures in operation, which is important for modern tech-
nologies (Smailov et al., 2023).

Compared to the study by M.M. Tarar et al. (2024), who
developed a multi-stage distributed amplifier (LC-CMS-
DA) based on 65 nm CMOS technology, demonstrated
higher stability indicators at high voltages. Amplifier by
M.M. Tarar et al. (2024) provided a peak gain of 21.5 DB
over 50 GHz bandwidth, which is an important indicator for
high-frequency systems. However, this approach was not as
effective for tasks that required high operating voltage and
signal stability under variable loads. Specialised software
was used to achieve accurate device operation parameters,
which significantly improved the efficiency and reliability
of the amplifiers. Optimisation of operating parameters
under high voltage and variable loads provided better re-
sults compared to other approaches.

The study by Z. Wang et al. (2023), which focused on
broadband millimetre wave amplifiers for 5G and satellite
communications, demonstrated high-frequency perfor-
mance with a frequency range of 25.8-36.9 GHz. This made
the amplifier suitable for high-frequency communication
systems. However, unlike the solution, which focused on
stability at high voltages, approach by Z. Wang et al. (2023)
was aimed at the narrow industry of high-frequency ap-
plications and failed to provide the same efficiency in
high-voltage operations. One of the technical innovations
in the study by Z. Wang et al. (2023) was the possibility to
use a magnetically coupled resonator network for output
matching, which provided high performance when working
with large and small signals. This made the amplifier effec-
tive for modern communication systems such as 5G. How-
ever, its performance in industrial applications with high
operating voltage was not as high, as the focus on signal
stability under variable load and high voltage is an impor-
tant aspect for industrial systems.

The research involved the development of cascade
power amplifiers with an emphasis on the stability and
accuracy of the output signal under variable load condi-
tions. The use of a high-voltage operational amplifier en-
sured not only stable operation of electronic systems, but
also increased efficiency in industrial conditions (Bond-
arenko et al., 2019). Compared to the study by C. Zhao et
al. (2022), which focuses on a broadband CMOS low-noise
amplifier (LNA) with multiple resonant frequencies, the
current study focused on achieving high stability under
different loading conditions. C. Zhao et al. (2022) discussed
the development of an LNA that uses a common source
(CS) topology and inductive degeneration to expand the
bandwidth. While both studies highlight the importance
of working with broadband amplifiers, the current study
focused on stability and high output power under variable
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loads. The cascade amplifier connection technology used
in the current study provided an extension of the frequency
range and an increase in the operating voltage. C. Zhao et
al. (2022) focused on achieving multiple resonant frequen-
cies to reduce noise, which has improved the overall per-
formance of the amplifier, but narrow bandwidth is still a
limitation. In the above study, cascade connection technol-
ogy not only improved performance over a wide frequen-
cy range, but also ensured stable operation of the system
under high loads, making this solution more suitable for
high-voltage industrial applications.

The development of cascade amplifiers also considered
the technology of additive error correction, which mini-
mised distortion and maintained signal stability (Bond-
arenko et al., 2018). While the study by C. Zhao et al. (2022)
demonstrates the application of inductive degeneration to
generate multiple resonant frequencies and improve the
noise characteristics of an amplifier, this study focused
on signal stability under high voltage and wide bandwidth
conditions. This solution was important for applications
where high reliability is required when working with unsta-
ble loads. Also worth noting is the comparison with study
by S.R. Boroujeni et al. (2020), which refers to a broadband
CMOS low-noise amplifier (LNA) using a common source
topology with inductive degeneration. In this study, it was
proposed to use a shunt resonator to improve the band-
width of the amplifier by generating multiple resonant
frequencies. Both approaches demonstrate advances in the
development of wide-band amplifiers, but the main em-
phasis remains different. In the study by S.R. Boroujeni et
al. (2020), the emphasis is placed on noise characteristics
and bandwidth, while the current study emphasises the
need for stable operation of power amplifiers under high
voltage and alternating load conditions. The use of software
to optimise the operation parameters of devices helped to
determine the optimal conditions for ensuring the efficien-
cy of amplifiers. This made it possible to achieve stable per-
formance under variable load conditions. Compared to the
study by S.R. Boroujeni et al. (2020), where the main goal
was to improve bandwidth and reduce noise through the
use of an innovative topology, the current study focused
on stability when operating at high voltages, which is im-
portant for tasks where accuracy and reliability are critical.

Overall, the successful integration of state-of-the-art
materials and technologies to create high-voltage ampli-
fiers with improved stability and accuracy characteristics
was demonstrated. Compared to other studies, such by
S.R. Boroujeni et al. (2020) and C. Zhao et al. (2022), which
focused on improving noise performance and bandwidth in
low- voltage systems, this study focused on ensuring stable
operation under high voltages and variable loads, making
it more suitable for industrial and scientific applications
where high voltage and stability are key requirements.
L. Xu et al. (2020) developed a high-voltage operational
amplifier based on the general principles of operational
amplifiers, particularly for applications with piezoelectric
actuators. The main innovation is the use of the amplifier

as a non-inverting one, considering the effect of piezoelec-
tric elements on the circuit. In addition, the simplicity of
the design and feedback principles ensured low noise, com-
pactness, and the possibility of implementation using dis-
crete components (Bagatskyi et al., 2023). In an experiment
focused on precise positioning, it was shown that the am-
plifier works in accordance with theoretical expectations.

The study of cascade power amplifiers is also focused
on high-voltage operation, but the emphasis is on the
stability of the output signal under variable loads. While
research on a high-voltage operational amplifier has fo-
cused on providing low noise and compactness, achieving
stability at high voltages and a wide frequency range has
been a key aspect here. Since research on operational am-
plifiers uses piezoelectric actuators for precise positioning,
this increases its potential in areas such as precision me-
chanics and control. Overall, the study showed successful
integration of modern materials and methods to achieve
high stability and accuracy of the output signal. Com-
pared to other studies, this solution has shown advantages
for applications that require stability and accuracy under
variable loads and high voltages. The results of the study
have significant potential for further use in industry and
science, where the accuracy, stability and reliability of
electronic systems are important. This approach opens up
new opportunities for improving technologies in the field
of high-voltage electronics and contributes to the further
development of the modern industry.

CONCLUSIONS

The use of high-voltage operational amplifiers PA94 helped
to ensure high stability of the output signal even under
variable loads. The amplifiers have demonstrated reliabil-
ity and versatility, which makes them promising for use in
various industries. The high technical characteristics of the
PA94, such as the ability to work with capacitive loads and
transmit direct and pulsed currents, allow expanding the
scope of their application. Cascade coupling of multiple
amplifiers has become a key methodological approach in
the study. It helped to significantly expand the frequency
range and operating voltage range of amplifiers. This meth-
od has proven to be particularly effective in achieving high
output voltage values while maintaining high signal accu-
racy, which is important for many industrial applications.

The use of an additive error correction scheme min-
imised distortion of the output signal and improved its
quality. This scheme helped to maintain the stability of the
amplifiers even in difficult conditions, which increased the
reliability of the developed system. Minimising errors is
critical to ensuring the accuracy and efficiency of amplifiers
in industrial and scientific research. Modelling and compu-
tational studies have played a crucial role in the process
of optimising the amplifier design. The use of specialised
software allowed performing accurate calculations, which
helped to find the optimal parameters of the devices and
their design features. This contributed to improving the
efficiency and reliability of the developed systems. The re-
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sults of the study showed that the use of modern materials
and methods makes it possible to create high-voltage am-
plifiers with improved technical characteristics that meet
the requirements of modern industry and science. These
amplifiers have the potential for further improvement and
development, which opens up new prospects for their ap-
plication in various industries.

One of the main limitations of this study was its focus
on operational amplifiers PA94, which may limit the appli-
cation of the results obtained for other types of amplifiers
or technologies. Although the use of a cascade connection
of amplifiers helped to extend the frequency range and op-
erating voltage interval, this method did not always pro-
vide efficient operation at very high frequencies due to the
internal characteristics of the PA94. In addition, the com-
plexity of the design of amplifiers due to the use of a cas-
cade connection and an additive error correction scheme
complicated their production and maintenance. High-volt-
age operation also caused problems with heat dissipation,
which affected the stability and reliability of the amplifiers.
In addition, the simulation results, although useful, did not
always fully correspond to the actual operating conditions,
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which could lead to deviations in performance.

To further improve these amplifiers, it would be ad-
visable to conduct additional experimental studies under
conditions as close to real conditions as possible to test
the accuracy of the simulation results. In addition, it would
be worth considering simplifying the design of amplifiers
without reducing their performance, which could reduce
production costs and increase their reliability. It is impor-
tant to pay attention to improving heat dissipation sys-
tems to ensure stable operation of high-voltage amplifiers.
To further expand the frequency range of amplifiers, the
use of new materials or technologies may be considered.
It would also be useful to explore the possibility of using
similar methods for other types of high-voltage amplifiers,
which could allow scaling the results to other areas.
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AHoTauiqa. MeTor0 [aHOTO JOCTiIKeHHs 6y/10 CTBOPEHHST HOBOI MO/IeTi BMCOKOBOJIBTHOTO BMMipIOBaJIbHOTO TiICHII0Bayva,
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PO3paxyHKOBMX JIOCTiIKEeHb [T ONTUMMi3allii KOHCTPYKILii BMCOKOBOJIBTHUX ONepaliiiHMX MifAcuaoBaviB. Pe3ynbraTu
IOCTiKEHHS TTOKa3aJiu, 1[0 BUKOPUCTAHHST BUCOKOBOJIBTHUX OmepalliiiHuX migcuioBadiB PA94 3a6e3mneuye BUCOKY
CTabiIbHICTh i TOUHICTh BUXiJHOTO CUTHAIy HAaBiTh IIPU 3MiHHMX HaBaHTaxkeHHsX. KackagHe 3’eqHaHHS MigCUIIOBaviB
JIO3BOJIVJIO PO3IIMPUTH YACTOTHMI Iiaria30H Ta 301IbINTY pO60UY HAIIPYTY, IO MiABUIIWIO e(PeKTUBHICTD iX pO6OTH.
3aCcTOCYBaHHS CXeMM aAVTUBHOI KOPEKIIii MOXMO6KM 3HAYHO 3MEHIINU/IO CIIOTBOPEHHST CUTHAY, MiABUIIMBIIN OTO SIKiCTb.
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BMCOKMX TEXHIUHMX XapaKTEPUCTUK. 3aBASKM TTOE€THAHHIO X METO/IiB OY/I0 CTBOPEHO HAAiMHY CUCTEMY 3 TIOiMTIIEHUMM
napaMmeTtpamu. [TigcuaoBayi moxkasasau MnepCcrneKTUBHICTD /IS HIMPOKOTO CIIeKTPY MPOMUCIOBUX i HAYKOBUX 3aCTOCYBaHb.
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Mathematical modelling of solar power converters

Abstract. The study was conducted to develop a mathematical model of photovoltaic systems using artificial neural
networks. A mathematical model of the photovoltaic system was established, a simulation process was implemented
considering key parameters, and a maximum power point tracking method was applied to improve the efficiency of the
system. In this research, a mathematical model of photovoltaic system based on artificial neural networks was developed
and tested to improve the efficiency of solar panels. The model showed high accuracy in predicting the maximum power
point under varying environmental conditions such as illumination and temperature. Analysis of the data demonstrated that
the use of neural networks for maximum power point tracking significantly reduces energy losses compared to traditional
tracking methods. Experimental results confirmed that the proposed approach provides more stable and accurate detection
of the maximum power point in real time. The findings showed that the implementation of such a system could significantly
improve the overall performance of PV plants, especially under erratic solar conditions, making it promising for applications
in different climatic zones. In addition, the model was shown to be robust to changes in input data parameters, making
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it adaptive to different types of solar panels and operating conditions. It was also found that the neural network-based
system reduces PV plant operation and maintenance costs by minimizing the need for manual calibration and monitoring.
The resulting model will improve the accuracy and efficiency of maximum power tracking of solar panels under varying

environmental conditions

Keywords: maximum power; illumination; temperature; prediction; neural networks

INTRODUCTION

Mathematical modelling of solar converters occupies an
important place in improving their efficiency and reliabili-
ty. With the increasing interest in renewable energy sourc-
es such as solar panels, more and more attention is being
paid to the development of methods for optimizing their
performance. Current approaches based on artificial neural
networks allow for improved prediction and control, mini-
mizing energy losses under changing environmental con-
ditions. The development of mathematical models capable
of accurately tracking the maximum power point (MPP) in
real time is an important step towards increasing the per-
formance of solar converters and their adaptability to differ-
ent climatic conditions. These models help to ensure more
efficient utilization of solar energy, which in turn helps
to improve the resilience of the systems and makes them
more attractive for deployment in different regions. Giv-
en current energy trends and challenges, integrating such
models into the operation of solar plants can significant-
ly reduce maintenance costs and improve overall perfor-
mance, making research in this area particularly relevant.

The problem of improving the efficiency of solar
power converters remains relevant in light of global cli-
mate change and the need for sustainable energy sources.
C.G. Villegas-Mier et al. (2021) investigated the use of ar-
tificial neural networks to improve the efficiency of solar
panels. In their work, the authors demonstrated that such
networks significantly improve MPP prediction accura-
¢y, which in turn can lead to more efficient utilization of
solar energy under different conditions. A.M. Soomar et
al. (2022) investigated methods for optimizing the perfor-
mance of photovoltaic systems under varying solar activ-
ity. From their study, it was evident that adaptive models
outperform conventional approaches by providing higher
efficiency under variable environmental factors. K. Fati-
ma et al. (2022) emphasized the integration of intelligent
systems into MPP tracking. This solution helps to reduce
energy losses and improve the overall performance of solar
installations, which is important for reliability. C.D. He-
witt et al. (2021) proposed the development of adaptive
models that take into account the climatic characteristics
of different regions. They point out that this approach is
important to improve the efficiency of solar systems, en-
suring that they perform optimally in different climatic
conditions. A. Elnozahy et al. (2021) discussed improving
the stability of solar systems based on neural networks.
The results of their study show that process automation
can achieve more reliable operation of solar installations
and minimize the risks of failures.

A. Mellit & S. Kalogirou (2021) analysed the impact
of intelligent solutions on reducing operating costs. The
paper demonstrated that minimizing manual calibration
greatly simplifies the maintenance of solar plants and re-
duces their operating costs. K.B.M. Kiran et al. (2021) ex-
amined the robustness of models to changes in input pa-
rameters. In the study, the authors concluded that such
models are more effective under a variety of operating con-
ditions, making them promising for future use. M.A. Mari et
al. (2021) emphasized the long-term reliability of the pro-
posed solutions. Their research opened new perspectives
for future research in the renewable energy field, allowing
the improvement of solar energy technologies. P. Sharma et
al. (2021) considered the possibility of integrating the new
models into global energy networks. The authors high-
lighted that such integration could significantly expand
the application horizons of solar technologies and increase
their international availability. Nevertheless, there remain
gaps in research on the impact of long-term operation on
the stability of the models, as well as the need to better
analyse the interaction of new technologies with existing
energy systems. In addition, research does not fully cover
the integration of renewable energy into existing energy
infrastructure, which requires further attention. The aim of
the study was to develop a mathematical model using neu-
ral networks to optimize the performance of solar panels
under changing conditions.

The objectives of the study were:

1. Analysing the role of mathematical modelling in op-
timizing the performance of solar converters.

2. Reviewing various approaches to the use of artificial
neural networks in the context of predicting the maximum
power output of solar panels.

3. Evaluating the results of implementing these mod-
els in real-life operating conditions and their impact on the
overall performance of the systems.

MATERIALS AND METHODS
In this study, the equivalent external characteristics’ meth-
od was used to mathematically model the operation of a
photovoltaic system. The main objective of this approach
was to create a mathematical model of a high-power pho-
tovoltaic system that takes into account the key parame-
ters of a real power source such as short circuit current,
no-load voltage, maximum current, operating point volt-
age, temperature and illumination intensity, and physical
properties of the solar cells. The modelling was carried
out in MATLAB/SIMULINK environment, where the model
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parameters were carefully calculated to describe the oper-
ation of the photovoltaic power source. An important step
in the process was the simplification of the complex math-
ematical equations detailing the operation of the photo-
voltaic cells, allowing the formulas to be optimized to ac-
curately calculate current and voltage in response to light
and temperature conditions.

