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Analytical Modeling of a Heat Source under Welding of a Steel Sleeve E E
by the Centrifugal Method Using an Axisymmetric Electric Arc . Iﬁ
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Abstract

Introduction. The technology of centrifugal bimetallization using an independent axisymmetric electric arc is becoming
increasingly important due to the high need to improve the quality of bimetallic compositions used in the manufacture of
plain bearings, cylinder barrels for hydraulic units, and friction pair elements in internal combustion engines. The existing
research in this area emphasizes the need for a more in-depth study of the features of thermal processes associated with
this technology. In modern scientific literature, issues related to temperature control at the interface of materials are not
fully disclosed, and the existing gap in the concept of the behavior of bimetallic compounds under heating conditions
hinders the implementation of this technology in industrial production. The objective of this study is to conduct analytical
modeling of a heat source in the form of an axisymmetric electric arc to determine the heat concentration coefficient and
reduce the proportion of experimental data in the thermal process model, which will increase its versatility. The tasks
arising from the stated goal are comparison of the results of calculating the effective heat flux density from two different
expressions (using trigonometric and exponential functions), as well as evaluation of the distribution of the heat flux of
an axisymmetric arc along the inner surface of the sleeves (this is required to establish the relationship between the
temperature of the outer surface of the welded sleeve and the temperature at the interface between the materials).
Materials and Methods. Direct control of the temperature at the interface between the base material and the deposited
layer is difficult, but it is possible to carry out indirect control using the temperature of the outer surface. To determine
the relationship between the temperature of the outer surface of the deposited sleeve (billet) and the temperature on its
inner surface, i.e., at the interface between the base material and the deposited layer, a heat source was modeled, the heat
flux distribution of an axisymmetric electric arc along the inner surface of the sleeve was estimated, and an analytical
expression was obtained to determine the heat concentration coefficient.

Results. In the course of the work, an analytical expression was obtained for determining the coefficient of heat concentration,
k=0.945/ R3. It was required for calculating the electric arc parameters considering the distribution of the effective thermal power
in the hot spot according to an exponential dependence. To simulate the heat source of the facing process (bimetallization) of the
inner surface of steel sleeves with heating by an independent axisymmetric electric arc, the results of calculating the effective heat
flux density were compared using two expressions: g = qo - cos*¢ and g = 9y e 7i. This comparison showed that for calculating
temperature fields during facing of the inner surface of steel sleeves (billets) with metal alloys under heating by an independent
axisymmetric arc, it was possible to use the analytical exponential form of representation of the heat source.

Discussion and Conclusion. Modeling thermal processes of the centrifugal bimetallization using simplified schemes of
uniform distribution of heat flow ¢ = const on the entire free surface of the deposited layer, which simulates the spread
of heat of an electric arc, requires the introduction of correction factors and a series of experiments to determine them. In
this case, the description of the thermal process in the thermal process model contains a high proportion of experimental
data and correction factors. Therefore, in order to exclude most of the experimental components when modeling the heat
source and heat flow distribution of the facing process (bimetallization) of the inner surface of steel sleeves under heating
by an independent axisymmetric electric arc, the author in this paper proposes an analytical solution for calculating the
effective heat flow density in the form of an exponential function. This function allows determining the heat concentration
coefficient of an independent axisymmetric electric arc during the facing process, which is required to increase the
accuracy of calculating the temperature field of the bimetallized sleeve and improve the temperature control of the thermal
parameters of the technological process.
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OpueuHaﬂbnoe meopemuieckoe uccredosanue

AHaJIMTHYECKOEe MOJeJMPOBAHNE TENJIOBOI0 HCTOYHUKA NPH HAIJIABKE CTAJbHOH BTYJIKH
LHEHTPOOEKHBIM METO0M C MCII0JIb30BAHUEM 0CECHMMETPHYHOM 31eKTPHYECKO 1yru

C.IL I'nymxo

Ky0aHnckwuii TocyapcTBEHHBIN TEXHOJIOTHYECKHI YHHBEPCHUTET, T. KpacHonap, Poccuiickas denepanns
>4 sputnik_s7@mail.ru

AHHOTAUMSA

Beedenue. Texnonorus ueHTpoOEKHON OMMETaUTM3alNH C TPUMEHEHHEM HE3aBUCHMOM OCECUMMETPUYHOH AJIEKTpHYe-
CKOW JIyr'M CTaHOBHTCS BCE OoJiee 3HAYMMOW BBHIY BBICOKOM MOTPEOHOCTH B YJIYYIICHHH KauecTBa OMMETaITMYECKUX
KOMIO3HLUH, UCIOJIb3yEMBIX B IPOU3BOACTBE MOIIMINITHUKOB CKOJIBKEHMS, THIIb3 U LWIHHAPOB THAPOMALINH H 3J1e-
MEHTOB Tap TPEHUS B ABUTATEISIX BHYTPEHHETO cropaHus. ViMeromuecs ucciaeq0BaHus B 3TOH 00JIaCTH MOTIEPKUBAIOT
HEoOX0AMMOCTH OoJiee TITyOOKOTO M3Y4YeHHUs] OCOOCHHOCTEH TEIIOBBIX IPOIIECCOB, CBA3AHHBIX C ATOW TeXHoJorueil. B
COBpPEMEHHOW HAYYHOU THUTEpaType HeIOCTATOYHO MTOJTHO PACKPHITHI BOIPOCHI, KacaroIuecst KOHTPOJIS TeMIIepaTyphl Ha
TpaHHMIIE pa3jiesia MaTepHUaJIOB, M NMEIOIIHICS MPoOe B IIPEACTaBICHNH O MOBEACHNH ONMETANINIECKUX COSTUHEHUN B
YCIIOBHSAX HarpeBa TOPMO3HT BHEJIPEHUE STOM TEXHOJIOTHH B POMBIIIIICHHOE TIPOU3BOACTBO. L{ens manHOrO HecneaoBa-
HUSL — MPOBEACHUE aHATUTHYECKOIO MOJETUPOBAHHUS TEIJIOBOIO UCTOYHUKA B BUJIE OCECUMMETPUUHON 3IIEKTPUIECKOI
JYTH JUIS OnpesieNieHuss KOd(pPUIUMEHTa COCPEOTOUYCHHOCTH TEIUIa U CHU)KEHHMS JIOJIM DKCIIEPUMEHTAIbHBIX JaHHBIX B
MOZEJIM TEIJIOBOI0 MPOLECCa, YTO MO3BOJIUT MOBBICUTh €€ YHUBEPCAIBHOCTh. 3a/1aul, BHITEKAIOUINE U3 NTOCTABJICHHOM
eI, 3aKJIFOYal0TCsl B CPAaBHEHHH PE3yJIbTaToB pacuera 3((eKTUBHON INIOTHOCTH TEIUIOBOT'O IOTOKA 110 IBYM Pa3iify-
HBIM BBIPQXCHUSM (C HCIIOF30BaHHEM TPUTOHOMETPHUIECKOM M 3KCIIOHCHITMATFHON (DYHKIIHI), a TaK)Ke B OIIEHKE pac-
npeseNieHus TEIIOBOr0 MOTOKa 0CECUMMETPHUYHON JAyTH MO BHYTPEHHEH MOBEPXHOCTH BTYJIOK (3TO HEOOXOIMMO UL
YCTaHOBIICHHS 3aBUCUMOCTH MEKIY TEMIepaTypoii Hapy>KHOW TTOBEPXHOCTH HAIUIABIIEMON BTYJIKH U TEMIIEpaTypoil Ha
TpaHUIle pa3/iena MaTepHajoB).

