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Abstract. This research focuses on improving the reliability of simulating the operation
of induction motors when solving technical and economic problems related to the
selection of protection systems for electric drives operating in industrial power networks
with poor power quality. The presence of voltage asymmetry, harmonic distortions, and
other power quality issues in workshop networks significantly affects the performance

and service life of induction motors, increasing energy losses and maintenance costs.

The article proposes a power and economic model that allows conducting computational
experiments to determine the optimal solution for improving power supply quality. A key
element of the model is the system for generating and controlling linear voltage
parameters, which ensures compliance of the simulated signals with their statistical

regularities observed in real industrial conditions.

The research introduces adaptive algorithms for the continuous and simultaneous
assessment of average values, variances, autocorrelation, and cross-correlation
functions of voltage harmonics. Mathematical expressions for their correction during the
accumulation of information are presented. Structural schemes of control systems for
both analog and digital modeling of voltage processes are proposed, allowing for real-
time monitoring of the reliability of generated data.

The simulation results were verified through statistical hypothesis testing for the average
values and variances of the generated voltage harmonics. Experimental studies were
carried out in the rolling shop No. 1 of Dneprospetsstal LLC, where significant voltage
distortions are caused by the operation of powerful semiconductor converters. The
results confirmed the adequacy of the proposed modeling approach and its applicability
for making economically sound decisions regarding the choice of technical solutions for
voltage quality improvement.

This work contributes to the field of energy efficiency in industrial enterprises by

providing a methodological basis for the reliable simulation of induction motor operation
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in the presence of distorted power supply conditions. The proposed approach allows
reducing the cost and duration of experimental studies by replacing them with validated
computational modeling.

Keywords: Induction Motor, Electric Networks, Linear Voltages, Protection Tools,
Economic Model, Electric Energy

Introduction

In the current context, induction motors are the primary devices for converting
electrical energy into mechanical energy and form the foundation of the drive
systems of most industrial mechanisms. This position has been earned due to a
successful combination of operational and structural characteristics — the ability to
automatically adjust torque in response to changes in load torque on the shaft, high
efficiency, simple construction, and relatively low manufacturing cost compared to
other electromechanical converters [1]. Moreover, it should be emphasized that
induction motors, despite their numerous advantages and widespread application in
various industries, remain the largest consumers of electrical energy on a global
scale. Their extensive use in industrial enterprises, transport systems, municipal
infrastructure, and household appliances has led to an exceptionally high share of
total electricity consumption attributed to electric drive systems. According to
expert estimates and international energy studies, the share of electric motors in the
global structure of electricity consumption ranges from 43% to 46%, making them
the most energy-intensive class of electrical equipment.

Such a significant consumption of energy resources by electric motors is a key
factor influencing the development of modern energy policy, especially in the
context of the growing need for energy saving, reducing operational costs, and
minimizing negative environmental impacts. If no systematic and effective measures
are taken to increase energy efficiency, optimize the operation of drive systems, and
modernize the power infrastructure, then according to analytical forecasts,
electricity consumption by induction motors could increase to a critical level — up to
13,360 TWh per year by 2030. This scenario takes into account the projected growth
of industrial production volumes, the increase in the number of automated
technological lines, and the expansion of the global industrial sector.

Currently, end-users of electric motors - industrial enterprises, commercial

facilities, and residential consumers - collectively spend approximately 565 billion
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US dollars annually on electricity costs for the operation of electric motor-driven
systems. These costs include not only direct energy expenses but also additional
operational costs associated with low energy efficiency, equipment wear, and losses
in power networks. If comprehensive programs aimed at improving the energy
efficiency of electric drives, implementing smart control systems, and using modern
energy-saving technologies are not implemented at the national and international
levels, it is expected that by 2030 these annual expenditures may increase
dramatically - reaching almost 900 billion US dollars. This will place a considerable
burden on both industrial enterprises and national economies, underscoring the
urgent need to develop and apply technical and organizational measures to improve
the energy performance of electric motors across all sectors of their use [2].