One of the key steps was the use of amathematical mod-
elincluding an equivalent circuit of the photovoltaic system
based on an equivalent circuit consisting of a current source,
diodes, and resistors connected in series and parallel. This
model was used to calculate the dependence of the system
current and power on temperature and illumination level,
which is important for evaluating its performance (Fig. 1).

25+273.15 —@ 1.1 —»{ [Eg]
Tr_value Tr Eg_value Eg0
1.2805°10(-23) —><E 1000 _.@
Boltzman Constant k Shunt resistance Rsh1
12 n] 1000 [1r0]
Ideality factor n 0 o
Short circuit cumrent Isc 43.2/72 [Vod]
Open circuit voltage Voc

Figure 1. Parameters set before running the model
Note: Tr - reference temperature (298.15 K), n — diode ide-
ological factor (1.2), k - Boltzmann constant, q — elementary
charge, Isc — short circuit current under standard test con-
ditions (STC), Eg0 - silicon forbidden bandwidth, Rs - series
resistance, Rsh — shunt resistance

Source: created by the authors

As part of the study, a simplified version of the equa-
tions describing the operation of the photovoltaic system
was created, making it easier to account for the effects of
temperature and changes in solar radiation intensity on its
operation. The main focus was on the equations for cal-
culating the short-circuit current, no-load voltage, and
maximum current and voltage at the operating point of
the system. In order to obtain accurate results, a simula-
tion modelling process of the solar module was developed
based on the above equations. The process was carried out
in a step-by-step manner where each circuit component
including the photocurrent source, and the reverse satura-
tion current of the module was modelled separately. Sep-
arate circuits were also created to simulate each equation
at each stage of the calculation, which provided higher
simulation accuracy and facilitated further analysis of the
performance of the photovoltaic system.

In the investigated photovoltaic system, six modules
were used, each module comprising six solar cells connect-
ed in series. This configuration was chosen to achieve the

required power level. To improve the overall efficiency of
the system, maximum power point tracking was imple-
mented, which significantly improved its performance un-
der varying light and temperature conditions. The use of
modern technology in the simulation process will ensure
high reliability and accuracy of the results, which will opti-
mize the performance of photovoltaic systems and improve
their efficiency in real-world conditions.

In this study, neural networks were used to optimize
the mathematical modelling of photovoltaic systems. Spe-
cifically, artificial neural networks were applied and trained
on historical data to predict power output as a function
of temperature and lighting intensity. This approach al-
lowed the identification of non-linear dependencies that
are difficult to describe using traditional methods. Neural
networks were also used to identify deviations in system
performance, which increased the accuracy of the model-
ling and enabled effective monitoring and control of the
photovoltaic plants, improving their overall performance.

RESULTS

Mathematical model of photovoltaic systems
Photovoltaic cells are the heart of solar cells. Their oper-
ation is based on the principle of converting light ener-
gy into electrical energy by means of a PN junction. The
equivalent circuit of a photovoltaic cell includes photocur-
rent, which depends on the light intensity, and diode cur-
rent, which is determined by the voltage on the cell. The
external characteristic of a photocell describes the voltage
dependence of the output current and allows calculating
its parameters (1):

I'= Ly — I (exp (q(z%) - 1) - %. (1)

The parameters A, k, g, R_and R, are included in the
equation describing the solar cell voltampere character-
istic. The ideality factor A characterizes the quality of the
p-n junction, while the resistances Rs and Rsh account for
ohmic losses in the base and emitter layers, respectively. To
develop a mathematical model of a high-power photovolta-
ic system, the method of equivalence of external character-
istics is applied. This method is based on the comparison of
real solar cell characteristics, such as short-circuit current,
no-load voltage and maximum power, with the parameters
of a simplified electrical circuit (Katche et al., 2023). The
aim of the method is to create a universal model that al-
lows simulating the behaviour of a photovoltaic system,
regardless of the number and type of elements used. The
mathematical model is created based on (Fig. 2).

Model description:

i. the term (U+IR /R in equation (1) is much smaller
than the photogenerated current and is ignored;

ii. under normal conditions, the resistance R_is less
than the forward conduction resistance of the diode, which
allows us to ignore the coefficient IR/AkA. In this case,
I, can be equated to I, which leads to a simplification of
equation (1) to the following form (2):
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= Ly — g (exp (;%) - 1). 2)
Rg I
A4
Ip Ish +

Iph 1) Rsp \'4

Figure 2. Schematic diagram showing the process of con-
verting light energy into electrical energy in a solar cell

Note: I - photocurrent current; I, —diode current; I, -
bypass current; R, —shunt resistor; R_-series resistor; I -
current, v — voltage

Source: created by the authors

If C,=1I_/I and C,=AR6/q, then the above formula is
expressed as (3):

I=1,(1=C (exp () — 1) 3)

where U is the voltage at the terminals of the solar cell; U
is the open circuit voltage.

To find C, and C,, the following two conditions are used:

i. in the open circuit state I=1, U=U_;

ii. at the point of maximum power U=U_,I=1 .

When substituted into equation (ii), the authors obtain
4, 5):

Co=(1-")exp (=), )

where U, is the maximum voltage.

C, = (UZ’; 1) (1n (1 - Lﬂc))_l‘ (5)

Based on this, taking into account the change in
temperature Af=6- 6 _.and the change in light intensity
AS=S§/S .- 1,it turns out (6-9):

I' =I (1+AS)(1+axAof), (6)
U'oc=Uoc(1-cxAbfln(e+b x AS), (7)
I'm=Im(1+AS)(1+axAd), ®)
Um=Um(1 -cxAf)In(e +b x AS), 9)

where 6 _.=25°C and S =1 kW/m* - ambient tempera-
ture and luminous intensity under standard conditions,
respectively; a = 0.0025°C' - current temperature co-
efficient under standard conditions; b = 0.5 - constant;
¢=0.00288°C! — temperature coefficient of voltage under
standard conditions; e — base of natural logarithm.

As input data for the model, the main technical char-
acteristics of the solar panel are used. Based on mathemat-
ical equations (3-8), a simulation model is created in MAT-
LAB/SIMULINK environment, where current and power are

Sadykov et al.

output quantities depending on temperature and illumi-
nation level. The model is an electrical circuit including
diodes, current source and resistors and allows simulating
the operation of the solar module under different condi-
tions (Fig. 3).

Ng
,_‘,N\F___ Ny R
A4
— > +

Figure 3. Electrical diagram corresponding
to the actual behavior of a photovoltaic cell
Source: created by the authors

The mathematical model describing the dependence of
current on voltage in a solar cell is as follows. The photo-
current of the module, i.e., the current generated by light,
is (10):

I, =[I +K(T-298)] < Ir/1000. (10)

The dependence of the current on the voltage in a so-
lar cell is described by the following equation. The current
created by light is (11):

I.=1I /[exp(qV,/NknT) - 1]. (11)
Maximum module current (12):
2 Ego

lo = bs [1] e[S G- P (12)

Current generated by solar panel (13-15):

14 Rs
s N,
I'=N, X L, — Ny X Iy X [exp <—Snxvt ”) - 1] — Iy, (13)

kXT
Ve="" (14)
VX%+I><RS
Iy = —— (15)

where N is the number of panels connected in parallel; R
is the resistance in the circuit; R, is the additional resist-
ance; V. is the temperature-dependent voltage.

The photocurrent given by equation (10) was numer-
ically simulated and presented graphically in Figure 4 (at
standard illumination intensity).

The dependence of the reverse current on various
parameters is described by equation (11). The results of
the numerical solution of this equation are presented in
Figure 5.

The saturation current of the module is presented in
equation (12) and modelled in Figure 6.
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It was simulated circuits for equation (15) (Fig. 7) and  and shown in Figure 9. Simulation can be used to evaluate
equation (13) (Fig. 8). the performance of photovoltaic modules and arrays under

The simulation process of the solar module is shownin  various operating conditions. Changes in solar radiation,
Figures 3-8. The photovoltaic system consisting of 6 mod-  temperature, and partial shading have a significant impact
ules with 6 elements connected in series was simulated on the system output.
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Figure 7. Simulated circuit for equation (15)
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Figure 8. Modelling of a photovoltaic system

Note: a) block diagram corresponding to equation (13); b) simulation model of solar power plant
Source: created by the authors
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Figure 9. Model simulating the operation of a solar battery

Source: created by the authors

Optimization algorithms: MPPT in solar panels
Maximum power point tracking (MPPT) algorithms are
used to improve the efficiency of solar energy conversion.
Figure 10 shows a block diagram of a solar generator in-
cluding a DC-DC converter with an MPPT algorithm.
I — Sensor
I 1/3 VI'I'

Boost Converter

DC

Load
-

DC

' PWM
Digital controller

Figure 10. Structural diagram

of the photovoltaic installation
Note: I - current generated by solar panels (A); V.-
voltage generated by solar panels (V); PWM - pulse width
modulation — a method of power control in electronic
devices by changing the width of DC pulses
Source: created by the authors

Boost converter, controlled by the MPPT algorithm,
ensures maximum efficiency of the solar photovoltaic sys-
tem. MPPT, in turn, uses data on solar radiation, temper-
ature and other parameters to optimize the output pow-
er. Artificial intelligence allows increasing the speed and

accuracy of the MPPT algorithm (Sarang et al., 2024). The
structural diagram of the system is shown in Figure 11.

MPPT technique

> Microcontroller/|
. digital signal
Voltage L processor

sensor PWM
+ + +

pe-pe DC load
— —{converter —

Figure 11. Scheme
of the solar energy optimization algorithm
Note: PWM - pulse width modulation — a method of
controlling power in electronic devices by changing the
width of DC pulses
Source: created by the authors

Current
sensor

Solar panel

Designing a traditional control system requires math-
ematical modeling, since the developer needs to create a
mathematical model of the control object before monitor-
ing it. Numerous artificial intelligence algorithms demon-
strate satisfactory results, among which the algorithms
of artificial neural networks (ANN, Artificial Neural Net-
works (ANN). In general, an ANN is a computational model
that imitates a biological neural network (Pulvermiiller et
al., 2021). In such a model, a neuron is a processor that first
linearly weights the input data, then calculates the sum
using a nonlinear function called the activation function
(activation function, AF), and finally sends the results to
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the next neurons. The model of a regular neuron (Figure
12) is given by the relation:

z=YM w x +a,

m=1"m"m

(16)

where z is the final variable, which is the sum of the prod-
ucts, M is the total number of elements in the sum, W _is
the weighting coefficient for the mmm -th element, x_ is
the value of the mmm-th element, which affects the final
value, « is a constant or free term added to the sum.

Figure 12 shows a three-layer neural network, where
the input layer receives a vector of features characterizing
the solar battery (IPV and VPV), the hidden layer performs
a nonlinear transformation of the input data, and the out-
put layer generates a vector of output values.

Vpyi
Loy " &
°
°
°
Ve o ¢
IPVn .
Input Output
Layer a Layer (OL)
Wrnzgl
O Lo i 5 | z,| Activation | ¥
Wit el Jfunction
‘1]" ------ |

Figure 12. Neural network for solar panels

Note: V , V - input variables. V are the voltages
measured on the photovoltaic panels (PV). Index “n”
indicates the number of such panels or voltage sources used
as input to the neural network, I, I - the corresponding
currents for the same photovoltaic panels. These pairs of
data (voltage and current) represent the state of each panel,
Input Layer (IL) is the input layer of the neural network,
Hidden Layer (HL) is the hidden layer of the neural network,
Output Layer (OL) is the output layer consisting of one
neuron that produces the predicted value - the voltage
at the maximum power point, VMPP is the target variable
denoting the voltage of maximum power point (Maximum
Power Point), at which the photovoltaic system generates
maximum electrical power

Source: created by the authors

ANN is used to train and test the nonlinear relation-
ship between IV and PV characteristics. Using input data
such as current, voltage, solar radiation, temperature and
metrology data, ANN extracts these parameters and con-
tinuously learns to optimize the operation of the solar en-
ergy system to achieve maximum power. To implement the
maximum power point tracking (MPPT) algorithm based

Sadykov et al.

on artificial neural network, a supervised learning meth-
od is used (Fig. 13). Solar radiation and temperature data
are used as training data (Abouzeid et al., 2024). A trained
neural network controls a DC/DC converter to obtain max-
imum power from a photovoltaic array.

Boost Converter

‘BV array

F‘..

Load

+ Control signal
Pl [Pwm]

G —

T—.

Figure 13. Modelling the operation of a photovoltaic
system using a neural network
Note: a) system diagram; b) neural network structure
Source: created by the authors

Photovoltaic inverters are classified into two types (Sa-
lem et al., 2024): stand-alone inverters for isolated systems
(SAPV) and grid-connected inverters for systems connect-
ed to the general power grid (GCPV) (Fig. 14).

Buck
convetrter

Load

" AN

Vpv
Ipv —>

PV array

PWM

MPPT

Figure 14. Autonomous SAPV system with MPPT inverter
Source: created by the authors
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The volt-ampere characteristic (IV curve) is the most
important parameter of a photovoltaic module, determin-
ing its electrical properties (Fig. 15). The maximum power
point (MPP) on this curve corresponds to the optimal oper-
ating conditions of the module.

MPPT control using artificial neural networks (ANN) is
being actively researched in photovoltaic systems (Roy et
al., 2021). The neural network demonstrates the ability to
adaptively track the maximum power point in a wide range
of meteorological parameters. The system operation dia-
gram is shown in Figure 16.

Fuzzy logic (FL) provides an effective tool for design-
ing controllers in systems with high uncertainty. A hybrid
technique combining FL with artificial neural networks,
better known as Adaptive Neuro-Fuzzy Inference System
(ANFIS) (Figure 17), serves as a tool for dealing with non-
linear systems (Nabavi-Pelesaraei et al., 2021).

I-V Curve

ALY
Isc short circuit

P Voltage

Power
from cell
P=V*

Open circuit
b Voltage

Figure 15. Volt-ampere characteristic
of a photovoltaic module
Source: created by the authors
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Figure 16. Neural network diagram for MPPT control

Source: created by the authors
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Figure 17. Block diagram of the ANFIS controller with 2 inputs

Source: created by the authors

Using a hybrid approach combining artificial neural
networks and genetic algorithms in combination with the
traditional P&O method allows optimizing the input data
and increasing the efficiency of the MPPT algorithm. The
scheme of such a solution is shown in Figure 18.

To improve the efficiency of solar energy conversion, it
is proposed to use the MPPT algorithm based on artificial
neural networks (Fig. 19). The model is trained on data ob-
tained under various operating conditions, which allows it
to adapt to dynamic changes in the external environment
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and ensure optimal operation of the system in a wide range
of conditions (Gonzalez-Castano et al., 2021). Figure 20
shows the DC/DC converter.

This figure illustrates the operating principle of a di-
rect current to direct current (DC-DC) converter, where
the listed elements play a key role in regulating elec-
trical energy. The step-up converter, which operates on
the principle of discontinuous conduction mode, con-
sists of passive elements (choke, diode, capacitor) and an

Sadykov et al.

active element (switch). The P&O algorithm implement-
ed in the converter control system ensures tracking of the
maximum power point of the photovoltaic module by pe-
riodically changing the pulse width of the control signal
(Osmani et al., 2021). The disadvantage of the algorithm
is the presence of output power fluctuations in the steady
state, which can negatively affect the operation of sub-
sequent elements of the system. Figure 21 illustrates the
P&O algorithm.