Mamepuanvt u memoost. IIpssMoii KOHTPOIH TEMIIEPATYPHI HA TPAHUIIEC pa3/elia MaTeprala OCHOBBI U HAIUIABIIEMOTO
CJIOA ABJIACTCA 3aTPYAHUTEIIbHBIM, OAHAKO BO3MOXXHO OCYHICCTBUTH KOCBEHHBIN KOHTPOJIb C IOMOUIBIO TEMIICPATYPhI
HapY>KHOW TOBEPXHOCTH. J[JIs1 ompeneeHus: 3aBUCUMOCTH MKy TEeMITEpaTypol Hapy»KHOI MOBEPXHOCTH HAIUIaBIIsIC-
MOM BTYJIKU (3arOTOBKH) M TeMIepaTypoil Ha e€ BHYTpEeHHEH NMOBEpXHOCTH, TO €CTh Ha TpaHHUIIE pasjesia MaTepuaia
OCHOBBI W HAIUIABIISIEMOTO CJOs, OBLTH MPOBEICHBI MOJICIMPOBAHIE TEIUIOBOIO MCTOYHWKA W OIICHKA paclpelleIeHUs
TEIIOBOIO IIOTOKA OCECUMMETPUUYHOM 3JIEKTPUYECKOM IyTU 110 BHYTPEHHEN IIOBEPXHOCTH BTYJIKU.

Pe3ynomamut uccnedosanus. B xone paboThI MOTy4eHO aHATUTHIECKOE BRIPAKCHHE IS OTIPEeNICHIST KO PHUIIEHTa
COCPEIOTOUCHHOCTH Terwa, k = 0,945 / R?, KOTOpBIA HEOGXOMMM [ PacyéTa MapaMeTpoB SIEKTPUUECKON JyTH C yus-
TOM pacnpeneieHus 3G (GeKTHBHON TEIIOBOH MOIIHOCTU B IISITHE HArpeBa IO SKCIIOHEHIIHAILHON 3aBUCHMOCTH. Jljst
MOJIETMPOBAHMS TEIJIOBOTO MCTOYHMKA ITPOIIECCa HAIUIABKH (OMMeETaIM3aliy) BHYTPEHHEH IMOBEPXHOCTH CTaJIbHBIX
BTYJIOK C HAarpPeBOM HE3aBUCHMOMN OCECHMMETPHYHON 3JIEKTPUYECKON Myroi OblIM CpaBHEHBI pe3ybTaThl pacueTa 3¢-
(PEKTMBHO} TIIOTHOCTH TEMIOBOTO MOTOKA IO JIBYM BBIPOKEHUAM: ¢ = ¢o * COS°(Q U q = 9" e*7 Do CpaBHEHHE TOKa-
3aJ10, YTO JJISl pacueTOB TEMIIEPaTyPHBIX HOJEH IPH HAIUTaBKEe BHYTPEHHEH MOBEPXHOCTH CTAIBHBIX BTYJIOK (3aTOTOBOK)
METAJUIMYECKUMH CILJIaBAMU C HArPEBOM HE3aBUCHUMOM OCECUMMETPUYHON TyTrof MOXKHO MCHOIb30BATh AHATUTUIECKYIO
9KCTMOHEHIHANBHYIO (POPMY NPE/ICTABICHUS TEIJIOBOIO HCTOYHHUKA.