Modern electric drive systems, which implement electromechanical energy
conversion processes and are mainly based on squirrel-cage induction motors, are
not structurally complex. However, the operation of this class of motors today is
associated with a number of challenges. One of the most pressing problems is the
supply of poor-quality electric power to induction motors. It is well established that
even minor deviations in supply voltage quality lead to adverse effects, including
insulation aging and reductions in energy performance indicators such as efficiency
and power factor [3]. The quality of electric power supply significantly affects the
reliability, efficiency, and service life of these motors [4]. Therefore, one of the
urgent problems influencing the operation of induction motors is the deterioration
of power quality — the presence of asymmetry, waveform distortion, frequency
instability, and other deviations from standard values [5, 6, 7].

It is known [8] that harmonic voltage distortions arise due to the operation of
thyristor converters, switching power supplies, and other nonlinear loads, which
lead to voltage and current waveform distortion in motor windings. In [9], the
authors showed that voltage containing harmonic components on the stator causes
significant changes in the motor's electromagnetic parameters (torque, currents,
losses, etc.) and affects the mechanical part of the drive. The study concluded that
electric motors operating under harmonic distortion suffer from reduced efficiency
and shorter service life due to increased iron and copper losses. Additionally, voltage
and current harmonics can influence the torque developed by the motor. Harmonic

components in rotating machines can also cause vibrations and noise. For example,
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harmonics of negative sequence create a counteracting torque that opposes the main
motor torque, thereby reducing overall motor efficiency. Odd harmonics generate a
reverse magnetic field (negative sequence) in the motor, which produces a negative
torque and further reduces the useful output torque of the induction motor.

The study by the author in [10] investigates the relationship between supply
voltage variations and the operating characteristics of induction motors, particularly
their effects on torque, current, power factor, heating, and overall efficiency. The
author concluded that voltage deviations significantly affect the reliability and
performance of electric motors. To ensure stable operation and extend motor service
life, system voltage must be maintained as close to the nominal value as possible
[10]. A special case is voltage asymmetry in induction motors, when deviation occurs
in only one phase of the supply network, as studied in [11]. The researchers modeled
situations in which the voltage in one phase exceeded the nominal value by 10% and
20%, while the other two phases remained at nominal levels. The simulations on the
synthesized model [11] demonstrated that even a minor overvoltage in one phase
(10-20%) has a substantial impact on the performance of a three-phase induction
motor — leading to increased winding temperatures and reduced performance
metrics, which may result in premature motor failure.

Other researchers [12, 13] note that short-term overvoltages caused by
switching processes can lead to insulation breakdown in motors. Modeling results
presented in [13] confirm that overvoltages reduce insulation lifespan and can cause
premature inter-turn insulation failures. Practical recommendations include the use
of surge protection devices (such as surge arresters, varistors, etc.) and maintaining
voltage levels within acceptable limits, as any exceedance of 10% or more should be
considered an emergency condition.

Industrial enterprises, especially those with a large number of
electromechanical systems, often face a serious problem related to the deterioration
of power supply quality within workshop electrical networks. In particular, induction
motors - widely used in production processes - are highly sensitive to deviations of
electrical parameters from nominal values. The so-called "noisy electricity", which
includes voltage asymmetry, harmonic distortions, and a general deviation from the
sinusoidal form of the supply voltage, negatively affects the stable operation of
such motors.
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Unsymmetrical load distribution between phases, the presence of higher
harmonics in the power grid, and frequent voltage fluctuations lead to a whole
complex of undesirable phenomena in the operation of induction motors. These
factors cause overheating of motor windings, which provokes premature insulation
wear and increases the risk of failures. In addition, a decrease in power factor and
energy efficiency is observed, along with a significant increase in reactive power
consumption. Over time, these processes not only reduce the overall efficiency of
production equipment but also contribute to its accelerated wear and shortening of
service life, increasing the frequency of repairs and maintenance.