Photovoltaic Panel Array

DC-DC
Energy Load
Converter
A
Voltage V & § MPPT
iCurrent I Sensors:

Ambient
Temperature

Perturbation &
bservation
Algorithm

Genetic
Algorithm

Solar

Radiation Multi Layered Neural Network

Figure 18. Structural diagram of a hybrid controller that optimizes solar battery energy production
Source: created by the authors
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Figure 19. Solar energy production system
Source: created by the authors
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Figure 20. DC-DC converter
Note: D is a diode that ensures one-way flow of current in a DC-DC converter, s is a switch that controls the on/off of the
circuit to regulate voltage and current, g is a control element for the key transistor used to change the state of the key, C
is a capacitor that accumulates and smoothes the voltage, ensuring stable output voltage
Source: created by the authors
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I Vref=Vref-AV |
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]
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Figure 21. P&O Algorithm

Source: created by the authors

InC algorithm, based on the slope analysis of the volt-
age-power characteristic of a photovoltaic module, is one
of the most common methods for tracking the maximum
power point (Restrepo et al., 2021). The method is charac-
terized by high stability and ease of implementation and is
widely used in combination with the P&O algorithm. Fig-
ure 22 illustrates the control principle of InC.

PA B
dpP 5 C \L
—>0¢— dp
dv A, T o
dp dv
=0
dv
b v

Figure 22. InC management theory
Source: created by the authors

Vref=Vref-AV |
]

|Vref=Vref+AV|

Equation (17) has a positive slope of the VP charac-
teristic curve, indicating the left MPP point, equation (18)
has a negative slope, indicating the right MPP point, and
equation (19) has a slope of 0, indicating the MPP point.

dp _ d(VxI) _

dl .
o ——=1+V_ >0 (point C), (17)
dp _ dxIl) _ dar ;
P =D = [ +V <0 (point C), (18)
dp _ dWxD) _ a _ i
v ="y =1tV =0 (point C). 19

InC is an algorithm that overcomes the shortcomings
of P&O and has the advantage that the solar panel output
voltage always corresponds to the maximum power point
voltage and does not deviate from the MPP tracking con-
trol. However, it requires significant computation and there
is a high probability that the MPPT will not work due to
sudden changes in solar radiation. Figure 23 illustrates the
InC algorithm.

| Vref=Vref+AV |
1

| Vref=Vref-AV |

Figure 23. InC Algorithm

Source: created by the authors
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Where V(k) and I(k) represent the current values of volt-
age and current, respectively, while V(k-1) and I(k-1) reflect
their values at the previous step. dV and dI characterize the
changes in photocurrent and photovoltage, and AV is the
difference between the current and previous voltage values.

Neural networks in solar system management

The model combines the traditional MPPT algorithm
with an artificial neural network to more accurately and
quickly determine the maximum power point. The neural
network, trained on current and voltage data under differ-
ent lighting and temperature conditions, allows the MPPT
algorithm to adapt to dynamic changes in the external en-
vironment (Fig. 24).

Sadykov et al.

The model based on the neural network trained using
the fuzzy logic controller enables the implementation of
adaptive control of the DC-DC converter to track the max-
imum power point of the photovoltaic module. Taking into
account the influence of temperature and solar radiation
on the module parameters, the model provides higher ef-
ficiency compared to traditional MPPT algorithms. Fig-
ure 25 shows the photovoltaic modules and the neural
network modules. Temperature and solar radiation are fed
through IL Ctrl, which controls the photocurrent. The se-
ries resistance Rs and parallel resistance take into account
the voltage drops and leakage current in the modules, and
the output values are Ipv and Vpv. Figure 26 shows module
schemes in fuzzy management.
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Figure 24. MPPT model
Source: created by the authors
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Figure 25. Photovoltaic and neural networks module

Source: created by the authors
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Fuzzy Logic Controller (FLC) analyses how the solar
panel power changes and sends a command to the convert-
er to change the output voltage to achieve the best result.
The input nodes of the artificial neural network are tem-
perature and solar radiation, and the output nodes are the
volt-ampere current MPP. The temperature range for the
photovoltaic cells was from 0°C to 50°C in 5°C increments,
and the solar radiation range varied from 200 to 1200 W/m?
in 200 W/m? increments.

Since the temperature and solar radiation ranges to be
used as input data are different, the data ranges must be
the same or the distribution must be the same. In addition,
since small input and output data are required for efficient
Al training, the independent variables, temperature and
solar radiation data, were normalized using min-max nor-
malization, as shown in the equation (20):

T _ d;—min (1:d)
U™ max(1:d)-min (1:d)’

(20)

where d, - temperature and solar radiation data, min (1:d)
represents the smallest value among each element, and
max (1:d) represents the largest value among each element.

Nftool is a neural network tuning tool that performs
training, validation, and testing by specifying the number
of input units, output units, and mid-level nodes of an ar-
tificial neural network and choosing algorithms such as
Levenberg Marquardt (LM), Bayesian regularization, and
scaled confluent gradient. In this model, Nftool was used
to build an artificial neural network with 2 input nodes, 10
mid-level nodes, 1 middle-level, and 2 output nodes. Fig-
ure 27 shows the structure of the artificial neural network.

Thus, the analysis of the theory and practice of mod-
elling solar energy systems with ANN networks demon-
strates the potential advantages of ANN in modelling these
devices, such as high accuracy, generalization ability and

short computation time compared to other theoretical and
experimental modelling methods. Despite the simplifica-
tions applied in modelling based on ANN, their use elimi-
nates the need to solve complex mathematical models.

Hidden
Layer

Input

10x 2 @ 2x 10

Weight Weight
Matrix Matrix

Figure 27. ANN structure
Source: created by the authors

DISCUSSION

In this study, a mathematical model of PV system based
on artificial neural networks was developed and tested.
The main result showed that the proposed model signifi-
cantly improves the prediction accuracy of the maximum
power point under varying environmental conditions such
as illumination and temperature. The model also showed
high real-time stability, which is important for improv-
ing the efficiency of solar power converters. This was
also investigated by M. Talaat et al. (2022) where the re-
sults confirmed that predicting the maximum power point
(MPP) of solar panels depends on the accuracy of tracking
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algorithms. These algorithms must take into account
changing weather conditions to work correctly. The stabili-
ty of the predictions is critical for optimizing power gener-
ation and reducing losses.

Studies by N. Ghadami et al. (2021) also showed that
neural networks can learn efficiently from solar data and
operating conditions. They are able to adapt to changing
external factors, providing accurate control of the panels.
This helps to improve system efficiency and reduce energy
losses. It is worth noting that the use of neural networks in
solar panel control not only improves their performance,
but also minimizes the impact of human error. Automat-
ed systems with learning algorithms can respond faster to
changes in operating conditions than traditional methods
(Kudabayev et al., 2022). This is especially important in a
variable climate, where the accuracy of prediction directly
affects the performance of the entire system. The results
confirmed that neural networks are more efficient than tra-
ditional maximum power tracking methods such as pertur-
bation and observation and incremental conductance algo-
rithms. Neural networks are better at adapting to changing
conditions, which significantly reduces power loss under
erratic solar activity (Stoliarov, 2024). This is especially
important for systems operating in regions with variable
climatic conditions, where traditional methods are less
efficient. A. Zafar et al. (2022) concluded that traditional
solar panel control methods are often based on fixed maxi-
mum power point tracking algorithms. Neural networks, in
contrast, have the ability to learn and adapt to changes in
external factors. This makes them more flexible and effi-
cient in the long term.

In a study by F. Granata & F. Di Nunno (2021), it was
found that climatic conditions such as cloud cover and
temperature significantly affect the performance of solar
panels. Algorithms based on neural networks show high
efficiency in changing weather conditions by quickly ad-
justing the system settings. This allows maintaining an
optimal level of power generation even under unfavour-
able climatic conditions. These results support the above
study, as neural networks have shown high adaptability to
different operating conditions. Unlike traditional methods,
they respond faster to environmental changes, which helps
to minimize energy losses (Smyk & Arkhypova, 2023). In
addition, their self-learning ability enhances system per-
formance in the long term. Another significant finding was
that the developed model showed robustness to changes in
input parameters such as solar radiation intensity and op-
erating temperature. This indicates the high adaptability of
the model to different operating conditions and its ability
to work correctly with different types of solar panels. Thus,
the proposed system can be applied in a variety of climatic
zones and scales of solar installations.

Of note is the work of J. Jasitinas et al. (2021), who
also found that neural networks allow the system to adapt
to rapid changes in environmental parameters such as
light level and temperature. Due to its ability to learn
from a large amount of data, the system can adjust its
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performance in real time. This increases the stability of
power generation and reduces the risks of efficiency deg-
radation. In turn, S. Gorjian et al. (2021) concluded that the
developed neural network-based models can be successful-
ly applied to both residential and industrial solar installa-
tions. Their versatility allows systems to be customized for
different scales and operating conditions. This makes them
attractive to a wide range of users, from private homeown-
ers to large energy companies.

These findings are consistent with the thesis in the
previous section, where the flexibility and adaptability of
neural networks were discussed. Models using such net-
works are not only better able to cope with environmental
changes, but are also more versatile in their application.
This confirms their relevance for different types of solar in-
stallations and a wide range of climatic conditions. Experi-
mental results have also demonstrated that automating the
maximum power point tracking processes using neural net-
works reduces the operation and maintenance costs of PV
installations. This is achieved by minimizing the need for
manual calibration and continuous monitoring. Reducing
human intervention in system operation not only reduc-
es operating costs but also improves system reliability and
durability (Shahini et al., 2024). M.S. Qureshi et al. (2024)
also conducted a study, the results of which confirmed that
the use of neural networks in solar panel control contrib-
utes to lower operating costs through more accurate pre-
diction and optimized operation. The systems automat-
ically adjust their operation, which reduces the need for
regular maintenance. This reduces the cost of repairs and
technical inspections, increasing cost efficiency. J.F. Dera-
khshandeh et al. (2021) also found that automating solar
panel control processes using neural networks reduces the
need for constant human monitoring. Algorithms are able
to independently monitor and adjust system operating pa-
rameters in real time. This not only reduces the risks of hu-
man error, but also makes operation more convenient and
efficient (Szafraniec et al., 2021).

Comparing the data obtained in the course of research,
there is a clear trend towards cost reduction and increased
efficiency due to the automation of processes. Neural net-
works can minimize human involvement and optimize the
operation of solar systems in the face of various external
factors (Rexhaj, 2024). This emphasizes the importance
of adopting such technologies to improve overall perfor-
mance and reduce operating costs. In addition, the pro-
posed mathematical model opens up opportunities for fur-
ther research in the field of optimizing the performance of
solar converters. This includes the development of meth-
ods for integrating weather forecasting and solar panel
angle control to further improve the efficiency of power
systems. Combining such approaches with neural network
algorithms can significantly improve the management of
energy resources.

G. Li et al. (2022) concluded that the field of solar en-
ergy continues to evolve, opening up opportunities for
further research in optimizing panel performance and
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energy storage. One area of focus is improving neural net-
work-based algorithms to improve their accuracy and re-
sponsiveness. Research into integrating solar systems with
other renewable energy sources to create hybrid solutions
is also relevant. S.U. Khan et al. (2023) revealed that inte-
grating artificial (AI) intelligence with weather forecasting
systems can improve real-time control of solar panels. Al
can analyse weather data and adjust panel operating pa-
rameters to maximize energy generation. This enables
more accurate and efficient utilization of solar energy, es-
pecially in regions with variable climatic conditions.

When analysing the results of the study, it is clear
that integrating AI with weather forecasting significantly
improves solar panel management. Such technologies not
only improve the accuracy of the systems, but also allow
them to adapt to rapidly changing climatic conditions. This
opens new perspectives for a more efficient utilization of
renewable energy sources and their integration into the
energy networks of the future. In conclusion, the devel-
oped model shows significant potential for solar energy
applications. The increased accuracy of maximum power
prediction, reduced operating costs and improved system
stability make this approach promising for widespread de-
ployment in the renewable energy sector, especially under
intermittent solar conditions.

CONCLUSIONS

As a result of the conducted study of mathematical mod-
elling of solar electric power converters, several key con-
clusions have been reached, reflecting the efficiency and
relevance of these technologies. The developed mathemat-
ical model based on the equivalent circuit of photovoltaic
cells has demonstrated high accuracy in describing the ba-
sic electrical characteristics of solar modules. The model

The equations used to describe the photocurrent and
saturation inverse current were the basis for creating an ef-
ficient simulation in the MATLAB/SIMULINK environment.
This simulation provides the opportunity to investigate the
behaviour of solar converters under different environmen-
tal conditions, which in turn improves the prediction of
their performance and life cycle. The implementation of
maximum power point tracking algorithms has had a sig-
nificant impact on the performance of solar systems. The
results of the study showed that the algorithms based on
artificial neural networks provide more accurate and faster
maximum power point detection compared to traditional
methods such as lift-and-watch and incremental conduct-
ance. This significantly improves the overall performance
of solar converters.

The results of the study highlight the importance of
mathematical modelling and the application of advanced
algorithms to optimize the performance of solar power
converters. These findings offer new opportunities to im-
prove their efficiency and incorporate them into sustain-
able energy supply systems, thereby promoting renewable
energy development and reducing dependence on con-
ventional energy resources. The limitations of this study
are the focus on mathematical modelling of solar electric
power converters without considering the actual operating
conditions and environmental influences, which may af-
fect the accuracy of the results obtained. It is necessary to
study the impact of different materials and solar cell man-
ufacturing technologies on their efficiency and durability,
as well as to assess the economic feasibility of introduc-
ing innovative solutions into the mass production of solar
electric power converters.
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Analysis of radio relay station control system using IT-technologies

Abstract. The study addressed the theoretical analysis of radio relay station control systems using modern information
technologies. The study aimed to identify the potential for improving the performance, reliability and cost-effectiveness
of such systems. The analysis investigated advanced sensor technologies, automation algorithms and monitoring
techniques that could significantly reduce maintenance costs and speed up fault response. Key aspects affecting the
performance of radio relay stations were considered, including the impact of climatic conditions and various operational
scenarios. The importance of automation integration to improve system reliability and reduce the impact of human
error was emphasised. Compliance of the proposed solutions with international radio relay standards, which simplified
integration with existing networks and the possibility of future modernisation, was also highlighted. The results of
the study substantiated the necessity of automation of radio relay systems and created a theoretical basis for their
further development and improvement, which opened new opportunities for improving operational characteristics and
increasing resistance to potential failures. The implementation of new approaches to data management and analysis
was addressed, ensuring quick response to changes during operation as well as resource optimisation. These aspects
provided a competitive advantage in a rapidly changing telecommunications technology environment, emphasising
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the importance of flexibility and adaptability of systems for efficient operation. As such, the study of the theoretical
foundations of automation can be used as a basis for practical recommendations for the implementation of innovative

technologies in radio relay station management

Keywords: communication automation; sensor modules; machine learning; remote monitoring; reliability enhancement;

economic efficiency

INTRODUCTION

The development of automated control technologies has
become an integral part of many industries, including tel-
ecommunications systems. Radio relay stations are sub-
stantial in the transmission of data over long distances,
especially in remote and inaccessible regions where other
means of communication are limited. The efficiency of such
stations, their reliability and cost-effectiveness directly de-
pend on the quality of control and monitoring. However,
traditional control systems for radio relay stations have
many disadvantages associated with manual operation,
insufficient response time to faults, and significant main-
tenance costs. These factors necessitate the search for new
solutions to optimise the operation of radio relay stations.

One of the key areas for improving the management
of such stations is the application of modern IT technol-
ogies and data processing algorithms, including machine
learning and sensor-based analyses. With the help of such
technologies, the performance and reliability of radio re-
lay stations can be significantly improved by predicting
failures and automating routine operations. Scientific re-
search in recent years confirms the significance and prom-
ising potential of such approaches for telecommunication
facilities management. Researchers such as R.M. Thom-
as & S. Malarvizhi (2022), point out the need to improve
the responsiveness of management and suggest the use
of machine learning algorithms to monitor the state of
equipment. I. Rojek et al. (2023) addressed the potential
to improve failure prediction in telecoms networks using
sensor data, and the impact of such systems in reducing
equipment downtime. These works show the potential of
data analytics technologies to reduce operational costs and
improve station reliability. Moreover, I. Rojek et al. (2022)
analysed the economic aspects of implementing automat-
ed control systems, and how automation can reduce main-
tenance costs and improve the overall economic efficiency
of radio relay stations.