Obcyscoenue u 3axknrouenue. MoemupoBaHie TEIUIOBBIX MPOIECCOB IIEHTPOOCKHON OMMETAILTH3AIUH C IPUMECHECHHEM
YIPOIIEHHBIX CXEM PABHOMEPHOTO paclpeieNieHHs TEIIOBOTO IMOTOKA g = const Ha Beeil CBOOOIHOM MOBEPXHOCTH HAIlIaB-
JSIEMOTO CJI0SI, 9TO AIMUTHPYET PacIIpoCTpaHCHUE TeIlIa SJIEKTPHICCKON IyTH, TPeOyeT BBEICHNS KOPPEKTUPYIOMIHX KO-
(PMLIMEHTOB U TIPOBEJCHUS CEPHU SKCIIEPUMEHTOB IS X ONpeJie]ieHHs. B 9ToM cilydae B ONMCcaHUuU TEIJIOBOTO Ipolecca
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B MOJIEJIH TEIUIOBBIX MPOIIECCOB BBICOKA JIOJIS IKCIICPUMEHTAIBHBIX JAHHBIX M KOpPEKTHpYommxX koddduimentos. [To-
3TOMY JUTSl NCKJTFOUEHUSI OOJIbIIEH YacTH SKCIIEPUMEHTANIBHBIX COCTABIISIOINX IIPY MO/ICITMPOBAHUH TEIJIOBOTO HCTOYHHKA
U pacIpeeNeH s TEIIOBOro M0TOKa MPOoLIecca HAIUIABKK (OMMeTaJUIN3alliK) BHY TPEHHEH MOBEPXHOCTH CTAIBHBIX BTYJIOK
C HarpeBOM HE3aBHCHMOM OCECHMMETPHUYHOHN MIEKTPHUYCCKOM TyTOil aBTOPOM B TAHHOW pabOTe MPEIIOKECHO aHAIUTHYC-
CKOE€ pellieHue Juisl pacuera 3Q(eKTUBHOH MIIOTHOCTH TETUIOBOTO MOTOKA B BUJIE DKCIIOHEHIIMAIBLHON (DYHKIMHU, KOTOpast
TI03BOJISIET ONPENETUTH KO3 (HUIMEHT COCPEAOTOUEHHOCTH TEIIa HE3aBUCHMOM 0CECUMMETPUYHOH 31IEKTPHUIECKON TyTH B
TpolLiecce HAITaBKH, KOTOPBIH HEOOXOIMM JUIs HOBBIIEHHUS TOYHOCTH pacyeTa TeMIIEPaTyPHOTO MO OMMETaUTH3UPYEeMOH
BTYJIKU 1 YIIy4IIEHHUS KOHTPOJISI TEMIIEPATYPBhI TETIOBBIX MTApaMETPOB TEXHOJIOTHUYECKOTO MPOLIEcca.

KioueBble ciioBa: OuMmeTrayuibl, HAaIUIaBKa, HJIEKTPUUYECKasl Jyra, HEeHTpoOeKHas OMMeTaIM3alys, JeTaad MallvH,
M3HOCOCTOHKOE TOKPHITHE, aHTH(PPUKIIMOHHOE TOKPBITHE, BOCCTAHOBJICHUE JETalieii, TEIIOBOH HMCTOYHHUK, pacueT
TeMITepaTypbl, KOAPPHUIUESHT COCPEAOTOUECHHOCTH TEIJIa, MOICINPOBAHUE AIICKTPHUUECKOI TyTrH

BaarogapHoctun. ABTOp BbIpaXaeT OJIarogapHOCTh PENAKIMOHHOM KOJIETMHM JKypHajla W pPELEH3EHTY 3a
npodeccroHaNbHBII aHaIU3 CTaThH U PEKOMEHALUH ISl €€ KOPPEKTUPOBKH.

Jas mutupoBanus. [mymko C.II. AHanuTHYeCKOe MOIETMPOBAHME TEIUIOBOTO MCTOYHHKA MPH HAIUIABKE CTABHON
BTYJIKH LIEHTPOOEKHBIM METOJ/IOM C MCIOJIb30BAaHUEM OCECUMMETPUYHOM AIIEKTpHUUecKoil nyru. Advanced Engineering
Research (Rostov-on-Don). 2025;25(2):83-90. https://doi.org/10.23947/2687-1653-2025-25-2-83-90

Introduction. In units and mechanisms of various processing equipment, plain bearings are used, for the manufacture
of which expensive antifriction and wear-resistant alloys from various metals are used [1]. Mechanical engineering also
needs parts for friction pairs of internal combustion engine sleeves, screw-nut sliding gears [2], sleeves for hydraulic
machine cylinders operating under high pressure conditions in the range of 50-60 MPa [3]. To improve performance
characteristics and reduce the consumption of expensive materials, it is advisable to manufacture these parts from bimetal,
in particular, from a steel-bronze composition. For example, laser [4] or thermal spraying [S] can be used to obtain
bimetallic compositions. However, with these spraying technologies, it is very difficult to obtain layers 2—4 mm thick
with an allowance for roughing and finishing. To deposit layers of sufficient thickness for subsequent processing, it is
possible to use powder surfacing according to additive technology with the energy of an electron or laser beam [6], and
to obtain coatings from wear-resistant alloys, it is possible to use laser cladding [7]. In the production of metal composites
with a metal matrix, laser additive technologies are used [8]. In addition, selective laser melting (SLM) and electron beam
melting (EBM) are applied. These are new technologies of rapid additive manufacturing [9], which provide for the
production of complex monoliths from metals or alloys by selective melting of powder layers directed according to a
CAD model. However, when facing the internal surfaces of sleeves with diameters of 80-250 mm, it is either difficult or
impossible to place energy source units inside them.

Due to the complexity of the technical implementation of the listed technologies, the use of centrifugal bimetallization
technology with an independent axisymmetric electric arc is becoming increasingly important. In [10], the modeling of
the thermal process of centrifugal bimetallization of the inner surface of sleeves is described. There, a simplified scheme
of uniform distribution of heat g = const over the entire free surface of the deposited layer was adopted to calculate the
temperature field of the bimetallized sleeve, which simulated the spread of heat of an electric arc that moved from end to
end of the deposited sleeve at a speed of v=0.086 m/s (the value of the Peclet number for this case allowed for such
imitation). The disadvantage of this scheme is that its use requires the introduction of correction factors and the
performance of a series of experiments to determine them. In this case, the model loses its universality, and the proportion
of experimental data and correction factors in the description of the thermal process increases.

Analytical modeling of the heat flux density of an electric arc, calculation of the material temperature in the arc hot
spot, and description of the temperature field of a bimetallized sleeve (billet) will allow solving the problem that faces
the author — to reduce the proportion of experimentally obtained data in the model, increase the accuracy of calculating
the temperature field of a bimetallized sleeve, and strengthen control over the temperature of the process.

To evaluate the heat flow distribution of the bimetallization process of sleeves and exclude most of the experimentally
obtained data, the following steps must be taken:

— compare the results of calculating the effective heat flux density to a trigonometric function and an exponential function;

— identify the possibility of representing a heat source during facing of the internal surfaces of steel sleeves using the
proposed technology with an exponential form to determine the heat concentration coefficient of an independent
axisymmetric electric arc during the facing process.
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Materials and Methods. This paper studies the technology of centrifugal bimetallization using an independent

axisymmetric electric arc, whose diagram is shown in Figure 1.