Therefore, the problem of reducing the negative influence of poor-quality
power supply on electromechanical systems becomes particularly relevant for
modern industrial enterprises seeking to increase energy efficiency and minimize
downtime losses. To neutralize or mitigate the harmful effects of distorted voltage,
several technical solutions are used in practice. These include, for example,
"individual" LC-filters installed directly at the input of a specific electric motor, or
more powerful "cluster" devices for compensation of voltage distortion installed at
the level of an entire workshop or production section.

An alternative strategy involves the control and correction of power supply
quality directly in the zones of distortion formation — in other words, preventive
actions aimed at eliminating the causes of noise at the earliest stages. However, each
of the mentioned approaches has not only a certain technical potential but also
requires significant financial investments for its implementation, as well as
subsequent maintenance costs.

Choosing the optimal solution among these alternatives is a complex technical
and economic task. It requires consideration of many factors - from the
characteristics of the technological process and the degree of power supply quality
deviation to the costs of implementing and operating compensating devices.
Conducting real industrial experiments to compare these options is extremely costly
and time-consuming. Therefore, a promising direction is the use of mathematical
modeling and computer simulations. They make it possible to evaluate in advance
the effectiveness of various technical solutions, predict their impact on energy
consumption, equipment operation, and the overall economic efficiency of

production. Simulation experiments allow companies to minimize financial risks and
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make informed decisions regarding the modernization of workshop
electrical networks.

Literature review and problem statement. It is a well-established and widely
recognized fact in the field of electrical engineering that poor-quality power supply
has a significant and often detrimental impact on the operational characteristics and
performance parameters of induction motors (IM), which are among the most
commonly used types of electric motors in industrial applications. The stability,
reliability, and efficiency of induction motors directly depend on the quality of the
supplied voltage. Any deviations of power supply parameters from the nominal
values — including voltage fluctuations, asymmetry between phases, frequency
instability, or the presence of harmonic distortions — inevitably lead to unfavorable
operating conditions for the motor.

Such distortions in the supply voltage negatively influence the electromagnetic
processes occurring within the motor, altering its torque characteristics, increasing
energy losses, and provoking the emergence of additional heating in motor
windings. As a result, the service life of the insulation system is reduced, and the
probability of premature failures grows substantially. Moreover, poor power quality
affects not only the energy efficiency indicators of induction motors — such as
efficiency, power factor, and reactive power consumption — but also leads to
mechanical problems, such as increased vibration, noise, and even mechanical stress
on the motor shaft and bearings.

Given that induction motors often operate in critical technological processes in
industrial enterprises, where stable and uninterrupted functioning of equipment is
required, ensuring high-quality power supply becomes an essential prerequisite for
maintaining operational reliability and extending the service life of electric drives.
Therefore, analyzing the negative impact of poor-quality power supply on induction
motors and developing effective methods to mitigate this influence remains one of
the key areas of research in modern energy engineering and industrial
automation [14 - 16].

Reduced quality of power voltage results in pulsation of the moment generated
by the motor, drop of starting and critical IM moment, increase in vibration, early
wear of bearing and gear components, increased steel losses due to higher harmonic
field constituents in a gap, reduction in such power indices of induction motor
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operation as efficiency coefficient and power coefficient. Moreover, availability of
noisy electric energy within workshop grids of industrial enterprises results in the
accelerated physical ageing; in the decreased power efficiency of equipment in use;
and in the increased risk of industrial emergency situations. Paper [17] has shown
that the problem solution should be sought at technical-and-economic level
involving methods of mathematical modeling. Papers [17 and 18] have proposed a
technique to make optimum decision as for electric equipment operation under the
conditions of noisy power. The technique relies upon economic evaluation of various
alternatives to recover supply voltage up to the preset quality indices. Moreover, its
suitability has been demonstrated in terms of induction motor operation. According
to the technique, power indices of electromechanical transducer are calculated
involving the current quality power indices within the enterprise power grid [19, 20,
and 21], and basing upon electric model, and thermal model [22]. If indices,
calculated in such a way, differ substantially from preset ones, various alternatives
of engineering solutions, intended to recover electric power supplying the motor, are
considered. Cost of each of the alternatives is estimated and final decision,
concerning its further operation, is made.