However, most existing research focuses on data analy-
sis and processing algorithms, leaving less explored the in-
tegration of these technologies within an integrated radio
relay station management system that accounts for opera-
tion in different climatic conditions and system scalability.
At the same time, modern realities require the creation of
solutions that can work effectively in remote areas with
minimal operator involvement. S. Sadiki et al. (2018), who
analysed the implementation of sensor systems for mon-
itoring telecommunications equipment, showed that au-
tomated systems significantly reduce the need for service
personnel and reduce the likelihood of human error. Never-
theless, specific aspects of the operation of such systems in

radio relay communications, especially in the context of fre-
quent climate change, require further study and adaptation.

At the same time, the introduction of secure trans-
mission channels and modern communication modules
remains an important part of the modernisation of radio
relay stations, as this reduces the risk of leakage and en-
sures a high level of security of information transmission
(Smailov et al., 2023). T. Mazhar et al. (2023) addressed
transmission security in telecommunication systems and
emphasised the importance of secure communication mod-
ules to prevent cyberattacks and improve network stability.
But despite this, there is a gap in the scientific literature
related to the development of integrated control systems
that could integrate sensor data, prediction algorithms and
communication modules into a single infrastructure. This
suggests that an established integrated control system for
radio relay stations can not only improve the reliability of
operation but also significantly reduce station operation
and maintenance costs. The scientific literature devoted to
the automation of radio relay stations and the application
of modern IT technologies in telecommunication systems
is extensive and diverse. The main areas of research include
control automation, sensor technologies, machine learning
algorithms, economic efficiency of automation, integration
of secure communication modules and adaptation of sys-
tems to climatic conditions.

M. Wilson et al. (2020) discussed automated control al-
gorithms that aim to improve the efficiency of radio relay sta-
tions. The study emphasises the need for rapid response to
failures and the development of systems that can automati-
cally adapt to changing conditions. Several papers, including
the research of ].L. Alvarez et al. (2021), emphasised the use
of sensor technologies for equipment condition monitoring.
These works demonstrate how the integration of sensors
into radio relay station control helps to reduce downtime
and improve reliability. A.P. Kane et al. (2022) investigated
the use of machine learning to predict potential equipment
failures. These algorithms can process large amounts of data
and extract useful information for management decisions.

An important area of research is related to the securi-
ty of data transmission. ]. Pochmara & A. Swietlicka (2024)
addressed the implementation of secure communication
channels, which reduces the risk of leaks and increases the
resistance of telecommunication networks to cyberattacks.
Some studies, such as one by S. Sadiki et al. (2018), inves-
tigated how climatic changes affect the operation of radio
relay stations and the need to adapt control systems in dif-
ferent climatic zones. Thus, the present study aimed to de-
velop a system that will improve the performance of radio

Machinery & Energetics. Vol. 15, No. 4

N



Analysis of radio relay station control system...

relay stations, minimise the need for manual intervention
and ensure reliable operation in different climatic zones.
The main hypothesis of the study was that the use of an
automated control system that integrates data acquisition
modules, analysis algorithms and secure communications
would reduce operating costs, improve station reliability
and ensure system resilience to climatic changes.

LITERATURE REVIEW

Automation of radio relay control involves many aspects,
including control mechanisms, monitoring systems and
modern IT technologies. Automation has become an im-
portant aspect in many fields, particularly in telecommu-
nications. According to a study by M. Wilson et al. (2020),
new automated control algorithms significantly improved
the management efficiency of telecommunication systems.
The authors emphasise the importance of adaptive solu-
tions that reduce the response time to problems. J.L. Alva-
rez et al. (2021) addressed the integration of sensor tech-
nologies in communication systems. They emphasise that
real monitoring helps to reduce maintenance costs and
improve reliability. This is also supported by A.P. Kane et
al. (2022) who pointed out the role of machine learning in
predicting maintenance of telecommunication equipment.

Security is an important aspect of automation. J. Poch-
mara & A. Swietlicka (2024) addressed the importance of
secure data transmission channels to prevent cyberattacks.
Security issues of automated telecommunication systems
were also covered by S. Ainslie et al. (2023), who described
modern methods of real-time monitoring and their im-
pact on management decisions. A.O. Osahenvemwen &
B.E. Omatahunde (2018) investigated the impact of climate
conditions on telecommunication networks, pointing out the
need to develop adaptive solutions to improve reliability in
the face of climate change. This important observation was
also supported by I. Rojek et al. (2023), who proposed auto-
mated systems to reduce the likelihood of outages in remote
areas. In fact, despite the plethora of studies, many of them
focus on individual aspects, leaving insufficient attention
to the integration of technologies within complex systems.
This is confirmed by a review of the works of K. Jakobsen et
al. (2023), who analysed the challenges of automation in ru-
ral areas, emphasising the need for technical improvement.

Some studies also emphasise the economic benefits of
automation. For instance, S. Berhe et al. (2023) presented
predictive maintenance strategies that reduce the cost of
operating equipment. This correlates with the economic
benefit analyses conducted by U.R. Kamboh et al. (2017) who
highlighted the main business benefits of automation. The
impact ofthe Internet of Things (IoT) on telecommunication
systems is also an important aspect. I. Appiah et al. (2023)
pointed out that the integration of IoT into telecommuni-
cation networks can significantly improve automation and
management processes, providing increasing efficiencies.
This emphasises the need to develop and implement new
protocols and standards that can ensure the smooth op-
eration of these technologies in different environments.

According to a study by A. Aljohani (2023), predictive
analytics is becoming more and more relevant for network
management as it enables timely responses to potential
problems. They emphasise the importance of data for mak-
ing informed management decisions. Efficient process-
ing of big data also opens new opportunities to optimise
network processes and improve customer service. Equally
significant are the studies by N. Zhao et al. (2023), which
analyse the integration of communication technologies.
They emphasise the importance of combining different
technologies to improve the efficiency of systems. In addi-
tion, the works of L. Nazareno & D.S. Schiff (2021) investi-
gated the impact of human factors on automated systems,
emphasising the need to train and adapt personnel to new
technologies. Lastly, the research of K. Park et al. (2023) an-
alysed the scalability issues of automated control systems,
pointing out the need to adapt technologies for different
sizes of telecommunication networks.

In addition to the studies, S.G. Gavrila et al. (2023)
significantly contributed to the overall research, as they
addressed the ethical aspects of automation in telecom-
munications, emphasising the need to account for the so-
cial consequences of the introduction of new technologies.
They emphasise that automation should address the inter-
ests of consumers and society. Another noteworthy contri-
bution is the study by Y. Lee et al. (2023), which addressed
the issues of sustainable development of telecommunica-
tion systems in the context of automation. The authors
highlighted the need to integrate environmental aspects
into automation strategies. The study by P.D.B. Ken-
fack et al. (2023) is also noteworthy, as it analysed the lat-
est technologies that can be used to automate radio relay
stations, emphasising the importance of innovation in
this area. Lastly, the study by A.K. Aliyu et al. (2015) ad-
dressed the energy efficiency of automated systems, which
is critical to reducing costs and increasing sustainability
in the face of climate change. Thus, the literature review
revealed a wide range of studies on automation in tele-
communications, covering various aspects, from economic
benefits to security and the impact of climatic conditions.
However, despite significant progress, there is a need to
further explore the integration of technology into inte-
grated management systems, which will form the basis for
future research in this area.

Additionally, it is possible to note that the growing
interest in automation in telecommunications is linked
to global trends in digitalisation and sustainable devel-
opment. This underscores the importance of continuously
exploring new technologies and methods that could have
a significant impact on the future of the industry. Success-
ful automation can significantly improve productivity and
cost-effectiveness, which in turn will affect the competi-
tiveness of companies and the quality of services provided.

MATERIALS AND METHODS

The study aimed to assess the effectiveness of automa-
tion of radio relay stations by analysing data collected in
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previous experimental studies, as well as by summaris-
ing the practical experience of implementing automated
systems in telecommunications. In this context, a com-
prehensive analysis of existing publications and practical
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experience regarding the impact of automation on key in-
dicators such as fault response time, maintenance costs,
reliability and cybersecurity of telecommunications sys-
tems was conducted (Table 1).

Table 1. Sources for analysing the main areas of telecommunications systems automation

Source Primary research topic

M. Wilson et al. (2020)

Evaluation of the efficiency of automation algorithms at radio relay stations.

J. Pochmara & A. Swietlicka (2024)

Modern technologies in the field of telecommunications system security.

S. Sadiki et al. (2018)

The impact of the Internet of Things on the performance of radio relay stations.

Source: compiled by the authors

To systematise information on modern technological
solutions in automation, several key aspects were consid-
ered that reveal the complexity and versatility of process-
es. Firstly, the system fault response rate determined how
quickly and efficiently the system could detect and correct
the problem. In automated telecommunications systems,
this was particularly important to minimise equipment
downtime, which reduced financial losses and improved
service availability. Automatic monitoring systems ana-
lysed anomalies in real time and quickly notify operators,
reducing delays in response. Maintenance costs were also a
major concern. The introduction of automated technology
could significantly reduce operating costs as systems can
perform diagnostics, identify potential faults and schedule
maintenance. This reduced the number of unscheduled re-
pairs and reduced the likelihood of costly failures.

Another important aspect was the level of system re-
liability, which determined how resilient the system was
to malfunctions and failures. The implementation of in-
telligent monitoring algorithms and predictive analyses
could prevent faults before they occured, thus increasing
the overall level of reliability. The integration of new tech-
nologies such as the Internet of Things (IoT) and predictive
algorithms was addressed. IoT maked it possible to mon-
itor equipment status remotely by collecting data from
various sensors in real-time, which opened new possibil-
ities for analysing and managing the network. Predictive
algorithms, in turn, could predict potential problems based
on accumulated data, thus creating a more resilient and
manageable system. Interviews with telecoms specialists
were also used to substantiate the relevance of automa-
tion (Xin et al., 2023). The data collected covered various
parameters such as fault response times, maintenance
costs and security metrics including the frequency of cyber
threats and their impact on data.

The analysis of the impact of automation on the in-
tegration of new technologies also covered methods of
equipment condition monitoring and the use of machine
learning algorithms. Machine learning was analysed in
terms of predicting potential failures and replacing equip-
ment on time to reduce downtime and improve overall
network stability. Security materials were examined to as-
sess the systems’ ability to protect data from cyber threats.
Statistical methods for processing the collected data were
used to identify correlations between automation and

improved radio relay station performance. Thus, the sys-
tematic approach was used to conduct a generalised anal-
ysis of the effectiveness of automated systems and outline
areas for further optimisation of radio relay stations by
reducing the influence of the human factor on their opera-
tion in different climatic conditions and regions.

RESULTS

Modern sensors used in the automation of radio relay sta-
tions provide high accuracy in monitoring the condition
of equipment. They not only quickly detect faults, but also
predict component wear, which is significant in improving
system reliability. The use of real-time sensors allows for a
quick response to changes in the condition of equipment,
which reduces the likelihood of emergencies and increases
the overall stability of the system.

By integrating sensor technology into the monitor-
ing process, it is possible to significantly improve resource
management and reduce downtime. For instance, predic-
tive analytics based on sensor data can identify potential
problems before they occur, reducing maintenance costs
and improving safety. Adoption of such technologies also
helps optimise maintenance schedules by enabling more
accurate scheduling of inspections and component re-
placements based on real equipment health data. Sensors
not only increase responsiveness to faults but also ena-
ble proactive management, which is an important aspect
of improving the efficiency of telecom systems (Babak et
al., 2021). An important area of research in the field of ra-
dio relay station automation is adaptive algorithms, which
are capable of automatically adjusting the parameters of
equipment operation based on current data on its state.
This approach significantly increases the efficiency of sys-
tem control and optimises operational performance. For
instance, studies show that the implementation of adaptive
algorithms can lead to reduced response times to emerging
failures, minimising downtime and increasing productivity.

Adaptive algorithms account for many factors such
as loads, component states and external conditions. This
allows systems to dynamically change their parameters,
ensuring stable operation even in the face of change. In
addition, the use of such algorithms contributes to better
resource allocation and reduced maintenance costs. As a
result, adaptive algorithms are becoming a key element
for improving the reliability and resilience of radio relay
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stations by enabling proactive responses to potential faults.
This approach not only improves operational management
but also provides a basis for further implementation of new
technologies and techniques, improving operation of tele-
communication systems.

The analysis of the experience of implementing auto-
mation in various industries determined that automation
helps increase productivity, improve control and reduce
maintenance costs. Studies in related fields, such as manu-
facturing and energy, confirm that automated systems can
significantly reduce dependence on the human factor and
optimise resource allocation. The opinions and conclu-
sions of other researchers on the direction of automation
development in telecommunications were also analysed. In
particular, the integration of predictive analytics and ma-
chine learning, which are becoming increasingly important
for automated management, was prioritised. Predictive al-
gorithms allow not only to effectively predict maintenance
needs but also to significantly improve resource planning,
which is especially important in a complex telecommuni-
cations infrastructure.

Research shows that incorporating machine learn-
ing into a control system helps to analyse vast amounts

of data, identifying patterns and anomalies that can in-
dicate potential faults. This not only improves response
times to faults but also facilitates a proactive approach to
management. Systems using predictive analytics become
more adaptive and resilient to change, which improves the
reliability and efficiency of telecom networks. Thus, the
application of such technologies in automation becomes
not only desirable but also necessary to ensure sustainable
development of telecoms infrastructure. Thus, the qualita-
tive analysis revealed that automation of radio relay sta-
tions offers new opportunities to improve the efficiency,
reliability and security of telecommunication systems.
This stage made it possible to define the key research di-
rections, identify existing knowledge gaps and clarify the
tasks for subsequent stages aimed at developing and test-
ing automated solutions.

One of the main results of the study was a reduction in
fault response times. Table 2 shows the key results of the
quantitative analysis of fault response times before and af-
ter the implementation of automation. Following the data,
automation has significantly reduced the time required to
identify and resolve faults, which is one of the main indica-
tors of system efficiency.

Table 2. Key results of the quantitative time analysis

Parameter Before automation (min)

Average reaction time 45

After automation (min) Decrease (min)

15 30

Source: compiled by the authors based on I. Rojek et al. (2023), Y. Xin et al. (2023)

The reduction in average response time from 45 to
15 minutes demonstrates the high efficiency of automat-
ed monitoring and diagnostic systems. The 30-minute
reduction significantly reduces equipment downtime and
improves overall efficiency in eliminating failures and
malfunctions. This data confirms that the introduction
of automation in the management of radio relay stations
improves the response to critical events, optimising the
maintenance process and increasing the reliability and

performance of the telecommunications system. A 66.67%
reduction in response time indicates a significant improve-
ment in control processes. This was made possible using
modern algorithms for automatic monitoring and data
processing. The introduction of a real-time fault warning
system significantly reduced the time for diagnostics and
problem-solving. The analysis of maintenance costs also
confirmed the positive impact of automation. Table 3 sum-
marises the annual costs before and after automation.

Table 3. Annual costs before and after automation

Parameter Before automation (USD)

Annual costs 6000

After automation (USD) Decrease (USD)

4000 3000

Source: compiled by the authors based on M. Wilson et al. (2020)

A 40% reduction in costs confirms the effectiveness
of automation. The main factor contributing to this re-
duction is the reduced need for manual maintenance and
improved system reliability. Automation has reduced the
number of technical visits and improved overall equipment
performance. In addition, automated control systems have
provided more accurate monitoring of radio relay station
conditions, which has made it possible to identify poten-
tial problems in advance and prevent their development.
This reduced the number of unscheduled repairs and re-
duced equipment downtime. As a result, companies that

implemented automation not only reduced operating costs
but also improved the quality of their services. Better mon-
itoring also contributed to improved system reliability,
which had a positive impact on customer satisfaction. They
began to receive more consistent and higher quality servic-
es, which increased trust in the providers. Improved service
levels have become an important competitive advantage in
the market, which is especially relevant in the increasingly
competitive telecoms industry.

Automation has not only optimised internal pro-
cesses but also created a more positive brand perception
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among customers. Simplifying customer interactions
through automated service systems, such as chatbots
and online platforms, increases satisfaction and trust.
This, in turn, opens up new opportunities for business
growth and expansion, allowing the company to attract
more customers and improve its reputation in the mar-
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ket. Moreover, positive brand perception helps to build a
loyal audience, which is an important aspect of sustain-
able success. The reliability of radio relay stations was
another important aspect of the study. Table 4 shows the
percentage of uptime before and after the introduction of
automated systems.