Selected element of hot spot

Sleeve (billet)

Heat flow q of selected element Charge

L

\ VA

)

Electric arc

R

Graphite electrodes

Fig. 1. Scheme of facing the inner surface of a steel sleeve (billet) using centrifugal
method through heating by an independent axially symmetrical electric arc

The production of bimetallic sleeves (billets) with heating by an independent electric arc provides high quality of the
deposited layer and bimetallic composition if correct temperature control is established at the interface between the
deposited layer and the steel base — on the inner diameter of the sleeve R;. In production, direct control of temperature
in the diffusion zone is difficult to implement, but indirect control is possible. It is based on the temperature of the outer
surface of the steel base at diameter R; if there is a mathematical model that links the temperature of the outer surface of
the welded billet (sleeve) at diameter R, and the temperature of its inner surface at diameter R, [10]. To solve this problem,
it is necessary to use the heat transport theory [11]. In addition, initial data are needed, including a correct representation
of the heat source [12] when calculating the temperature conditions of electric arc processes [10], e.g., bimetallized
sleeves with heating by an independent axisymmetric electric arc.

Mathematical models of an electric arc can be divided into two groups according to the method of their construction [13]:
theoretical models obtained on the basis of the laws of physics, and experimental models obtained as a result of approximating
experimental data using various methods [14].

The use of models in which the heat source is presented as uniformly distributed along the length will not give accurate
results for calculating the temperature fields of bimetallized sleeves, since it does not correspond to the real process.

To build a heating model for a bimetallized sleeve, it is proposed to estimate the distribution of the heat flow of an
axisymmetric electric arc along the inner surface of the sleeve (billet) [10]. This is easier than modeling thermal processes
for nonlinear asymmetric circuits [15].

We represent the problem as a linear one. To simplify the model, let us assume that the length of the billet is large
enough to neglect heat losses at the ends. We replace the action of the arc with a point source of constant intensity (Fig. 1).
The thermal power of the arc reaches the inner surface of the steel sleeve through the layer of charge practically without

losses [1].
For such a scheme, the effective heat flux density on the inner surface of the steel sleeve at diameter R; is eqAual to:
0.9P, coso
= . , W/m?, 1
1 4 12 M

where P,— electric arc power, W; /, — distance from the center of the arc to the center of the selected element on the
inner surface of the steel sleeve, m; ¢ — angle between the direction of the flow radius vector and the normal to the

element of the steel billet irradiated through the charge layer, deg.
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At ¢ =0, [, = Ry, the heat flux density is maximum:

0.9P
90 . } W/m2 5
4nR;
here, Ry — radius of the inner surface of the steel sleeve, m.
Considering that
L=
cos @
expression (1) can be represented as:
0.9P, -cos ¢ N
=——=———=y¢q,-cos” Q. 2
1 4nR} 10 ? @)

We introduce ratio g/qo = 0.05 into equality (2) and obtain ¢ = 68°23°, which corresponds to p = r,/R = 2.52, where
r» — radius of the hot spot, i.e., at a distance close to 2.5-3.0 radii of the billet, the influence of the source is reduced to
a minimum.

The distribution of the heat flux density of a point source can be described by the exponential dependence:

—k-r?

qg=qo-e"", 3)
where k — heat concentration coefficient, 1/m?.

Heat concentration coefficient k is required for calculating the parameters of an electric arc taking into account the
distribution of effective thermal power in the hot spot. Determining the value of the heat concentration coefficient is
needed for calculating the temperature of the material in the arc hot spot, since the pattern of the heat distribution has a
significant effect on the temperature field in the area of the hot spot.

When the arc axis is directed perpendicular to the heating surface, the hot spot is obtained in the form of a circle with
a specific flux normally distributed over the area. In this case, the source is called a normally-circular one.

In welding calculation schemes with vertical electrode placement relative to the heating surface, the values of heat
concentration coefficients are in the range from 1.5 to 6.0. These schemes, which take into account the distribution of
heat sources, are very complex and are rarely used in practice.

For specific cases, the values of parameters q,, ¢, and &, characterizing the heat flows of an electric arc, are most often
determined experimentally.

To determine the preferability of using equalities (2) and (3) to calculate the specific heat flow (using these
expressions), it is necessary to obtain an expression by which the heat concentration coefficient k£ can be calculated. For
this purpose, the system of equations (2) and (3) should be solved.

Taking into account that

R
we determine the value of the heat concentration coefficient:

1

2.52 3 Rl
k:—-J. —— |- In| —|-dr.
2.52 Jo r,,z /R12 + rn2

cos Q=

Since cos ¢ can be represented as
1

Ji+p?

cos P =

then the heat concentration coefficient will be equal to:

1 252In (14 p?
k= Z.J' ( i ) )
5.04R{ Jo p
We use a variable substitution in the form
g=In (1 +p? ),
and integrate equation (4) by parts:
; (1 2) 2.52 . (1 2) 252
3 nil+p 1 2 3 n{l+p
k= ~| - +|=. p2dp = 2arctgp ———
5.04R; p p 1+p 5.04R;
0 0
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Atr =0, expression In(1 + p?) / p is not defined, therefore we use the limit transition:

n(1+0)? In(1+p?)- In(1+p?
2002 f)p:ﬁm ( i )'limp=1~0:0,
p—0 p p—0 P p—0 P p—0

In(1+p)’
where limM
p—0 P

=1.

Since k|, -o =0, then the heat concentration coefficient will be equal to:

In(1+2.52)
0S| 2arctg2.52 - ( ) :0'9;15.
7m=0" 5.04R; 2.52 R;

k=K, .= ®)

=R

Research Results. We use obtained expression (5) to calculate the heat flux density through equation (3), in order to
compare the results of calculations using equations (2) and (3) later on.

We compare values Z; = cos’p and Z, = ¢ © 7 in equalities (2) and (3), setting k = 0.945/R?.