Method relies upon the use of power and economic model of certain electric
equipment; taken as a whole, it helps optimize selection of technical means aimed at
electric energy quality recovery according to cost criterion involving restrictions to
power indices of the electrical consumer. However, calculation of different variants
is based upon the knowledge of statistic regularities of linear voltage change under
specific operation conditions of the equipment. That supposes carrying out of a
number of expensive and long-term experiments using real object. To reduce both
cost of the experiments as well as their period, it has been proposed to substitute
industrial experiments for computational ones. For that purpose, power and
economic model is supplemented by a unit to form linear voltages and to control
them. Probability model of linear voltages to be applied in workshops of industrial
enterprises is represented in [23].

Power and economic model of electric equipment. Fig. 1 demonstrates one
of the variations of power and economic model making it possible to perform
computational studies of IM operation. In this context, making a correct decision is
possible, if only linear voltages are simulated in accordance with their statistic
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regularities. Basing upon specific features of linear voltage simulation [23] it is
required to control average values, dispersion, autocorrelation, and cross-correlation
functions of harmonics of linear voltages. Moreover, the listed values and functions
should be evaluated simultaneously and continuously during the modeling process.
Such an evaluation can be performed relying upon adaptive approach.

Average value of continuous stationary random process at t time moment is
determined using the formula:

t

x(t) =%Ix(t)dt (1)
0

where X(t) is continuous stationary random process.

Unit to form phase Asynchronous Calculation of
voltages and to motor model | ’ energy
P
control them performance of
»  asynchronous
motor
Calculation of Requirements for Variations of
power quality energy performance of ” engineering .
> indices asynchronous motor | solutions indented feé
to improve power
r quality

Cost estimation of the
engineering solutions

Decision making

h 4

Figure 1 - Schematic diagram of power and economic model of electric equipment
Differentiate left side and right side of expression (1) with respect to t :
dx) 1

t

1

i j X(t)dt +2x(0) 1)
0
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or:

dx(t) _ 1

dt t

If the random process is represented by a discrete (impulse) function, then

i(t)+%x(t)%(x(t)—i(t)). @

expression (2) is:
xT]- X -DT]= %(X[iT] - X[ -DT]) (3)

where T is time discretization of X(t) function; i=1n is discretization

interval number; and N is a total of discretization intervals.

It is more convenient to demonstrate expression (3) as follows:
XT]=X{(I —DT] +%(X[iT] —X[(i-DT]) 4)
|

Dispersion of continuous stationary random process at t time moment is

determined by means of the formula:

t
D,(0) =] ((t) - (1) et ®
0

and values of autocorrelation function and cross-correlation function for

different time shifts  are determined by means of the formulas:

t
Ret7) = [ () = XOIX(E - 7) - X(O))e ©®
0

t
Ry (t7) =2 [ (KO - XONY(t - ) - YOt ™
0

where y(t)is continuous stationary random process, and y(t) average

y(t) value at t time moment.
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After performing transformation of (5), (6), and (7) expressions, being
analogous to the above mentioned ones, we obtain the following for continuous

random functions:

dDdt(t) 1(( X(t) — X(t))% = Dy (t)) ®)
dRy x(t,7) 1
— (O~ X)Xt —7) = X(t) = Ry x(t,7)) ©)
dR,
% l((x(t) X))yt —7) - y(©) =Ry y (t.7)) (10)

In a digital form, (8), (9), and (10) expressions are:
. . 1 i —,. .
Dy[iT]= Dy [(1=DT] +;((X[(I ~DT]-X[(-DTD? - D[ -HT]) (D)

Ry [T, 7]= Ry x[(1 =T, 7]+ %((X[(i ~DT]- X[ ~DT])x
(O ~DT1= X[ ~DT1) Ry, ([( ~1)T,7]) (12)
Ry y[iT,z1=Ry y[(i—DT, 7]+ %((x[(i ~DT]-X[( -DT]) %

x((YI(=DT1= Y[ -DTD) - Ry y[(i - 1T, 2]) (13)

Fig. 2 represents structural scheme of a control system implementing (2), (8),
(9), and (10) algorithms to evaluate statistic characteristics of continuous

implementations of random functions of first harmonics of amplitudes (phases) of

linear voltages AB and BC U ag1(t) and U gc1(t) (¥ aps(t) and wpep(t)).
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Figure 2 - Diagram of analogous control system

Fig. 3 represents structural scheme of a control system implementing (4), (11),
(12), and (13) algorithms to evaluate statistic characteristics of discrete
implementations of the same random functions according to [3,24].