Table 4. Percentage of uptime before and after the implementation of automated systems

Parameter Before automation (%)

Reliability 85

After automation (%) Increase (%)

98 13

Source: compiled by the authors based on A.P. Kane et al. (2022)

A 13% increase in reliability shows that automation of
system management contributes to improved functional-
ity. The use of monitoring and predictive analytics tech-
nologies identifies potential problems at an early stage
and eliminates them before serious failures occur. This not
only reduces the likelihood of failures but also minimises
equipment downtime, which in turn helps to maintain the
smooth operation of telecommunications systems.

An additional advantage is the ability to analyse large
amounts of data, which enables more accurate forecasting
of system conditions and rapid response to changes. For
instance, the data collected during monitoring is used to
optimise the performance of components, which leads to
increased durability and reduced maintenance costs. Data
security in telecommunications systems was also the sub-

ject of research. Table 5 shows the number of successful
and unsuccessful cyberattack attempts. The 66.67% de-
crease in successful cyberattack attempts underscores the
importance of automation in making systems more secure.
The introduction of encryption and multi-level authen-
tication technologies has been a crucial step in the fight
against cyber threats. These measures not only strengthen
data protection but also form a more robust security archi-
tecture that adapts to new challenges. Automating security
monitoring processes plays a key role in securing telecom
systems. It enables rapid detection and real-time response
to suspicious activity, which is critical in the face of ongo-
ing cybersecurity threats. The use of analytical tools, such
as intrusion detection systems (IDS), provides the ability to
not only record incidents but also predict potential attacks.

Table 5. Number of successful and unsuccessful cyberattack attempts

Parameter Before automation After automation Reduction in attempts
Successful attempts 15 5 10
Unsuccessful attempts 20 3 17

Source: compiled by the authors based on J. Pochmara & A. Swietlicka (2024)

These systems analyse traffic and identify anomalies
to prevent attacks before they can cause damage. The use
of machine learning in data analysis enhances the effec-
tiveness of such systems, allowing them to adapt to new
threats. The integration of automated solutions into secu-
rity processes helps to significantly reduce risks and min-
imise potential financial losses, providing a high degree
of protection for companies and their customers. Automa-
tion is thus becoming an important element in strategies
to ensure the security and stability of telecom systems. In

Table 6. Results of analysing the effectiveness of IoT technologies

Parameter Before IoT implementation

Management efficiency 70

addition, automation of access and user rights manage-
ment minimises the human factor that often causes vul-
nerabilities. Regular software and security updates are also
more easily implemented in automated environments,
reducing the likelihood of exploitation of known vulner-
abilities. Integrating the Internet of Things into telecom
systems is an important aspect of automation. IoT systems
allow for better monitoring and control of stations. Table
6 summarises the results of analysing the effectiveness of
IoT technologies:

After IoT implementation Increase in efficiency (%)

90 20

Source: compiled by the authors based on S. Sadiki et al. (2018) and I. Appiah et al. (2023)

The 20% increase in management efficiency after the
introduction of IoT technologies underlines the impor-
tance of using modern solutions to improve productivity
in telecommunications systems. Automated systems based

on IoT provide continuous real-time data collection and
analysis, which significantly improves management and
monitoring processes.One of the key benefits of the IoT
is the ability to integrate various devices and sensors that
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provide a stream of up-to-date information about the state
of equipment and the environment. This integration allows
operators to not only react quickly to changes but also to
predict potential problems. For example, sensors can detect
deviations from normal equipment operation, enabling se-
rious malfunctions to be prevented in advance (Nussibali-
yeva et al., 2024). This approach minimises downtime and
reduces maintenance costs, allowing companies to plan re-
sources more efficiently. In addition, the data collected can
be used to analyse performance, identify trends and opti-
mise processes, helping to improve the overall efficiency of
telecommunications systems. The integration of IoT into
radio relay station management creates additional oppor-
tunities to improve reliability and safety, which is becom-
ing an important competitive advantage in the market.

IoT systems make it much easier to automate process-
es in various areas, such as monitoring resource consump-
tion, inventory management and optimising workflows
(Hula & Hryha, 2024). For instance, the use of sensors
to monitor the condition of equipment not only enables
rapid response to changes but also allows maintenance
to be planned. This allows faults to be addressed before
they occur, minimising downtime and reducing operat-
ing costs. With this approach, organisations can manage
their resources more effectively and improve performance,
creating a more agile and resilient business environment.
Thus, the adoption of IoT technologies not only improves
productivity and management efficiency but also contrib-
utes to a more flexible and adaptive infrastructure that
can respond quickly to changes in business needs and the
external environment. This, in turn, improves a compa-
ny’s overall competitiveness and allows it to stay ahead
in an ever-changing marketplace. These results support
the initial hypotheses about the positive impact of auto-
mation on telecom systems. The data collected during the
study clearly shows that automation leads to significant
improvements in various aspects of system performance,
including reduced response times, reduced maintenance
costs, improved reliability and data security.

Future research may focus on integrating artificial in-
telligence (AI) and machine learning (ML) technologies to
further improve the efficiency and resilience of telecom
systems. These technologies are capable of processing
large amounts of data, extracting valuable insights from it
and predicting potential problems before they occur. For
instance, Al can be used to optimise network processes and
ML can be used to adapt systems to changing conditions
and loads (Lien et al., 2019). Automating the management
and analysis of data will not only improve the reliability of
systems but also the customer experience, making compa-
nies more competitive in a rapidly changing technological
environment. The implementation of such solutions will
contribute to more proactive infrastructure management
and improve the overall resilience of telecom networks.

The use of artificial intelligence (AI) in network man-
agement opens up new horizons for optimising monitoring
and management (Nesterov, 2023). Al allows systems not

only to respond quickly to changes in operations but also to
predict potential problems, eliminating them before they
occur. For instance, machine learning algorithms can ana-
lyse historical traffic data to help optimise data routing and
improve resource allocation. This means that during peak
times or in the event of unforeseen circumstances, systems
can adapt, routing traffic along more efficient routes and
minimising delays. As a result, such solutions can increase
overall network performance and improve the user experi-
ence. Al can also be integrated into automated control sys-
tems, which further speeds up the decision-making process
and minimises the human factor.

The use of blockchain technologies in telecommunica-
tions systems can significantly improve the security and re-
liability of data transmission. Blockchain provides a decen-
tralised approach to storing information, making systems
more resilient to cyberattacks. Each transaction is recorded
in a chain of blocks, which helps to guarantee data integ-
rity and protection against unauthorised access. The intro-
duction of such technologies can improve user confidence
and reduce the risk of information leaks, which is especial-
ly important in the face of growing cybersecurity threats.

DISCUSSION

The study results confirm the significant impact of auto-
mation on the efficiency of radio relay station management
in telecommunications systems. Reduced fault response
times, lower maintenance costs, increased reliability and
data security are key indicators of the success of automat-
ed systems. These results not only highlight the benefits
of automation but also open new horizons for further re-
search in this area.

The first thing to note is the importance of reducing
fault response times from 45 minutes to 15 minutes. This
means that automated systems can identify and fix prob-
lems much faster, which can significantly reduce downtime
and therefore improve the overall performance of telecoms
systems. This is particularly relevant in the face of today’s
demands for network uptime and increased system load.
Reducing response times not only improves the quality of
service but also contributes to increased user satisfaction,
which is an important factor in a competitive environment.
Comparing our results with the works of other research-
ers, it can be observed that the decrease in response time
is a general trend. For instance, the study by M. Wilson et
al. (2020) also emphasises that the implementation of
automated solutions can significantly reduce the time to
troubleshoot, which supports our findings. However, not
all studies focus on such significant improvements. Some
authors, such as D. Xu et al. (2020), emphasise the need for
an integrated approach to automation, which involves not
only technology implementation but also staff training,
which can affect the speed of response.

The second key finding of the current study is a reduc-
tion in maintenance costs from USD 6000 to USD 3000, a
reduction of 50%. This reduction supports the hypothe-
sis that automation not only improves efficiency but also
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reduces costs. The main factor contributing to this reduc-
tion is the reduced need for manual maintenance and in-
creased reliability of the systems. J.L. Alvarez et al. (2021)
also confirm that the integration of sensor technologies
can significantly reduce maintenance costs, which coin-
cides with our findings. However, despite these positive re-
sults, it is necessary to consider that automation requires
an initial investment in technology and staff training.
These costs can be significant and should be considered
when planning the implementation of automated systems.
Future research could therefore focus on analysing the
long-term economic feasibility of automation, considering
both initial costs and potential savings.

A 13% increase in system reliability is also a signifi-
cant result. This confirms that control automation not only
improves efficiency but also increases the functionality of
systems. The use of monitoring technologies and predictive
analytics can identify potential problems early and correct
them before major failures occur (Bondarenko et al., 2019).
A.P. Kane et al. (2022) also emphasised that predictive
maintenance is a key aspect of reliability improvement,
which confirms our results. However, following M. Polak-
ova-Kersten et al. (2023), high system reliability requires a
comprehensive strategy involving both technological and
organisational changes. Therefore, further research may
focus on the development of integrated management mod-
els that combine technology and processes. The 66.67% de-
crease in successful cyberattack attempts emphasises the
importance of automation to improve system security. The
introduction of encryption and multi-level authentication
systems has significantly reduced risks. This is also consist-
ent with the works of J. Pochmara & A. Swietlicka (2024)
who emphasise the importance of secure data channels.
Nevertheless, security remains a complex and multifac-
eted problem. As emphasised by A.O. Osahenvemwen &
B.E. Omatahunde (2018), even state-of-the-art systems
can be vulnerable to new types of attacks. Therefore, in-
vestigating new threats and developing innovative security
solutions should be a priority for future research.

A 20% increase in management efficiency after the im-
plementation of IoT technologies also demonstrates the
importance of modern solutions. Automated systems based
on IoT enable real-time data collection and analysis, lead-
ing to faster management decisions (Savytska et al., 2024).
This provides new opportunities to optimise processes and
improve service quality. A comparison of our results with
studies by other authors shows that the adoption of 10T tech-
nologies is a recognised practice. N.A. Nanjar et al. (2024)
emphasise that the integration of IoT into telecommuni-
cation networks can significantly improve management
and overall efficiency. However, successful integration
necessitates the availability of appropriate skills among
personnel and an infrastructure capable of supporting the
new technologies. Thus, the findings of our study confirm
the significant impact of automation on the efficiency of
telecom systems. They open new horizons for further re-
search and emphasise the importance of an integrated
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approach to the implementation of new technologies. It
is important to continue exploring new solutions that can
improve system performance and sustainability in a rapidly
changing technological landscape. In summary, the results
of our study not only confirm the positive impact of au-
tomation on the control efficiency of radio relay stations
but also emphasise the need for further research into these
processes. The study determined that automation can not
only reduce fault response times and maintenance costs
but also significantly improve system reliability and safety.
This in turn opens up new prospects for the introduction of
innovative technologies such as IoT and A, which can sig-
nificantly improve the management of telecoms networks.

It is also necessary to address the impact of automation
on the organisational structure and work processes of com-
panies. Automation may require a redefinition of employ-
ee roles and responsibilities, which can create challenges
for human resource management. For instance, with the
introduction of automated systems, there may be a need
for new occupations and qualifications, which will require
investment in training and staff development. Z.G. Khan-
zad & A.A. Gooyabadi (2022) confirmed that successful
implementation of automation requires an integrated ap-
proach that includes not only technology but also a change
in corporate culture. Thus, with the rapid technological
evolution, companies need to proactively adapt to change
and invest in developing their human resources. Successful
automation can become a competitive advantage, but it re-
quires a strategic approach and consideration of all factors
affecting the efficiency of processes.

The importance of analysis of data generated by auto-
mation should also be highlighted. Data collected from IoT
devices and other automated systems can provide valuable
information on equipment performance, user behaviour
and potential bottlenecks in the management process. This
provides opportunities for more informed, data-driven de-
cision-making, which in turn can improve operational ef-
ficiency and reduce costs. It is also worth noting that inte-
grating data analytics into management processes requires
appropriate skills in employees so that they can interpret
the data and use it to improve system performance. In con-
clusion, automation is not an end goal, but a process that
requires continuous analysis and optimisation.

CONCLUSIONS

The study revealed the effect of automation in improving
the control efficiency of radio relay stations in telecommu-
nication technology. The main results show a reduction in
fault occurrence time from 45 to 15 minutes, which con-
firms the hypothesis about the positive effect of managed
solutions on the speed of problem limitation. This results in
reduced system downtime and provides high performance,
which is particularly important in the context of increasing
reliability requirements of telecommunication networks.
In addition, the study showed that automation reduces
maintenance costs by 50%, from USD 6000 to USD 3000, by
reducing manual maintenance costs and improving system
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reliability. These figures indicate the cost-effectiveness of
automated solutions in telecom systems, which could lead
to increased profitability for companies in the future. It was
also found that system reliability increased by 13%. This
result is consistent with the use of technology and pre-
dictive analytics for early detection of potential problems.
With this automation, the number of successful cyberat-
tacks decreased by 66.67%, indicating an increase in data
security due to the implementation of encryption and mul-
ti-level authentication systems. The study also found that
management efficiency increased by 20% after the intro-
duction of IoT technologies, opening new opportunities to
optimise processes and improve service quality. Important-
ly, successful integration of the Internet of Things requires
adequate staff training and appropriate employment.
However, it is worth noting the limitations of the study,

to research to analyse the cost-effectiveness of automa-
tion, as well as to study the impact of new technologies on
organisational culture and work processes in telecommu-
nications companies. This will not only improve the results
but also ensure sustainable development in the face of
market changes.

Future research may focus on adaptive management
systems that can respond quickly to changes in the envi-
ronment and provide a high level of service. This will be a
key aspect for achieving growth and increasing the com-
petitiveness of telecommunications companies in the fu-
ture. A key area for future research may be to study the
relationship between automation and changes in organisa-
tional culture, as well as to analyse new technologies in the
telecoms labour market.

in particular, the need for significant initial investment in ACKNOWLEDGEMENTS
automation and staff training, which can ensure that a  None.
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Innovative technologies to improve energy efficiency
and security of military facilities

Abstract. The purpose of this study was to analyse the potential of innovative solutions for optimising energy processes
and strengthening security systems at military facilities. The study analysed scientific papers, reports, and publications
on energy and cyber technologies, using a comparative analysis of approaches to the implementation of renewable
energy sources, intelligent control systems and automated technologies at military facilities. The findings confirmed that
renewable energy sources (solar panels, wind turbines) reduce dependence on fossil fuels and increase the autonomy of
bases. Intelligent energy management systems optimise costs and increase resource efficiency. Microgrids were found to
provide a stable power supply even in case of outages. Protecting critical infrastructure using multi-level cybersecurity
systems and artificial intelligence significantly reduces the risk of attacks. It was emphasised that microgrids reduce
the risk of power outages during crises or cyberattacks, allowing for a quick switch to backup energy sources. Innovative
insulation materials and energy-efficient equipment reduce operating costs and improve working conditions for staff.
Cyber defence of critical energy systems at military facilities includes multi-level protocols, monitoring of network
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Innovative technologies to improve energy efficiency...

activity and encryption technologies to prevent cyber-attacks. The use of artificial intelligence to analyse threats allows
for prompt detection and response to anomalies. It was proved that innovative technologies are key to ensuring energy
independence, security, and efficiency of military facilities. The findings of this study can be used to optimise energy
consumption and increase the level of autonomy of military bases, which will ensure the stability of the facilities’
operation even in difficult conditions or in cases of lack of access to external energy sources

Keywords: renewable energy sources; microgrids; cybersecurity; autonomous energy storage systems; critical

infrastructure protection; artificial intelligence

INTRODUCTION

Military bases and infrastructure facilities often operate in
challenging environments with limited access to conven-
tional energy sources, requiring the introduction of renew-
able energy sources such as solar panels and wind turbines,
as well as energy storage systems to ensure continuous
operation. Energy autonomy is a significant factor in war
zones, where the stability of external grids can be disrupted.
Innovative technologies can not only reduce dependence
on external energy sources but also reduce the cost of ener-
gy transportation, which is critical for military operations.
Furthermore, the introduction of intelligent energy man-
agement systems helps to improve energy efficiency, re-
duce costs, and increase the battery life of military facilities.