The calculation results are presented in the form of a nomogram (Fig. 2).
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Fig. 2. Nomogram for comparing values Z, = cos’¢ and Z, = e* ™ in equalities (2) and (3)

The comparison of the calculated values of Z, = cos’¢ and Z, = ¢ * i at p =0+ 2.52 have shown that they differ by no
more than 10%. This provides using the exponential form of the heat source representation for calculating temperature fields
under facing of the inner surface of steel sleeves (billets) with metal alloys heated by an independent axisymmetric arc.

Discussion and Conclusion. To calculate the temperature field of the bimetallized sleeve, a simplified scheme of
uniform distribution of the heat flow g = const over the entire free surface of the deposited layer of the electric arc, which
reciprocate at a speed of v=0.086 m/s (the value of the Peclet number for this case allows such imitation), is adopted.
The disadvantage of this heat source model is that the heat flux density is determined from the condition of uniform heat
distribution, i.e., it is necessary to apply correction factors and conduct a series of experiments to determine them. Thus,
the description of the thermal process will contain a high proportion of experimental data and correction factors.
Therefore, in order to exclude most of these data when modeling the heat source and heat flow distribution of the facing
process (bimetallization) in the method under study, a comparison was made of the results of calculating the effective
heat flow density using two expressions: with a trigonometric function and an exponential function. It is found that the
exponential form of the heat source representation under facing the inner surfaces of steel sleeves (billets) through the
centrifugal method with heating by an independent axisymmetric electric arc can be used to determine the heat
concentration coefficient in the facing process. This coefficient is used to determine the density of the heat flow of an
electric arc, the temperature at the heating point, and to describe the temperature field of a bimetallized sleeve in analytical
form, which increases the accuracy of calculating its temperature field and the ability to control the temperature of a given

production process.
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Introduction. Modern research aimed at reducing emissions of harmful substances resulting from the operation of diesel
engines using alternative fuels emphasizes their importance and relevance. This topic is becoming increasingly significant
in the context of global environmental changes. The development and implementation of alternative energy sources not
only contribute to improving air quality, but also help reduce dependence on fossil fuels. Therefore, it is important to
continue investing in research and new technologies that will provide for cleaner and more efficient use of resources.
There are numorous such studies, specifically, theoretical ones, conducted in European and Asian countries. However,
there are practically no experimental works devoted to hemispherical combustion chambers of Russian diesel engines,
whose rotation speed, compression ratio and other design parameters differ significantly from similar characteristics
described in known studies. In addition, there are practically no experiments devoted to the combustion process of Russian
diesel engines with an undivided hemispherical combustion chamber in the piston, which determines the complexity of
the volumetric-film mixing process. The research objective is an experimental study of the power and economic
indicators, parameters of the combustion process of a diesel engine with an undivided hemispherical combustion chamber
in the piston, running on ethanol and rapeseed oil (RO). The study is aimed at establishing dependences showing the
effect of various engine operating modes on the specified indicators in order to determine their numerical characteristics.
Materials and Methods. The diesel engine was started using rapeseed oil, after which the ethanol supply was switched
on, replacing the rapeseed oil until the set optimum value was reached. The increase in the operating load mode was
provided through regulating the ethanol supply. An additional high-pressure fuel pump (HPFP) 2UTNM was installed to
supply rapeseed oil, and ethanol was supplied through the standard fuel supply system.

Results. The indicators of the combustion process of a diesel engine running on ethanol and rapeseed oil differ from its
regular diesel engine. When working with ethanol and rapeseed oil, an increase in the ignition delay period is noted,
which affects the “rigidity” of the combustion process and results in a growth of P. value. These factors are most likely
the main limitations for the use of ethanol by direct injection. One of the solutions to this problem, proposed in this paper,
is the use of ignition (pilot) rapeseed oil, which makes it possible to adjust parameters of the combustion process through
controlling the amount of ignition fuel supply.

Discussion and Conclusion. The results of the conducted experimental study confirm the possibility of complete
replacement of petroleum motor fuel in a diesel engine with an undivided hemispherical combustion chamber in the piston
with an alternative (renewable) fuel. This undoubtedly solves important issues of environmental safety of diesel engines.
The research results may be useful both to scientists working on this topic, and to engineers and technicians in the
machine-building industry.

Keywords: diesel engine, ethanol, rapeseed oil, cylinder, combustion process, pressure, temperature, crankshaft speed
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

HccnenoBanue padouux pe;KMMoOB IM3€JIbHOI0 IBUTraTe) sl HAa OMOTOILUIUBE

B.A. JIuxanoB"~', O.IL JlomaTun "= <
Bsitckuil rocynapcTBeHHbIH arpoTexHosiornueckuil yausepeurert, r. Kupos, Poccuiickas @enepanus