The control system scheme, shown in Fig. 2, can be used in the process of

analogous modeling of linear phase voltages; the scheme, shown in Fig. 3, is
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applicable in the context of digital modeling. Letter D specifies discrete integrator,
i.e. digrator. Values of the averages and dispersions of the generated random
functions, obtained during the modeling, have been checked for significance of their

variation from those hypothetic average values and dispersions obtained in [3, 24].
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Figure 3 - Diagram of discrete control system
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Zero hypothesis checking in terms of «a Hg: ;=XO significance level

concerning equality between an overall average X of normal population with the
known dispersion Dy and hypothetic value X in terms of a competing hypothesis

Hy: X# Xo has been performed basing upon the criterion value [25-27]:

~ (x=xp)vn

Uobserv - D
0

and critical point U, of two-sided critical region determined according to

Laplace function table relying upon the equation:

(1-a)
2

¢(ucr) =

In this context, n is the number of observations.
If |U observ| <Ugy, then there is no necessity to reject zero hypothesis.
Determine ¢(U.) =0,475 for & =0,05 where U, =1,96.

Table 1 demonstrates checking results of the average random sequences of

harmonics of linear voltages generated according to [25-27] and evaluated with the

help of a control system (Fig. 3) if n=30.

ISSN-print 1991-7848
ISSN-online 2707-9457

104



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

Table 1
Checking results of average harmonics of linear voltages

Linear voltage Y48

E Amplitude, V Phase, degrees

2 | Average Average Uger| | Average | Average x | [Ugen|

o X0 X Xo

jan)

1 529.82 531.26 [1.8] - - -
2 4.23 4.38 10.7] 63 59.95 |-1.58|
3 17.60 16.85 |-1.35] | 206 208.01 11.34]
4 1.51 1.58 [1.63] | 92 94.88 11.71]
5 18.54 17.75 |-1.51] | 130 134.99 11.87|
6 3.05 2.95 [-1.02| | 290 286.24 |-1.67
Linear voltage Ysc

o | Amplitude, V Phase, degrees

.g Average éverage |U0bserv| Average jfverage |Uobserv|

é Xo X Xo X

T

1 532.09 533.38 [1.70] | - - -
2 3.98 4.41 |1.88] | 78 74.63 |-1.83|
3 19.13 18.38 |-1.44| | 235 236.7 11.33]
4 1.55 1.64 11.92] | 111 114.27 11.74]
5 16.77 17.35 [1.25] | 114 109.11 |-1.85]
6 4.15 4.33 10.94] | 325 327.08 10.97|
Linear voltage U,

o | Amplitude, V Phase, degrees

é zgverage éverage |U0bserv| zzverage éverage |Uobserv|

—

Eg 0 y 0 y
1 530.41 531.85 [1.90] | - - -
2 3.71 4.07 11.78] | 94 91.23 |-1.55]
3 18.27 19.09 [1.69] | 182 182.31 10.19|
4 1.50 1.57 [1.63] | 83 85.42 11.77|
5 16.01 16.56 [1.08] | 165 169.22 11.71]
6 3.82 3.57 |-1.88| | 310 315.34 11.89]

Zero hypothesis checking in terms of o Hg:Dy =Dy significance level
concerning equality between unknown overall dispersion D, with the known
dispersion Dgand hypothetic value Dgin terms of a competing hypothesis

H, : Dy # Dy, has been performed basing upon the criterion value [25-27].
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2 _ (n _1) I:)x
Xobserv DO

Zero hypothesis is accepted if le.cr. (1—%;k) < Zgbserv <Zrer (%;k) inequality

is met. In this context, K =n—1 is the number of degrees of freedom; 7(|2cr (1—0/'k)

2
r.cr.(%;k)

function table. In the context of N=30 and «=0,05, 7(|2cr (1—0/'k) =16 and

and y are left and right critical points determined according to Laplace

2 _
Zr.cr.(%;k) =426

Table 2 demonstrates checking results of dispersions of random consequences
of harmonics of linear voltages generated with the help of digital generators.