Particular attention should be paid to the cyberse-
curity of energy systems, as critical military facilities can
be targeted by cyberattacks that can disrupt energy infra-
structure. The development of secure control systems is a
key aspect of security. Thus, the study and implementa-
tion of innovative technologies for energy efficiency and
security will increase the operational readiness of military
facilities, their resilience to external threats and reduce
environmental impact, which is critical in the context of
current challenges.

T. Vasylieva et al. (2021) substantiated the need for in-
novation to improve the efficiency of Ukraine’s energy sec-
tor management, especially in the context of the transition
to a carbon-neutral economy. The researchers emphasised
the significance of a state strategy to attract investment in
green technologies and promote energy-saving behaviour.
While T. Vasylieva et al. focused on the national level, K.-
H. Wang et al. (2021) and L. Zhang et al. (2021) covered the
international aspect, examining the relationship between
oil, CO, emissions,and military spending inimporting coun-
tries. The findings of K.-H. Wang et al. showed cointegration
in China, India, and Italy, which is explained by economic
growth, high CO, emissions, and dependence on oil. In the
United States, France, and other countries, this connection
is absent due to military strategies and energy policies.
The researchers recommended diversifying oil supplies,
investing in military research, and developing renewa-
ble energy sources to reduce dependence on oil and CO,.

P. Zuk & P. Zuk (2022) analysed the impact of politi-
cal conflicts on energy policy, emphasising the significance
of diversifying energy sources. The researchers concluded
that conflicts encourage countries to make policy changes,
such as diversifying energy sources and developing alter-
native sources, to reduce dependence on imports. A. Azzuni

& C. Breyer (2021) proposed a numerical index to assess
energy security, which allows quantifying its level in dif-
ferent countries. The findings showed that Germany and
the United States have the highest energy security scores,
while the Central African Republic and Turkmenistan have
the lowest. The researchers concluded that to improve en-
ergy security, countries should choose approaches that are
suitable to their conditions.

The methodological approach presented by L. Zhang et
al. (2021) was distinguished by its complexity, as it included
seven dimensions of energy security and 28 indicators using
Fuzzy AHP and GRA-TOPSIS. The study found that energy
security is a multidimensional concept, and it is essential to
consider technological, environmental, social, and political
aspects to strengthen it. The study by L. Zhang et al. was
global in nature, while S. Malik et al. (2022) focused on local
problems and proposed solutions adapted to the specifics
of the region. The researchers analysed Pakistan’s energy
security by analysing it from four aspects (availability, ap-
plicability, acceptability, affordability) in the period from
20111t02017. The study revealed that despite investments in
energy infrastructure, Pakistan is still energy insecure. The
researchers recommended the active implementation of
green energy solutions such as solar energy, smart meters,
and building insulation standards to improve the situation.

M. Krelina (2021) investigated military applications of
quantum technologies and their potential effects on de-
fence and security. The conclusions stated that quantum
technologies could considerably improve the efficiency and
accuracy of military operations, leading to new military
strategies and ethics. The report provides an overview of
quantum technologies, estimates their timeline for imple-
mentation, and describes their application in various areas
of warfare, including land, air, space, electronic, cyber, and
undersea warfare.

The purpose of this study was to analyse modern tech-
nological innovations that can help optimise energy use
and improve security measures at military facilities. The
objectives of the study were to consider technologies for
improving the energy efficiency of military facilities, re-
view innovative security solutions, and examples of the
implementation of such technologies in global military
structures, and make recommendations for future use.

MATERIALS AND METHODS

The theoretical part of the study was based on a series of
scientific papers, reports, and publications describing the
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use of the latest technologies in the military sphere (Ta-
ble 1). To consider energy aspects, the study used publi-
cations on energy technologies, as well as works on ener-
gy efficiency strategies at military facilities. Documents
related to automation and intelligent control systems at
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military facilities were used to analyse the effectiveness
of such technologies in the context of military infra-
structure. Proceeding from these sources, key technolo-
gies that can contribute to energy efficiency and security
were identified.

Table 1. Classification of sources and their use in the study

Source type Focus Source example Use in the study
. Sources were used for theoretical analysis
N Analysis of innovative : T. Vas.yheva“e tal. (302 D- ... ofinnovative technologies, determination
Scientific . implementation of “green” technologies; p -
- technologies, energy . of multidimensional approaches to
articles - ! L. Zhang et al. (2021) - energy security - .
efficiency, cybersecurity assessing energy security and the role of
assessment : L S OE e
microgrids in crisis conditions
International Renewable Energy Agency .
Implementation of (2024) — renewable energy; Defense Sources were used to analyse practical
Reports of . examples of energy solutions, cyber
. . renewable energy sources, Advanced Research Projects Agency s
international integration of microgrids (2023) - artificial intelligence; NATO defence of critical infrastructures, and the
organisations technology development  (2024) reports — cybersecurity of military 1mplementat10nfof .qulgrogrlds at military
facilities actlities
Regulation of energy Laws of the USA (Clover et al., 2024) and These sources helped to formulate
Regulations technologies, energy Canada (Government of Canada, 2020), recommendations for the integration of
gu efficiency standards, European directives (European Defence technologies in line with international
cybersecurity Agency, 2024) on energy efficiency safety norms and standards

Implementation of energy
and security solutions at
military facilities

Practical cases

Fort Bliss base (USA) — microgrids;
military facilities in Germany —
insulation materials; base in Canada —
wind turbines

Illustrations of the implementation of the
latest technologies in real-world conditions
helped to confirm the effectiveness of the
proposed approaches

Note: NATO - North Atlantic Treaty Organization
Source: compiled by the authors

To determine the effectiveness of the use of innovative
technologies in military facilities, a series of reports and
publications on the use of alternative energy sources and
intelligent systems in the military sphere were analysed.
This included the reports of international organisations
such as International Renewable Energy Agency (2024),
Defense Advanced Research Projects Agency (2023),
NATO (2024), as well as national institutions in the United
States (Clover et al., 2024), Canada (Government of Can-
ada, 2020), and Europe (European Defence Agency, 2024).
The study also reviewed relevant regulations and pro-
grammes that promote the development of energy tech-
nologies at military bases.

One of the principal research methods was a compar-
ison of different approaches to ensuring energy efficiency
and security of military facilities in different countries. The
comparative analysis included the study of examples of the
use of solar panels, wind turbines, hydrogen fuel cells, as
well as cybersecurity technologies and automated systems
at bases in the United States, Canada, the United Kingdom
(Government of the..., 2024), and Germany. This helped
not only to understand which technologies are the most
effective, but also to identify the key factors influencing
their implementation.

RESULTS
Energy efficiency has become a key element in the design
and operation of modern military facilities. Apart from re-
ducing operating costs, it ensures independence from un-
stable fuel supplies and reduces the need for regular deliv-
eries, which is especially significant for facilities in remote

and dangerous areas. According to International Renewa-
ble Energy Agency (2024) reports, the use of renewable en-
ergy sources in military facilities can provide a sustainable,
independent energy supply, and reduce the risks for per-
sonnel involved in the supply of energy resources.

Modern military bases are increasingly implementing
solar panels as the main or additional source of energy
(Katalenich & Jacobson, 2022). Renewable sources not only
reduce dependence on conventional fuels, but also ensure
the sustainability of energy supply in conditions of re-
moteness or limited access to resources. Countries such as
the United States are actively using solar panels at military
bases, with a study by K. Belousova (2022) showing that so-
lar energy projects substantially reduce costs and increase
the autonomy of military facilities.

Wind turbines are used to provide additional energy
supply, especially at military bases located in areas with
stable wind flows. Wind turbines, as part of a combined
energy system, reduce the overall consumption of conven-
tional energy resources (Kanwal et al., 2022). The principle
of operation of a microgrid with the integration of wind
turbines is presented below (Fig. 1).

The use of insulating materials and energy-efficient
coatings can reduce heat or cold loss, providing comfort-
able conditions for personnel and equipment. Effective in-
sulation reduces the need for air conditioning or heating,
which is essential for energy savings, especially in large
military facilities (Wen et al., 2021). Intelligent lighting
systems with automatic control can save energy by using
motion and light level sensors. This reduces the load on the
power grid and increases the efficiency of resource use.
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Wind turbines Inverter

Rechargeable storage (batteries)

Power generation

Conversion of AC to DC for
storage or use

Storing energy for later use or
supplying it to the grid

Local consumption or grid connection

Central control unit

Distribution of energy to power facilities
or transmission to the main grid

Monitoring, optimisation, and
control of energy distribution

Figure 1. Operation of a microgrid with the integration of wind turbines
Source: compiled by the authors based on O. Saritas & S. Burmaoglu (2016)

Intelligent systems based on the Internet of Things
(IoT) allow monitoring and optimising the use of electricity
at military facilities (Prozuments et al., 2019). They collect
data on energy consumption, automatically detect costs,
and allow systems to be adjusted to reduce consumption.
Microgrids provide energy storage and distribution within
the facility, optimising consumption, and providing flex-
ible management of energy flows. They can operate au-
tonomously in case of a loss of the primary energy source,
which is especially useful for military facilities located in
areas with unstable energy supplies. Such systems allow
creating autonomous energy networks that can operate in-
dependently of the central power grid (Shah et al., 2022). In
case of an emergency, microgrids can automatically switch
to backup energy sources, ensuring that the facility’s energy
needs are met without interruption. Although the prohib-
itive cost of investment and the need for qualified person-
nel to maintain these systems are major challenges, their
use at remote military bases provides the necessary energy
independence and increases resilience to external threats.

The use of artificial intelligence technologies to pro-
cess and analyse video surveillance data allows for the rapid
detection of potential threats. Thanks to machine learning
algorithms, systems can analyse the behaviour of people
and vehicles in real time, recognise abnormal actions, and
immediately alert security. For example, Defense Advanced
Research Projects Agency (2023) research suggests that the
use of artificial intelligence video analytics at military fa-
cilities substantially increases the efficiency and speed of
response to threats.

Intelligent sensors and artificial intelligence systems
allow detecting suspicious activity on the territory of
military facilities and sending real-time notifications to
security services. For instance, cameras with built-in ar-
tificial intelligence algorithms can recognise anomalous

activities, such as unauthorised movement or intrusion.
The US is already actively using such systems at military
bases, which reduces the need for constant physical patrols
(Clover et al., 2024). This considerably increases the speed
of response to threats and reduces the need for additional
forces to protect facilities.

Modern sensor systems can detect any movement on
the territory of an object, even at night or in harsh weather
conditions. Infrared barriers are installed around impor-
tant facilities and are triggered by any crossing of the pe-
rimeter (Huang et al., 2021). Such systems are widely used
in NATO (2024) military structures to strengthen the pro-
tection of bases and warehouses. With the growing threat
of cyberattacks, the protection of information networks
and databases has become a priority for military facilities.
Military structures are implementing multi-level security
protocols, encryption, and artificial intelligence-based net-
work activity monitoring technologies. This allows them to
quickly detect unauthorised access attempts (Mittal & Da-
vidson, 2020).

Critical energy systems of military facilities are also
subject to protection from cyberattacks, as their dam-
age can lead to severe disruptions (Hemmati & Rahm-
ani, 2022). In case of an emergency, such as a failure of
the main power source or a physical attack on the facility,
military facilities must be able to quickly switch to backup
or autonomous power sources. For this purpose, genera-
tors, high-capacity batteries, and energy storage systems
are used. Military organisations in different countries are
actively implementing modern technologies to ensure
energy efficiency and security. This allows not only to re-
duce operating costs but also to increase the autonomy
and security of facilities from external threats. Below are
a few examples from different countries that have already
succeeded in this area (Table 2).

Table 2. Technologies and use examples

Country Technology Use example Outcomes and advantages
The Fort Bliss military base uses
USA Solar panels and microgrids a microgrid with solar panels and Iggégggi?&i?&?tm %gsfttshbe b;g?z?;;j
batteries for energy storage ¥y y °
Wind turbines and energy The t?ase in northern Canada hgs v{md Reduction of depgndence on tradltlopal
Canada turbines and a system for monitoring  fuels and cost savings on transportation
management system L .
and optimising energy consumption of resources
. Use of multi-level cybersecurity Increased resilience to cyber-attacks
United Kingdom Cybersecurity and backup protocols and autonomous energy and ensure continuity of operations

power systems

storage systems at key facilities

even during attacks
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Continued Table 2.
Country Technology Use example Outcomes and advantages
R LED lighting with motion sensors and s
Energy-saving lighting and - P Reduced lighting costs by 30-40% and
Germany intelligent sensors automatic light control is installed at reduced electricity consumption
military facilities
Implementation of microgrids powered Provision of facilities in remote
Autonomous microgrids and P grids p areas with an independent and
Japan by hydrogen fuel cells to ensure energy

hydrogen fuel cell generators

independence on the islands

environmentally friendly source of
energy

Note: LED - light-emitting diode

Source: compiled by the authors based on Government of Canada (2020), L. Clover et al. (2024), European Defence Agency
(2024), Government of the United Kingdom (2024), Y. Tsuji (2024)

Military bases that use alternative energy sources,
microgrids, and modern control systems can considerably
reduce operating costs and ensure the resilience of facili-
ties even in case of emergencies. These innovations have
proven to be effective and have become a vital aspect in im-
proving the security and energy independence of military
facilities (Tutak & Brodny, 2022). Furthermore, due to the
reduced environmental impact from the use of clean ener-
gy sources, such solutions are supported by environmental
programmes.

The use of renewable energy sources at military facili-
ties is becoming increasingly popular, as it not only reduces
dependence on fossil fuels but also increases the autonomy
of the facilities (Yaghoubi et al., 2022). Military bases locat-
ed in remote regions face logistical challenges in terms of
regular fuel supply, which can be dangerous or costly. Solar
panels installed on buildings and special stations provide a
stable supply of electricity even in the absence of a connec-
tion to the central grid (Shahini et al., 2024). Such units are
available in the US and the UK, where they cover a major
portion of the energy needs of bases, reducing fuel costs and
minimising the risks associated with fuel transportation.

Energy management systems based on the IoT enable
detailed monitoring of all electricity consumers at facilities,
ensuring optimised use of resources (Affum et al., 2021).
Intelligent sensors installed on electrical appliances and
buildings provide information on consumption levels, al-
lowing unused devices to be automatically switched off or
power to be reduced during off-peak periods. For example,
according to research.

New insulation materials and coatings for buildings at
military facilities help reduce heat and cold loss, which can

greatly reduce heating and air conditioning costs. For ex-
ample, NATO bases in Northern Europe are actively using
modern thermal insulation materials that provide protec-
tion against harsh climatic conditions and help keep build-
ings warm in winter (Nuchturee et al., 2020). This not only
creates a comfortable environment for personnel, but also
reduces the energy load on the base, providing great re-
source savings and reducing environmental impact.

Protecting energy systems from cyber threats is a
critical part of the security strategy of military facilities,
as cyber-attacks can lead to a complete power outage and
disruption of critical infrastructures (Sandri et al., 2020).
Military facilities are implementing multi-level securi-
ty systems, including encryption, continuous monitoring
of activity, and automatic detection of suspicious activity
using artificial intelligence. For example, NATO is actively
researching the cybersecurity of energy systems, including
microgrids, to ensure continuous operation even in case of
cyber-attacks (Ige et al., 2024).

Autonomous energy storage systems, such as genera-
tors, large batteries, or hydrogen fuel cells, allow military
facilities to stay energy independent for a prolonged time.
Hydrogen fuel cells, for instance, can provide autonomous
power for facilities for several days, which is crucial for mil-
itary bases located in remote regions or in unstable situa-
tions. For example, military bases in Japan use hydrogen
fuel cells to ensure continuous operation even during cri-
ses, which provides a strong advantage in terms of energy
sustainability (Tsuji, 2024). As indicated in Table 3, vari-
ous autonomous energy storage technologies have already
been applied in practice, demonstrating their effectiveness
in ensuring energy autonomy in crisis conditions.