4 nirs_vsaa@mail.ru

AHHOTALHS

Beeoenue. CoBpeMeHHbIE UCCIICIOBaHNS, HAPABJICHHBIE HA CHIDKEHUE BEIOPOCOB BPEIHBIX BEIIECTB, 00pa3yrOLIUXCs B
pe3yibTate paboThl TU3ENBHBIX JBUTATENICH C MCIOJB30BAHUEM aJIbTEPHATHBHOTO TOIUTUBA, MOJYCPKUBAIOT UX 3HAYH-
MOCTP M aKTyaJIbHOCTh. JTa TeMa MPHOOpeTaeT BcE OOIBITYI0 BAXKHOCTh B KOHTEKCTE TII00ATBHBIX 3KOJIOTHYCCKIX H3-
MeHeHHnH. PazpaboTka u BHeIpEeHNE albTepHATUBHBIX UCTOYHUKOB YHEPTHUH HE TOIHKO CITIOCOOCTBYIOT YIIYUIICHUIO Ka-
YEeCTBa BO3/yXa, HO ¥ MOMOTAIOT YMEHBIIIUTH 3aBUCUMOCTh OT MCKOMAeMBbIX TOIUIUB. [103TOMY Ba)XHO MpOI0JKATh WH-
BECTHPOBATH B HAYYHBIC UCCIICAOBAHMS U HOBBIC TEXHOJIOTHH, KOTOPBIE IMTO3BOJISAT JOOUTHCS OoJiee YrCTOro u 3P PeKTuB-
HOTO UCIIOJIB30BaHM pecypcoB. Ha ceroHsAmHmi JeHp HM3BECTHO MHOXKECTBO TaKMX MCCICIOBAHNH, 0COOCHHO TEOPETH-
YECKUX, POBEAEHHBIX B €BPOMEHCKUX U a3MaTCKUX cTpaHax. OJIHAKO MPAaKTUYECKU OTCYTCTBYIOT dKCIIEPUMEHTAIbHbBIE
PpaboTHI, MOCBAMIEHHBIC TTOTYCPEPUICCKAM KaMepaM CTOPAHUS POCCUHCKUX TU3EIbHBIX IBUTATENCH, Y KOTOPBIX YaCTOTa
BpAIllEHUsI, CTETICHb CXKATHA M JPYTHUE KOHCTPYKTHBHBIC TApaMETPHI CYIIECTBEHHO OTIMYAIOTCS OT aHAIIOTHYHBIX Xapak-
TEPUCTHK, OMIMCAHHBIX B U3BECTHBIX HCCieN0oBaHUIX. KpoMe TOro, HeT MpakTUYeCKH HUKAKUX IKCIIEPUMEHTOB, MOCBSI-
IIEHHBIX MPOIECCY CrOPAHUS POCCUICKUX TU3EIBHBIX IBUTATENEH ¢ Hepa3AenEHHON monycheprnaeckoii kaMmepoit cropa-
HUS B TIOPIITHE, 9TO 00YCIABINBACT CI0KHOCTH TIpoIiecca 00bEMHO-TIIEHOTHOTO cMeceoOpa3oBaHusl.

Ilenpro paboOTHI ABISAETCS SKCIIEPUMEHTAIBLHOE HCCIEA0BaHNE MOIITHOCTHBIX M SKOHOMHYECKHX ITOKa3aTesel, mapamer-
POB TIpoOIIecca CropaHusl TU3EIBHOTO IBUTATEIS C Hepa3AeIEHHON moychepuIecKoii KaMepol CropaHusi B MOPIIIHE, pa-
0oTaroIero Ha STaHoue u parcoBom mMacie (PM). MccrnenoBanre HaripaBieHO Ha YCTAaHOBIICHUE 3aBUCIMOCTEH, TOKA3bI-
BAIOIIUX BIIMSHUE PA3IMYHBIX PEKUMOB pabOThI IBUTATENs HA YKa3aHHBIC MOKA3aTelNH, C IENbI0 OMPE/IEICHUs UX YHUC-
JIOBBIX XapaKTEPUCTHUK.

Mamepuanst u memoodsl. 3anTyCK ITU3EIHFHOTO ABUTATEIS OCYIISCTBIIICSA Ha PAICOBOM Maclie, IOCIe Yero BKII0YAIaCh
oJ1ava 3TaHoJa, KOTOPBIH 3aMEHSUIT ParicoBOE Macio 10 AOCTIKEHHS YCTAaHOBJIEHHOT'O ONTHMAIBHOTO 3HAUYEHUS. YBe-
JIMYeHne padovyero Harpy304HOro pexkuMa 00eceunBaIoch peryJIMpoBaHUeM MMoAauu dTaHona. [y mojgauu parncoBoro
Maciia OBUT YCTaHOBIICH JOTIOHUTENBFHBIN TOIDIMBHEIA Hacoc Beicokoro nasieHus (THB/) 2YTHM, a nomaga sTaHona
MIPOM3BOAMIACEH Yepe3 CTAaHAAPTHYIO CUCTEMY TOILIMBOIIOIAYH.

Pezynvmamut uccnedosanus. Ilokazatenu rnpoiiecca Cropatusi AU3EIbHOTO IBUTATENs, paboTaroIIero Ha 3TaHOJIE U parl-
COBOM Maciie, 3aMETHO OTIIHYAIOTCS OT TAKOBEIX Y ABHUraTels, ()YHKIMOHUPYIOIIETO Ha Ji3eIbHOM TorutiBe. [Ipu padote
Ha STaHOJIE M PAIICOBOM Maclie HaOI0aeTcsl YBEIHUCHNE TIePHOa 3aIePKKA BOCIUIAMEHEHHUS, YTO BIUSET HA <OKECT-
KOCTb» IIpoliecca CrOpaHys U MPUBOAMT K MOBBIIICHUIO 3HAUCHUH BEIMYMHBI P.. OTH (haKTOPHI, CKOpee BCETO, SIBIISTIOTCS
OCHOBHBIMH OTPaHUYCHHUSMHU JJIs1 UCIIOIB30BAHMSI dTaHOJA MOCPEICTBOM HEMOCPEACTBEHHOTO BIphICKa. OTHUM U3 pe-
[ICHUN TaHHON MPOOJIEMBI, MPEII0KCHHBIM B HACTOAIICH paboTe, ABJISIETCSA MCIOIB30BAHUE 3aIaIbHOTO (ITHIOTHOTO)
parncoBoro macia, KOTopoe MO3BOJISIET KOPPEKTUPOBATh NapaMeTphl MPOLIECCa CrOPaHUs, PETYIUPYS BEIMYUHY MOAaun
3amnajabHOTO TOIINBA.