Experimental validation is the most reliable method to confirm adequacy of
any mathematical model. The rolling shop No. 1 of Dneprospetsstal LLC was selected
as the experimental one; the rolling shop contains powerful semiconductor
converter which operation is accompanied by distortions in the workshop power grid
(asymmetry and nonsinusoidality). During the experiment, oscillograms of currents
used by IM of 7.5 kW power have been obtained. In the process of the experiment,
there was an access to a zero point of the motor; thus, oscillograms of phase currents
and voltages were taken. Measuring of active resistances of windings has shown
their symmetry and correspondence to the certified values. IM shaft load was of

random character changing within a wide range from 2.3 up to 12.8 kW.
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Control results of dispersions of harmonics of linear voltages

Linear voltage Use

Amplitude,V Phase, degrees
'?::: Dispersi | Dispersi Zjbserv Dispersi | Dispersi | 42 _
g| on on on on
Z| D, D, Do Dy
1 |19.11 21.19 32.16 | - - -
2 | 1.42 1.24 25.34 | 112 70.06 18.14
3 19.35 6.41 19.87 | 68 62.16 26.51
4 |0.06 0.04 21.19 | 85 68.06 23.22
5 |8.29 11.35 39.72 | 214 276.06 37.41
6 |0.27 0.31 33.07 | 152 180.51 34.44
Linear voltage U ;.
o | Amplitude,V Phase, degrees
'g Dispersi | Dispersi | 42 | Dispersi | Dispersi | ,2_
€| on on on on
£ Do Dy Do Dy
1 |17.36 11.87 19.83 | - - -
2 | 1.56 1.02 18.92 | 102 96.20 27.35
3 |8.19 8.83 31.27 | 49 40.82 24.16
4 |0.06 0.05 22.88 | 106 137.99 37.75
5 |6.44 5.59 25.17 | 210 191.97 26.51
6 |1.11 0.82 21.45 | 138 144.00 30.47
Linear voltage U,
o, | Amplitude,V Phase, degrees
'g Dispersi | Dispersi | ,2 . | Dispersi | Dispersi | ;3.
£ on on on on
Z| Dy Dy D Dy
1 |17.28 1.59 21.13 | - - -
2 | 1.25 1.75 40.52 | 96 87.66 26.48
3 (7.14 9.38 38.10 | 78 97.23 36.15
4 10.06 0.04 17.06 | 56 66.86 34.62
5 | 7.66 6.59 24.93 | 1853 250.90 39.76
6 |0.53 0.36 19.67 | 240 338.90 40.95

Table 2

Fig. 4 demonstrates a window of CED Expert software in the process of

oscillographic testing of signals during operation of tested electric motor

under loading.
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Figure 4 - Oscillograms of currents (from above) and voltages (from below) within the
considered electric motor while operating under loading

Conclusions

The analysis of complex processes through computer-based experiments
inherently involves the emergence of errors that stem from multiple sources. One
major source of such errors lies in the fact that a discrete function is often
represented as a finite set of its values corresponding to different groups of
arguments. This inherently discrete nature leads to approximation inaccuracies
because the continuous behavior of a system can only be imitated by a limited
number of sampled points. In addition to sampling errors, computational procedures
often involve rounding of numerical results, either deliberately to conform to
specified precision levels or inherently due to hardware and software limitations.
Further compounding the situation are errors that arise during the conversion of
numbers between different numerical formats, such as from decimal to binary
systems, and particularly when employing floating-point representations, which are
well known for their limited precision and susceptibility to cumulative
rounding errors.