Table 3. Technologies and use examples

Technology Country Use example Outcomes and advantages
Renewable energy USA Use of solar panels on military bases for basic/ Reduced dependence on fossil fuels, increased
sources additional energy supply autonomy of bases, reduced operating costs
Intelligent energy United Installation of IoT sensors to monitor and Optlmlsaglon of energy consumption
management Kinedom optimise enerey consumption by 15-20%, prevention of overloads,
systems 8 p 8y p and increased resource efficiency
. L Increase facility resilience, ensure
Microgrids USA Usea?lfefls nai%tggag?gsg lsirg%rrﬂgrltt }l;lsi(s)iar uninterrupted power supply in case of
p accidents or cyber threats, and save money
Modern insulation Use of thermal insulation materials in military Reduced heating and ar conqhtlomng costs,
> Germany a5 increased energy efficiency, improved staff
materials buildings to reduce heat loss comfort
Cvbersecurity of Implementation of network activity Protection against cyber-attacks, ensuring the
Y y NATO monitoring systems based on artificial security of energy systems, reducing the risk

energy systems

intelligence

of energy supply loss
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Continued Table 3.
Technology Country Use example Outcomes and advantages

Autonomous energy Japan Use of hydrogen fuel Cells.a.s a backup power Pr;)fv ;ﬂ?onngxglfsr% ler;gfi%inf% errlces/’eggls fjl;lllslty

storage systems source at remote military bases reduction of costs for imported fuel
Artificial intelligence Using artificial intelligence analysis of video  Rapid response to threats, increased efficiency

and sensors for USA surveillance to recognise abnormal behaviour of the security service, reduced need for

security at facilities physical patrols
. . C . . . Reduced electricity consumption
Energy-saving Germany Installation of LED lighting with automatic by 30-40%, improved lighting efficiency,

lighting

light intensity control

reduced operating costs

Source: compiled by the authors based on Government of Canada (2020), L. Clover et al. (2024), European Defence Agency
(2024), Government of the United Kingdom (2024), Y. Tsuji (2024)

Since modern technology is developing rapidly, many
military organisations recognise the potential of such
solutions. However, a series of technical, economic, and
organisational aspects must be considered for their suc-
cessful implementation. Solar panels and wind turbines
are environmentally friendly and cost-effective sources of
energy in the long term (Szafraniec et al., 2021). They can
provide energy to military bases, reducing dependence on
fossil fuels, which is especially significant for remote mil-
itary facilities. However, these systems require extensive
upfront investment, and their efficiency can be affected
by erratic weather conditions. To increase the efficiency of
such systems, supplementary energy storage is required.
The combined use of solar and wind energy together with
microgrids and energy storage can solve these problems, as
is already the case in the US, Canada, and Germany.

The use of heat-insulating materials can greatly re-
duce heat loss, which decreases the cost of heating and
air conditioning (Serdyuk et al., 2024). Energy-efficient
lighting, such as LED lamps, helps to save energy. However,
retrofitting existing military facilities can be challenging
due to their specific structure and the prohibitive cost of
some modern materials. In the long-term, investments
in such materials are cost-effective, as they contribute to
sustainable energy savings. Protecting critical energy in-
frastructures from cyber threats is becoming increasingly
critical. Integration of cyber defence technologies reduces
the risk of attacks but requires constant security updates
and integration with other security systems, which re-
quires extensive financial and technical resources (Metel-
skyi & Kravchuk, 2023). Implementing multi-level security
systems, encryption, real-time activity monitoring, and the
use of artificial intelligence to detect anomalies can greatly
improve security.

Intelligent monitoring systems and artificial intelli-
gence can quickly detect potential threats by analysing
data from video cameras and sensors, which increases the
efficiency of facility security. However, they require quali-
fied personnel to process large amounts of data and store
confidential information. Sensor systems and infrared
barriers also play an essential role in detecting movement
at facilities in difficult conditions or at night. While such
systems can be expensive to deploy over large areas, the
combined use of sensors and surveillance cameras with ar-
tificial intelligence analytics can reduce the probability of

false alarms. The introduction of innovative technologies
at military facilities increases their autonomy, reduces de-
pendence on conventional fuels, and reduces risks to per-
sonnel. It also increases the level of energy independence
and security, enabling an effective response to challenges
and ensuring that military facilities are prepared to oper-
ate in emergency conditions.

For the successful implementation of such technolo-
gies, it is recommended to invest in research and develop-
ment, continuously improve energy saving technologies
and security systems, develop human resources through
staff training, cooperate with the private sector to develop
and implement high-tech projects, and regularly monitor
the effectiveness of the implemented technologies to ad-
just the strategy and improve efficiency. Thus, the inte-
gration of the latest technologies at military facilities is a
necessary step to ensure energy sustainability, operational
readiness, and national security in the face of emerging
challenges and threats.

DISCUSSION

This study focused on the analysis of innovative technolo-
gies that improve the energy efficiency and security of mil-
itary facilities, which are increasingly vulnerable to cyber
and physical attacks. The key findings of the study revealed
that the introduction of renewable energy sources, such
as solar panels and wind turbines, considerably increases
the energy autonomy of military facilities. In addition, the
use of innovative insulation materials and energy-efficient
lighting systems helps to reduce operating costs and pro-
vides comfortable conditions for personnel.

Intelligent energy management systems based on IoT
help optimise resource use and reduce energy consump-
tion (Boiko et al., 2023). A crucial aspect of the study is to
improve the cybersecurity of military facilities. The use of
artificial intelligence to monitor and analyse video data, as
well as modern sensor systems for motion detection and
perimeter control, ensures prompt detection of potential
threats. Multi-level cyber defence protocols and auton-
omous energy storage systems increase the resilience of
facilities to attacks and ensure their operational readiness
even in crisis situations.

A. Soni (2019) investigated potential major changes in
the way the US military uses energy technologies and their
effects on national security. The energy chain was used to
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analyse energy technologies — production, storage, trans-
mission, and use of energy. The lethality-survivability-mo-
bility triangle was used to assess deployed technologies
to identify potential locations and methods for strategic
change. The study provided suggestions for significant
research areas and organisational aspects of energy tech-
nology procurement for the US military. The current study
confirmed the significance of these aspects, specifically
the approach to autonomous energy systems, but focused
more on their impact on fixed military facilities, while
A. Soni (2019) focused on the strategic use of technology in
mobile military operations.

O. Saritas & S. Burmaoglu (2016) analysed the grow-
ing energy needs in military operations due to changes in
warfare. The study focused on the evolution of energy re-
quirements from World War II to Operation Desert Storm
in 1991, and on to modern technologies that include night
vision, laser targeting, advanced sensing, and communi-
cations capabilities, as well as drones and robotics. Using
trend analysis, technology mining, and scientometrics, the
study developed future scenarios and a strategic roadmap
for priority technology areas in military energy research
and development. The current study confirmed the trend
of increasing energy requirements due to the growing
dependence on technologies such as IoT, drones, and la-
ser systems. At the same time, the present study added an
analysis of the impact of microgrids and energy manage-
ment systems that increase the energy autonomy of mod-
ern military bases.

In the study by M.N. Norrrahim et al. (2021), nanocel-
lulose also demonstrated great functionality and potential
for many applications, including body armour, materi-
als with fire-resistant properties, and filtration elements,
which can reduce dependence on conventional materials
and increase the efficiency of military facilities. Both stud-
ies were aimed at developing solutions to improve security.
The use of nanocellulose in military materials can improve
protection due to its mechanical and heat-resistant proper-
ties. The conducted study addressed cybersecurity and the
protection of energy systems at military facilities, which is
also significant for the protection of critical infrastructure.
In the current study, the author agreed that innovative ma-
terials play a key role in enhancing protection but focused
on the integration of the latest cybersecurity technologies
to protect energy systems, which is critical in the modern
military context.

The study by A.Z. Isiksal (2021) on the impact of mili-
tary spending and renewable energy consumption on CO,
emissions has much in common with the study on the
energy efficiency of military facilities, particularly in the
context of reducing the carbon footprint and increasing
the energy independence of military structures. The study
on military spending and CO, emissions indicates that
increased military spending contributes to increased CO,
emissions, confirming the “treadmill of destruction” hy-
pothesis. This hypothesis states that an increase in defence
spending is accompanied by an increase in pollution. The

Semenenko et al.

study focuses on improving energy efficiency and reducing
environmental impact through the introduction of modern
technologies (solar panels, wind turbines, microgrids). The
introduction of renewable energy sources is significant for
reducing the carbon footprint, promoting environmental
sustainability, and ensuring energy autonomy of military
facilities. The use of solar panels and wind turbines min-
imises dependence on fossil fuels and optimises energy
costs (Qawaqzeh et al., 2020).

Overall, the study demonstrated that the integration
of innovative technologies is necessary to improve the en-
ergy efficiency and security of military facilities. It is rec-
ommended to continue the development and implemen-
tation of these technologies, invest in research, personnel
training, and cooperate with the private sector to imple-
ment high-tech projects.

CONCLUSIONS

Innovative technologies to improve the energy efficiency
and security of military facilities provide major benefits,
including energy independence and resilience, efficient re-
source management, and enhanced cyber security. The in-
troduction of renewable energy sources, such as solar pan-
els, wind turbines and hydrogen fuel cells, makes military
facilities less dependent on external energy sources. This
reduces the need for a constant supply of fuel and increases
autonomy, especially for remote facilities. Energy manage-
ment systems and microgrids optimise the use of resources
and enable rapid response to threats or energy disruptions.
Microgrids ensure a stable power supply, even in case of
an outage in the central grid. As military facilities are be-
coming major targets of cyber-attacks, multi-level defence
systems and intelligent monitoring systems are essential
to ensure the security of critical infrastructures.

Considering the growing significance of energy effi-
ciency and security of military facilities, it is recommend-
ed to expand the use of renewable energy sources, develop
autonomous energy systems, improve cyber defence, and
expand the use of energy-saving technologies. The intro-
duction of alternative energy sources should be continued,
especially in remote bases and facilities where it may be
challenging to ensure a constant supply of fuel. The use
of autonomous microgrids maintains access to electricity
even during emergencies, reducing the risk of power out-
ages and providing flexible management of energy flows.
Continuous improvement of cybersecurity is critical to
protecting information and energy systems. It is vital to
develop systems with early detection of threats and back-
up infrastructures. Military facilities should be equipped
with intelligent energy monitoring systems and energy-ef-
ficient equipment (e.g., LED lighting with motion sensors
and automatic temperature control systems).

Further research could be aimed at expanding the
analysis of the effectiveness of introducing microgrids
and renewable energy sources at military facilities in di-
verse climatic conditions. Particular attention should be
paid to the effects of innovative technologies on reducing
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operating costs and increasing energy autonomy in ex-
treme environments. Another promising area is the de-
velopment of cybersecurity systems to protect the energy
infrastructures of military bases. In this context, it is es-
sential to evaluate the use of artificial intelligence for early
threat detection and automated crisis management.

optimise energy processes. Further research could also fo-
cus on creating scalable and cost-effective microgrid mod-
els for small and medium-sized military bases, as well as
assessing opportunities for cooperation with commercial
entities to develop joint innovative projects.

The development of new insulating materials and en- ACKNOWLEDGEMENTS
ergy-efficient systems could be another area of research, None.
particularly in the context of reducing the environmen-
tal impact of military operations. Integration of these CONFLICT OF INTEREST
technologies with modern IoT solutions can considerably = None.
REFERENCES

[1] Affum, E.A., Agyeman-Prempeh, K., Adumatta, C., Ntiamoah-Sarpong, K., & Dzisi, J. (2021). Smart home energy
management system based on the Internet of Things (IoT). International Journal of Advanced Computer Science and
Applications, 12(2), 722-730. doi: 10.14569/ijacsa.2021.0120290.

[2] Azzuni, A., & Breyer, C. (2021). Global energy security index and its application on national level. Energies, 13(10),
article number 2502. doi: 10.3390/en13102502.

[3] Belousova, K. (2022). A large floating SES was launched at the US military base. Retrieved from https://ecopolitic.com.
ua/ua/news/na-vijskovij-bazi-ssha-zapustili-veliku-plavuchu-ses/.

[4] Boiko,S.,Kasatkina,I., &Danilin, 0.(2023). Aspects of reconfiguration of electrical supply systems when implementing
distributed generation sources in the terms of distribution networks of enterprises. Journal of Kryvyi Rih National
University, 21(1), 169-174. doi: 10.31721/2306-5451-2023-1-56-169-174.

[5] Clover, L., Moore-Callaway, S., Oksenvaag, E., Oliver, J., & Soler, E. (2024). Envisioning the U.S. army’s transition to
electrification and carbon neutrality by 2035. Retrieved from https://media.defense.gov/2024/Aug/30/2003535966/-1/-
1/0/FINAL%20REPORT %20FOR%20HON%20JACOBSON%20V2%202.PDEF.

[6] Defense Advanced Research Projects Agency. (2023). AIR: Artificial Intelligence Reinforcements. Retrieved from https://
www.darpa.mil/research/programs/artificial-intelligence-reinforcements.

[7] European Defence Agency. (2024). Sustaining Europe’s armed forces. Retrieved from https://eda.europa.eu/webzine
issuel 1/in-the-field/sustaining-europe-s-armed-forces.

[8] Government of Canada. (2020). Defence Energy and Environment Strategy. Retrieved from https://www.canada.ca
en/department-national-defence/corporate/reports-publications/dees/2-energy.html.

[9] Government of the United Kingdom. (2024). Defence: Sustainability as a competitive advantage. Retrieved from https://
www.gov.uk/government/publications/defence-sustainability-as-a-competitive-advantage/defence-sustainability-
as-a-competitive-advantage.

[10] Hemmati, A., & Rahmani, A.M. (2022). The Internet of Autonomous Things applications: A taxonomy, technologies,
and future directions. Internet of Things, 20, article number 100635. doi: 10.1016/j.i0t.2022.100635.

[11] Huang, S.-W., Chung, Y.-F., & Wu, T.-H. (2021). Analyzing the relationship between energy security performance and
decoupling of economic growth from CO, emissions for OECD countries. Renewable and Sustainable Energy Reviews,
152, article number 111633. doi: 10.1016/j.rser.2021.111633.

[12] Ige, A.B.,Kupa,E., & Ilori, O. (2024). Analyzing defense strategies against cyber risks in the energy sector: Enhancing
the security of renewable energy sources. International Journal of Science and Research Archive, 12(1), 2978-2995.
doi: 10.30574/ijsra.2024.12.1.1186.

[13] International Renewable Energy Agency. (2024). Critical materials for renewable energy: Improving data governance.
Retrieved from https://www.irena.org/Publications/2024/Oct/Critical-materials-for-renewable-energy-Improving-
data-governance.

[14] Isiksal, A.Z. (2021). Testing the effect of sustainable energy and military expenses on environmental degradation:
Evidence from the states with the highest military expenses. Environmental Science and Pollution Research, 28, 20487-
20498. doi: 10.1007/s11356-020-11735-7.

[15] Kanwal, S., Mehran, M.T., Hassan, M., Anwar, M., Raza Naqgvi, S., & Khoja, A. (2022). An integrated future approach for
the energy security of Pakistan: Replacement of fossil fuels with syngas for better environment and socio-economic
development. Renewable and Sustainable Energy Reviews, 156, article number 111978. doi: 10.1016/j.rser.2021.111978.

[16] Katalenich, S.M., & Jacobson, M.Z. (2022). Toward battery electric and hydrogen fuel cell military vehicles for land,
air, and sea. Energy, 254, article number 124355. doi: 10.1016/j.energy.2022.124355.

[17] Krelina, M. (2021). Quantum technology for military applications. EP] Quantum Technol, 8, article number 24.
doi: 10.1140/epjqt/s40507-021-00113-y.