Oobcyrncoenue u 3akniouenue. Pe3ynbraTbl IPOBEJCHHOTO SKCIIEPUMEHTAILHOTO NCCIIEIOBAHUS TTOITBEPIKIAI0T BO3MOXK-
HOCTB IIOJTHOTO 3aMeIIeHHs He(TSHOTO MOTOPHOTO TOIUIMBA B TU3EIBHOM JBHTATENIe C HepasJelieHHOH moiychepude-
CKOM KaMepoii CropaHHs B IMIOPIIHE aJTbTEPHATHBHBIM (BO300OHOBIISIEMBIM ) TOIUTHBOM, 9YTO, HECOMHEHHO, PEIIaeT BayKHBIE
BOTIPOCHI 3KOJIOTUYECKOI 0€30MaCHOCTH AM3CIbHBIX IBUTATeNICH. Pe3yapTaThl HCCIIEI0OBAHMS MOTYT OBITh MTOJIE3HBI KaK
YYEHBIM, 3aHUMAOIIUMCS JAHHOW TEMOW, TaK 1 HHKCHEPHO-TEXHUICCKUM paOOTHUKAM MAIMHOCTPOUTEIHHON OTPACIIH.
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Introduction. In the short and long terms, sustainability and environmental safety issues in the mechanical
engineering industry will remain crucial [1]. For example, within the framework of the program package, the European
Council has set itself the goal of reducing carbon dioxide emissions by at least 55% by 2030 compared to 1990, and
achieving zero CO; emissions by 2050. According to the latest forecasts, by 2040, about 75% of the 1.6 billion passenger
cars on the road will be either internal combustion engine (ICE) vehicles or ICE hybrid vehicles [2]. Hybrid powertrains,
both with high and low electrification, combined with modern internal combustion engines, can indeed provide significant
benefits in various markets, including the environmental sphere [3]. However, today, the electrification of vehicles
remains a challenging task due to numerous real and perceived factors. These factors include limited range, irregular
charging infrastructure, regional availability of fully renewable energy sources, demand constraints, and challenges
related to the mining and processing of rare earth and precious metals [4]. For light-duty freight applications,
electrification may be considered an acceptable alternative to ICE, but it still has a carbon footprint [5].

The approaches to environmental safety in the mechanical engineering industry discussed above fit organically only
in the long-term perspective. As a result, a transition to the use of low-carbon or carbon-free fuel is planned [6]. As for
the near future and the internal combustion engines currently operating on traditional petroleum motor fuel [7], it is
important to discuss the possibility of using alternative fuels both from the point of view of environmental safety and in
the context of replacing petroleum-based fuels [8]. We believe that the mechanical engineering industry, being one of the
main sources of atmospheric pollution, requires fundamental changes in approaches to fuel use [9]. In order to implement
structural changes aimed at improving environmental parameters in mechanical engineering, original equipment
manufacturers and their partners should consider the possibility of technological breakthroughs in the modernization of
existing ICE [10] and the creation of low-emission vehicles [11, 12].

Given the high relevance of using alternative fuels in diesel power units, this circumstance forces the leading machine
builders to consider the development of technologies that facilitate the use of various alternative fuels in diesel
engines (DE) [13]. The search for new methods and promising technologies aimed at improving the environmental and
energy performance of diesel power units, as well as the study on the competition of various types of fuel (diesel fuel,
biofuel, natural gas, alcohols, emulsions, etc.) in terms of environmental efficiency can be a significant step towards
activating the development and use of alternative motor fuels [ 14]. The transition to alternative fuels that are not petroleum
products will be the most promising direction in the fight to improve the environmental performance for both diesel
engines and vehicles in the engineering industry [16].

The most promising in terms of improving the environmental safety of DE are alcohols and vegetable oils [17].
Specifically, when considering alcohols, preference is given to ethanol, which meets the criteria of availability, ease of
production and, most importantly, environmental friendliness during combustion [18]. From the authors’ point of view,
vegetable oils are of the greatest interest, among which rapeseed oil (RO) is the leader, having excellent technical
characteristics, such as high energy density and good fluidity at low temperatures [19].

To date, numerous relevant scientific works have been conducted aimed at improving the environmental safety of
diesel engines using alcohols and vegetable oils as motor fuel [20]. However, it should be noted that the analysis of the
scientific research results demonstrates the lack of sufficient experimental tests of diesel power units with a working
volume of up to 5 liters, running on ethanol and vegetable oils, performed taking into account the relationship between
NOy, CHy, CO, CO, and soot content (SC) in exhaust gases [21]. Although these issues have been widely covered in the
literature in terms of theory using various modern forms of modeling, the investigation of this problem only from a
theoretical point of view does not help to reveal some critical aspects that are important for organizing the workflow of
DE when using ethanol and vegetable oils [22].

This work is aimed at an experimental study of the power and economic indicators, as well as the parameters of the
combustion process of a diesel engine with an undivided hemispherical combustion chamber in the piston, operating on
ethanol and rapeseed oil, with the establishment of dependences of the impact of its operating modes on the specified
indicators and the determination of their numerical characteristics.

Materials and Methods. To achieve the set goal, experimental studies of the DE 2Ch 10.5/12.0 were conducted when
operating on ethanol and RO. The DE was started on RO, then the ethanol supply was turned on and replaced RO to the set
optimal value (cyclic supply was at the level of 13 mg/cycle, which corresponded to an hourly RO consumption of 1.4 kg/h).
An increase in the operating load mode was provided by increasing (regulating) the ethanol supply. An additional fuel injection
pump was installed to supply RO, and ethanol was delivered through the standard fuel supply system.
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To indicate the working process of the DE, the PS-01 pressure sensor was used, the signal from the sensor was sent
to the AQO05-A.1.001 signal amplifier, the amplified signal was sent to the PC via the LA-2 USB analog-to-digital
converter (ADC). The pressure sensor was installed in a sleeve mounted in the cylinder head, according to the instruction.
The signal from the M50 crankshaft position sensor was fed to the ADC without amplification. The obtained data were
processed using a special array superposition algorithm, then the combustion process indicators were determined using
the obtained averaged indicator diagram by the methods of Central Research Diesel Institute and Central Research
Institute of Materials based on the Wiebe theory [23].

Research Results. Figure 1 shows the results of determining the average indicator diagram for optimal installation
angles of fuel injection advance for ethanol and RO, equal to 34° before top dead center (TDC) [15].