These cumulative and interdependent sources of errors may, under certain
circumstances, cause the generation of completely unexpected or even paradoxical

results during the simulation or computational experimentation processes. For
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instance, subtle inaccuracies in the representation of harmonic components of
voltage waveforms can result in significant deviations when assessing power quality
metrics or motor behavior characteristics. Consequently, careful management of
computational errors becomes critically important when high-precision modeling
and decision-making are required.

To address these issues within the context of analyzing electric motors,
particularly asynchronous (induction) motors, a significant improvement was
achieved by complementing the existing power-economic model with a dedicated
control system aimed at managing the static characteristics of the motor’s linear
voltages. The addition of this control system enables the regulation and correction
of random sequences generated during computational experiments, thereby
improving the reliability and correctness of the simulated data. This, in turn,
facilitates the selection of more cost-effective alternatives for restoring and
maintaining the quality of the electric power supplied to electric motors.

The control systems were synthesized based on the concept of adaptation,
employing mathematical expressions derived from a thorough analysis of the system
behavior and error propagation characteristics. These adaptation-based control
systems dynamically adjust key parameters during the simulation process to
compensate for observed deviations, thereby enhancing the overall robustness of the
modeling results.

The paper presents comprehensive results of the evaluation regarding the
control of averages, amplitude dispersions, and phases associated with six
harmonics of linear voltages obtained through extensive computer-based modeling.
The assessments include not only the calculation of statistical parameters of the
generated random sequences but also a critical verification step. This verification
involves checking the extent to which the empirical averages and dispersions differ
from their respective hypothetical (theoretical) values. Special emphasis is placed on
quantifying these differences and analyzing their impact on the overall fidelity and
validity of the computational experiments.

Through this rigorous approach, the study highlights both the necessity and
the effectiveness of incorporating adaptation-based control systems into

computational models to minimize error accumulation and to maintain the
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statistical integrity of simulation outputs. Such improvements are essential for
advancing the precision and reliability of computer-based analysis in the context of
complex electrotechnical systems.
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YVIK 681.3.06
Mukona TpuryteHs, Bitaniii Ky3Heios,

Onexcanap BepboBkiH, Onekcanap KossimeHKO

MIJIBULIEHHSA HAJIIMHOCTI MOJIEJIIOBAHHS POBOTU
ACHMHXPOHHOTO JIBUT'YHA HA OCHOBI AJAIITUBHOTO IIIAXO0OA4Y

AHoramnia. /[locnidmcenHs npucesueHe hnideuujeHHo HadiliHocmi ModenwedaHHs pobomu
ACUHXPOHHUX 08U2yHI8 Ni0 uac p036'A3AHHS MEXHIKO-eKOHOMIUHUX 3a80dHb, NO8'S3aHUX i3
subopom cucmem 3axucmy ejnekmponpueodie, ujo npayiowmes y NPoMUCIO8UX eJeKMPUUHUX
Mepexcax 3i 3HUMCEHOIO sIKicmio enekmpoeHepeii. HasgHicms Hanpy208ux acumempiti,
20PMOHIUHUX CNOMBOPEeHb Mma iHWUX NnpobseM SKOCMIi eleKmpoeHepzii 8 Uexo8ux Mepexcax
icmomHo enauede Ha egexmusHicmes pobomu i mpusanicme CAy¥OU ACUHXPOHHUX O0BUZYHIB,

30ibWyOUU 8Mpamu eHepeii ma sumpamu Ha mexHiuHe 00C/1y208Y8AHHSL.