Machinery & Energetics. Vol. 15, No. 4

4


https://doi.org/10.14569/ijacsa.2021.0120290
https://doi.org/10.3390/en13102502
https://ecopolitic.com.ua/ua/news/na-vijskovij-bazi-ssha-zapustili-veliku-plavuchu-ses/
https://ecopolitic.com.ua/ua/news/na-vijskovij-bazi-ssha-zapustili-veliku-plavuchu-ses/
https://journal-knu.com.ua/uk/journals/tom-21-1-2023/aspekti-rekonfiguratsiyi-sistem-elektropostachannya-pri-vprovadzhenni-dzherel-rozoseredzhenoyi-generatsiyi-v-umovakh-rozpodilchikh-merezh-pidpriyemstv
https://media.defense.gov/2024/Aug/30/2003535966/-1/-1/0/FINAL%20REPORT_%20FOR%20HON%20JACOBSON%20V2%202.PDF
https://media.defense.gov/2024/Aug/30/2003535966/-1/-1/0/FINAL%20REPORT_%20FOR%20HON%20JACOBSON%20V2%202.PDF
https://www.darpa.mil/research/programs/artificial-intelligence-reinforcements
https://www.darpa.mil/research/programs/artificial-intelligence-reinforcements
https://eda.europa.eu/webzine/issue11/in-the-field/sustaining-europe-s-armed-forces
https://eda.europa.eu/webzine/issue11/in-the-field/sustaining-europe-s-armed-forces
https://www.canada.ca/en/department-national-defence/corporate/reports-publications/dees/2-energy.html
https://www.canada.ca/en/department-national-defence/corporate/reports-publications/dees/2-energy.html
https://www.gov.uk/government/publications/defence-sustainability-as-a-competitive-advantage/defence-sustainability-as-a-competitive-advantage
https://www.gov.uk/government/publications/defence-sustainability-as-a-competitive-advantage/defence-sustainability-as-a-competitive-advantage
https://www.gov.uk/government/publications/defence-sustainability-as-a-competitive-advantage/defence-sustainability-as-a-competitive-advantage
https://doi.org/10.1016/j.iot.2022.100635
https://doi.org/10.1016/j.rser.2021.111633
https://doi.org/10.30574/ijsra.2024.12.1.1186
https://www.irena.org/Publications/2024/Oct/Critical-materials-for-renewable-energy-Improving-data-governance
https://www.irena.org/Publications/2024/Oct/Critical-materials-for-renewable-energy-Improving-data-governance
https://doi.org/10.1007/s11356-020-11735-7
https://doi.org/10.1016/j.rser.2021.111978
https://doi.org/10.1016/j.energy.2022.124355
https://doi.org/10.1140/epjqt/s40507-021-00113-y

Semenenko et al.

[18] Malik, S., Qasim, M., Saeed, H., Chang, Y., & Taghizadeh-Hesary, F. (2022). Energy security in Pakistan: Perspectives
and policy implications from a quantitative analysis. Energy Policy, 144, article number 111552. doi: 10.1016/j.
enpol.2020.111552.

[19] Metelskyi, I., & Kravchuk, M. (2023). Features of cybercrime and its prevalence in Ukraine. Law, Policy and Security,
1(1), 18-25.

[20] Mittal, V., & Davidson, A. (2020). Combining wargaming with modeling and simulation to project future military
technology requirements. IEEE Transactions on Engineering Management, 68(4), 1195-1207. doi: 10.1109/
TEM.2020.3017459.

[21] NATO.  (2024). Cyber  defence. Retrieved from  https://www.nato.int/cps/uk/natohg/topics_78170.
htm?selectedLocale=en.

[22] Norrrahim, M.N., Kasim, M.N., Knight, V.F., Ujang, F.A., Janudin, N., Razak, M.A., Shah, N.A., Noor, S., Jamal, S.,
Ong, K.K., & Yunus, W. (2021). Nanocellulose: The next super versatile material for the military. Materials Advances,
2, 1485-1506. doi: 10.1039/DOMAO1011A.

[23] Nuchturee, Ch., Li, T., & Xia, H. (2020). Energy efficiency of integrated electric propulsion for ships — A review.
Renewable and Sustainable Energy Reviews, 134, article number 110145. doi: 10.1016/j.rser.2020.110145.

[24] Prozuments, A., Borodinecs, A., & Krizmane, M. (2019). A review study on specific requirements for refurbishment
of military buildings in cold climates. IOP Conference Series Materials Science and Engineering, 660, article number
012016. doi: 10.1088/1757-899X/660/1/012016.

[25] Qawaqzeh, M.Z., Szafraniec, A., Halko, S., Miroshnyk, O., & Zharkov, A. (2020). Modelling of a household electricity
supply system based on a wind power plant. Przeglad Elektrotechniczny, 96(11), 36-40. doi: 10.15199/48.2020.11.08.

[26] Sandri, S., Hussam, H., & Alshyab, N. (2020). Sustainability of the energy sector in Jordan: Challenges and
opportunities. Sustainability, 12(24), article number 10465. doi: 10.3390/su122410465.

[27] Saritas, O., & Burmaoglu, S. (2016). Future of sustainable military operations under emerging energy and security
considerations. Technological Forecasting and Social Change, 102, 331-343. doi: 10.1016/j.techfore.2015.08.010.

[28] Serdyuk, V., Pavlovskyi, S., & Rudyk, S. (2024). Structural changes in the energy supply of the housing fund of
Ukraine. Modern Technologies, Materials and Structures in Construction, 21(1), 145-153. doi: 10.31649/2311-1429-
2024-1-145-152.

[29] Shah, S.F.,Igbal, M., & Aziz, Z. (2022). The role of machine learning and the internet of things in smart buildings for
energy efficiency. Applied Sciences, 12(15), article number 7882. doi: 10.3390/app12157882.

[30] Shahini, E., Fedorchuk, M., Hruban, V., Fedorchuk, V., & Sadovoy, O. (2024). Renewable energy opportunities
in Ukraine in the context of blackouts. International Journal of Environmental Studies, 81(1), 125-133.
doi: 10.1080/00207233.2024.2320021.

[31] Soni, A. (2019). Disruptive energy technologies and military capabilities. In M. Kosal (Ed.), Disruptive and Game
Changing Technologies in Modern Warfare (pp. 115-134). Cham: Springer. doi: 10.1007/978-3-030-28342-1 7.

[32] Szafraniec, A., Halko, S., Miroshnyk, O., Figura, R., Zharkov, A., & Vershkov, O. (2021). Magnetic field parameters
mathematical modelling of windelectric heater. Przeglad Elektrotechniczny, 97(8), 36-41. doi: 10.15199/48.2021.08.07.

[33] Tsuji, Y. (2024). Renewable energy and defense power in Japan. William & Mary Environmental Law and Policy Review,
38(3), 739-756.

[34] Tutak, M., & Brodny, J. (2022). Analysis of the level of energy security in the three seas initiative countries. Applied
Energy, 311, article number 118649. doi: 10.1016/j.apenergy.2022.118649.

[35] Vasylieva, T., Pavlyk, V., Bilan, Y., Mentel, G., & Rabe, M. (2021). Assessment of energy efficiency gaps: The case for
Ukraine. Energies, 14(5), article number 1323. doi: 10.3390/en14051323.

[36] Wang, K.-H., Su, C.-W., Lobont, O.-R., & Umar, M. (2021). Whether crude oil dependence and CO, emissions influence
military expenditure in net oil importing countries? Energy Policy, 153, article number 112281. doi: 10.1016/].
enpol.2021.112281.

[37] Wen,]., Zhao, X., Wang, Q.-]., & Chang, C.-P. (2021). The impact of international sanctions on energy security. Energy
& Environment, 32(3), 458-480. doi: 10.1177/0958305X20937686.

[38] Yaghoubi, M., Khandakar, A., & Miao, Y. (2022). Wireless body area network (WBAN): A survey on architecture,
technologies, energy consumption, and security challenges. Journal of Sensor and Actuator Networks, 11(4), article
number 67. doi: 10.3390/jsan11040067.

[39] Zhang, L., Bai, W., Xiao, H., & Ren, J. (2021). Measuring and improving regional energy security: A methodological
framework based on both quantitative and qualitative analysis. Energy, 227, article number 120534. doi: 10.1016/j.
energy.2021.120534.

[40] Zuk,P., & Zuk, P. (2022). National energy security or acceleration of transition? Energy policy after the war in Ukraine.
Commentary, 6(4), 709-712. doi: 10.1016/j.joule.2022.03.009.

Machinery & Energetics. Vol. 15, No. 4 @


https://doi.org/10.1016/j.enpol.2020.111552
https://doi.org/10.1016/j.enpol.2020.111552
https://lpas.com.ua/journals/law-policy-security/features-of-cybercrime-and-its-prevalence-in-ukraine
http://doi.org/10.1109/TEM.2020.3017459
http://doi.org/10.1109/TEM.2020.3017459
https://www.nato.int/cps/uk/natohq/topics_78170.htm?selectedLocale=en
https://www.nato.int/cps/uk/natohq/topics_78170.htm?selectedLocale=en
http://doi.org/10.1039/D0MA01011A
https://doi.org/10.1016/j.rser.2020.110145
http://doi.org/10.1088/1757-899X/660/1/012016
https://doi.org/10.15199/48.2020.11.08
https://doi.org/10.3390/su122410465
https://doi.org/10.1016/j.techfore.2015.08.010
https://doi.org/10.31649/2311-1429-2024-1-145-152
https://doi.org/10.31649/2311-1429-2024-1-145-152
https://doi.org/10.3390/app12157882
https://doi.org/10.1080/00207233.2024.2320021
https://doi.org/10.1007/978-3-030-28342-1_7
https://doi.org/10.15199/48.2021.08.07
https://scholarship.law.wm.edu/wmelpr/vol48/iss3/8
https://doi.org/10.1016/j.apenergy.2022.118649
https://doi.org/10.3390/en14051323
https://doi.org/10.1016/j.enpol.2021.112281
https://doi.org/10.1016/j.enpol.2021.112281
https://doi.org/10.1177/0958305X20937686
https://doi.org/10.3390/jsan11040067
https://doi.org/10.1016/j.energy.2021.120534
https://doi.org/10.1016/j.energy.2021.120534
http://doi.org/10.1016/j.joule.2022.03.009

Innovative technologies to improve energy efficiency...

Oner CemeHEHKO
HoKTOp BilicbKOBUX HayK, mpodecop
LleHTpaIbHUIT HAYKOBO-IOCTiIHNIT iHCTUTYT 36poiinnx Cut YRpainu
03049, mpocr. ITosiTpssuux Cun, 286, M. Kuis, YkpaiHna
https://orcid.org/0000-0001-6477-3414

Onexkciit Hosgpauos

Ioktop dinocodchkmx HAyK, 3aCTYITHUK KOMEHIAHTA 3 MOPAIbHO-TICMXOJIOTiYHOTO 3a6€e3IeUeHHS
LieHTpanbHMIT HAYKOBO-IOCTiTHMI iHCTUTYT 36poitHux Cut YRpainu
03049, ipocrr. IToBiTpstunx Cui, 286, m. KuiB, Ykpaina
https://orcid.org/0000-0002-7261-4381

Ipuna Yepuuiosa

ITIOKTOp eKOHOMIUHUX HayK, CTapIINii HAYKOBMUIA CIIiIBPOOITHUK
LleHTpanbHMIT HAYKOBO-IOCTiAHMIT iIHCTUTYT 36poitHux Cui YRpainu
03049, ipocrt. IToBiTpssHux Cui, 286, M. Kuis, YkpaiHna
https://orcid.org/0000-0002-5958-7059

Aunpiit MenbHUYEHKO

AcmipaHT
HarrionanabHMit yHiBepcuTeT 060poHM YKpainu
03049, mpocm. [TosiTpsinux Cui, 28, M. KuiB, YKpaina
https://orcid.org/0000-0002-6072-4989
Ovurpo MomoT

IOokTop dinocopchbkux HAYK
HanioHanbHMit yHiBepcuTeT 060poHM YKpaiHu
03049, nipocrr. IToBiTpstaux Cuit, 28, M. Kuis, Ykpaina
https://orcid.org/0000-0003-3805-4031

IHHOBaUWiMHI TexHosorii ANsa NigBULLEHHSA eHeproePeKTUBHOCTI
Ta 6e3neKu BiNCbKOBUX 06'EKTIB

AHoTauifA. MeTo10 JaHOTO NOCTiAKeHHS OYB aHa/Ii3 MOTEHIiany iHHOBALiitHMUX PillleHb /IS OIITUMIi3allii eHepreTUYHUX
TIpOIIeCiB Ta IOCUJIEHHSI CUCTeM Oe3IeKM Ha BilicbKOBMX 06'ekTaxX. B Xoni mocmimskeHHs 6y/i0 TpoaHani3oBaHO HAYKOBi
npaiii, 3BiTu Ta myb:mikarii 3 MMTaHb eHepreTUKM Ta KibepTexXHOIOrii, 3a JOTIOMOT00 TOPiBHSJIBHOTO aHaTi3y MigXO0iB 10
BIIPOBA/I)KEHHS BiTHOB/IIOBAHMX J)KepeJl eHeprii, iHTe/leKTyalbHMUX CUCTEM YIIpaB/IiHHS Ta aBTOMaTU30BaHMUX TEXHOJIOTii
Ha BilicbKOBMX 006'eKTax. Pe3yynbTaT JOCTiMKeHHS MiATBEPAVIIN, 1[0 BiHOBIIOBAHI Ikepeia eHeprii (COHSIYHI MmaHeri,
BiTporeHepaTop) 3MEeHIIYIOTh 3a/IeKHICTh Bifi BUKOTHMX BUAIB MaIMBa Ta MiABUILYIOTh aBTOHOMHICTh 6a3. [HTeNneKTyanbHi
CHCTEMMU YIIPaBIIiHHS eHepTi€lo ONMTUMI3YI0Th BUTPATH i iABUIIYIOTh e(heKTUBHICTh BUKOPUCTAHHS pecypciB. Mikpomepeski
3ab6e3MeuyloTh CTabibHe eleKTPOoIoCcTayaHHs HaBiTh y pasi BigkmaoueHb. 3aXUCT KPUTUUHOI iHGpACTPYKTYypHU 3
BUKOPUCTAHHSIM 6araTopiBHEBUX cUCTeM Kibep6e3neKky Ta MITYYHOTO iHTeNeKTy 3HAYHO 3HVKY€E PU3UK aTak. bymo
MiAKpeCIeHOo, 10 MiKpOMepeXi 3HIKYIOTh PU3UK BiIKIIOUEHHST elIeKTPOeHepTii il yac KpUM30BUX CUTYalliil abo KibepaTaxk,
IO3BOJISIIOUM IIBUAKO TIEPEXOIUTH Ha pe3epBHi Ixkepesa eHeprii. [HHOBalliiiHi i30/s11iiiHI MaTepiaau Ta eHeproedeKTUBHe
obagHAHHS 3MEHIIYIOTh OlepallifiHi BUTpaTy Ta MOKPAIIYIOTh YMOBU Ipalli mepcoHany. Kibep3axmuct KpUTUIYHUX
eHepreTMYHMX CUCTEM Ha BiliCbKOBMX 06'€KTax BKIOUA€ 6araTopiBHeBi MPOTOKOIM, MOHITOPYHT MepeskeBOi aKTMBHOCTI
Ta TeXHOJOTii mudpyBaHHS s 3anobiraHHs KibepaTakaMm. BUKOpMCTaHHS MITYYHOTO iHTeNeKTY /ISl aHali3y 3arpo3
JIO3BOJISIE OTIePATUBHO BUSIBJISITYM aHOMAJTii Ta pearyBaTy Ha HUX. [JoBeleHO, 1110 iHHOBAIIilfHi TEXHOJIOTI] € KIIOUOBUMU
IIS1 3a0e3TeUeHHs] eHepreTMYHOI He3aJIeXKHOCTi, 6e31eKky Ta e(eKTUBHOCTI BiliCbKOBMX 06'€KTiB. Pe3yIbTaTy JOCTiIKeHHST
MOXYTb 6yTM BUKOPUCTAHI [IJIs1 OIITUMi3al1lii eHeprocrokMBaHHsI Ta MigBMIIeHHS PiBHSI aBTOHOMHOCTI BiliCbKOBUX 6a3, [0
3a6e3meunThb CTabiMbHICTh PO6OTH 06'€KTIB HABITh y CKJIAAHMX YMOBax ab0 y BUMAIKaX BiICYTHOCTI TOCTYITY 1O 30BHIIITHIiX
JKepesn eHeprii
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