Y cmammi 3anponoHosamo eHepeemuKo-eKOHOMIUHY Modens, sKa 00360€ hposodumu
00UUCTIIOBAIbHI eKcnepuMeHmuU 3 Memow BU3HAYEHHS ONMUMAIbHUX MeXHIUHUX piuieHb 0/
nosinweHHs sKkocmi eHepzonocmauaxHs. Knwouosum enemenmom modeni € cucmema zevepayii
ma KoHmpoJilo napamempie JNiHIliHUX Hanpye, sika 3abe3neuye 8i0n0GiOHICMb 3M00eN1b08aHUX
CUzHaNi@ ix cmMamucmu4HuM 3AKOHOMIPHOCMSM, WO CNOCMepiearomecs y pealbHUX ymoeax

pob6omu NPoMUCI08UX NIONPUEMCME.

Bnepuie enpoeaodxeHo adanmueHi anzopummu 071 6e3nepepeHoi ma 00HOUACHOI OYIHKU
cepedHix 3HaueHs, Oduchepcili, asMOKOPeNAYIIHUX | 83AEMOKOpPeNAUIlIHUX (DYHKUIL 2apMOHIK
Hanpyzu. HasedeHo mamemamuuHi supasu 071 KOpeKyii yux xapakmepucmuxk y npoueci
HAKONU4eHHA iH(popmauii. 3anponoHO8AHO CMPYKMYPHI CXeMU CUCMeM KepysaHmHs 0
amanoz08020 ma UYupposozo Mo0denio8aHHs npoyecie 3MiHU Hanpyzu, ujo 00360J10Mb

30ilicHI08amu MOHIiMopuHz 00CMOBIPHOCMI OMPUMAHUX OAHUX Y PeaibHOMY Udci.

Ompumari pesynsmamu ModenwedaHHs Oyau eepugikoeani 3a 0onomozow nepesipKu
cmamucmuyHux —zinome3  wWodo cepedHix 3HaueHb I Oucnepcili  2apMOHIK  Hanpyau.
ExcnepumenmanvHi  docnioxceHHs — nposodunucs 'y — npokamuomy —uexy N°1 IIAT
"[IHinpocneycmansy”, de (QYHKUIOHYBAHHS NOMYMHUX HANIBNPOBIOHUKOBUX Nepemaeoprsayis
CNpUYUHAE 3HAYHI CNOMBOPEHHS Hanpyeu 8 uyexosux Mepexcax. Pesynemamu docnioxeHs
niomeepouau adexgamHicms 3anponoHo8aH020 Nidxody 00 MOOeNB8AHHA Mma 1i020 npudamHicms
ons 006TPYHMY8AHHS €KOHOMIUHO e(ekmueHux piuieHs wodo noJinueHHs

sIKoCcmi enekmpoeHepzii.

Po6oma pobums eazomuli 6HeCcOK y nideuujeHHs eHepzoepekmusHOCMi NPOMUCTOBUX
nionpuemcmse, Hadawuu MmemoouuHy OCHO8Y 011 00CMO8ipH020 ModeneaHHs pobomu
ACUHXPOHHUX 08UZYHI8 8 YMO08AX CNOMBOPEHOI AKOCMI eHepzonocmauaHHs. 3anponoHo8aHuil

nioxio 00380J15€ icMOMHO CKOPOMUMU 8UMpamu i mpueanicmes eKCnepUMEeHMAaIbHUX 00CNiI0HEeHb
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3a paxyHoK 3amiHu ix Ha eanidosaxe ob6uucao8anbHe modenosarus. OKpim Yybozo, po3pobieHa
cucmema adanmueHoz0 KepyedHHs 3a0e3neuye MiHiMi3ayito HakonuueHHss noxubox y npoueci
YUCENIbHO20 MOQENIBAHH Ma NiOBUWEHHS MOUHOCMI AHANI3Y CKAAOHUX €eJIeKMPOMEeXHIUHUX
cucmem. IIpoeedeHe OoCniOweHHS NIOKPECNOE BAMIUBICMb KOMNJIEKCH020 Nidxody 00
8DAXYBAHHS PEAIbHUX YMO8 pOGOmMU esleKmponpuiimavie y npoyeci cmeopenHs modesneli 0
onmumizayii - eHepzocnoxueaHHs ma 3abe3neueHHs HadiliHocmi  enekmponpugodie Y
NPOMUCTI08UX MEPEXNCaX.
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