P, MPa TDC
6.0
2
4.0
2.0
0.0 | | 1 | 1 | | 1
0 20 40 60 80 ¢, CKP deg

Fig. 1. Effect of DE crankshaft angle on the indicator pressure: 1 — DF; 2 — ethanol and RO [22]

From scientific literature, researchers are well aware of the valuable qualities of the indicator diagram. This direct
recording of the actual (indicator) pressure depending on the crankshaft angle clearly demonstrates the value of the
physical quantity without the need to perform any calculations. Using the indicator diagram, one can easily understand
the dynamics of the working process and obtain valuable information on the amount of the maximum combustion pressure
P. of the ignition delay period (IDP). In addition, the indicator diagram is a visual representation of the dynamics of
autoignition in a diesel engine [22]. Thus, the analysis of the indicator diagrams presented in Figure 2 shows that when
operating on ethanol and RO, an increase in the IDP is observed, while no significant change in the maximum pressure
in the cycle is noted. Since the calorific value of ethanol is lower than that of diesel fuel, it is required to compensate for
this difference by increasing the cyclic fuel supply (Fig. 2).
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Fig. 2. Cyclic fuel supply: 1 — DF; 2 — ethanol; 3 — RO [11]

Considering the nominal speed mode (7 = 1,800 min™"), we note that the RO supply was 13 mg/cycle, while the ethanol
supply reached 52 mg/cycle (Fig. 2). In the diesel mode, the cyclic supply was 43 mg/cycle.
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Fig. 3. DE performance:
a — excess air factor; b — specific effective fuel consumption; ¢ — effective efficiency;
d — effective power; | — DF; 2 — ethanol and RO [11]

When operating on ethanol and RO, an increase in fuel consumption reduces the effective efficiency, specifically at low
rotation speeds, which cannot but affect the effective power and leads to some reduction (Fig. 3 d). And at peak values, when
the DE operates on ethanol and RO, the power indicators and characteristics of the combustion process (Fig. 4 @) already
exceed the DF values.
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Fig. 4 Indicators of DE combustion process:

a — maximum combustion pressure; b — maximum average temperature;
1 — DF; 2 — ethanol and RO [15]
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Analyzing the graphical dependences shown in Figure 4, it should be noted that at low rotational speeds of the DE
operation on ethanol and RO, P. is equal to 8.2 MPa, and at a lower rotation speed, it is 6.5 MPa. Value T, also decreases,
but remains higher than the values of the DE operation on DF. Apparently, this growth is due to the higher IDP of the DE
when operating on ethanol and RO, since over a longer period of time, a larger amount of fuel evaporates when mixing
with air. This, in turn, results in an increase in the intensity of heat release processes in the kinetic phase of combustion
and an increase in 7., with the achievement of its maximum values at later angles. Thus, when DE operates on ethanol
and RO, combustion starts later by approximately 4-7 degrees compared to operation on DF [15].
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Figure 5 shows the toxicity characteristics of the exhaust gases (EG) of the DE at the nominal speed.
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Fig. 5. DE EG toxicity indices (n = 1800 min™"):
1 — DF; 2 — ethanol and RO

The results of experimental studies on the toxicity of DE show that the use of ethanol and RO causes a decrease in the
concentration of nitrogen oxides (NO,), carbon dioxide (CO,) and soot (S) in the studied modes. At loads above average,
there is a decrease in the concentration of carbon monoxide (CO) and hydrocarbons (CHy).

The numerical values of the results of experimental studies on the toxicity of DE at the nominal operating mode are
summarized in Table 1.

Table 1
Results of Studies on Toxicity and Smoke Indicators of DE EG 2Ch 10.5/12.0
When Running on Ethanol and RO (7 = 1800 min!, p, = 0.588 MPa)
Indicators
Fuel
NO,, ppm S, ea on Bosch scale CH,, % CO, %
Diesel fuel 790 53 0.11 0.22
Ethanol +RO 590 (decrease by 2.2 (2.4 times 0.09 (decrease by 0,14 (decrease by
25.3%) decrease) 18.2%) 36.4%)

Discussion and Conclusion. Analyzing the obtained results of the considered experimental studies, it should be noted
that the combustion process indicators of the DE, working on ethanol and RO, differ from its standard one, working on
DF. Especially when using ethanol and RO, an increase in the area of influence zone (IZA) is observed, which cannot but
have a significant effect on the “rigidity” of the combustion process and will result in an increase in value P.. These
arguments are likely to be the main restraining factors for the use of ethanol by direct injection. One of the possible
solutions to the problem, proposed in this paper, is the use of pilot RO, which allows the combustion process parameters
to be adjusted through controlling the amount of pilot fuel supplied. It should be explained that the pilot RO value was
changed to a certain value (indicated above in the paper), at which the required combustion parameter characteristics were
obtained. After that, the RO value was fixed, and the change in the DE load modes was provided by the required ethanol
supply. It is clear to experts that this solves the problem only in a particular case. In further research, it will be necessary
to implement dynamic adjustment of both the RO ignition portion value and the fuel injection advance angle. This will
facilitate further optimization of the fuel supply system, and the organization of the combustion process as a whole.
Nevertheless, to sum up, we note that this work has solved the issues of improving the operational characteristics of DE
by using biofuel with the establishment of characteristic dependences of the impact of operating modes on efficiency and
the determination of their numerical values. Moreover, the effectiveness of the proposed solution is confirmed by the
complete replacement of petroleum motor fuel with alternative (renewable) one.
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Abstract

Introduction. Electrolytic plasma technologies used for dimensional and finishing processing of metal surfaces attract
attention due to their high efficiency and precision. The key factor that determines the quality of processing is the
temperature of the electrolytic-plasma discharge (EPD), which affects the ionization of the electrolyte and the properties
of the surface. The lack of comprehensive studies of the temperature characteristics of jet EPD limits the optimization of
processes. The research objective is to determine the distribution of temperatures and heat flows in the system “jet
electrolytic cathode — metal anode” under various processing conditions.

Materials and Methods. The study was conducted using an electrolyte jet with a diameter of 3 mm and a mass flow rate
0f 0.25-3.75 g/s at a voltage of 20500 V. KhVG and 08Kh18NIT steels were used as anodes, and the electrolytes were
aqueous solutions of NaCl, (NH4),SOs, CsHsO7, with a concentration of 4-50 g/l. The temperature was measured with a
chromel-alumel thermocouple, an infrared pyrometer, and a thermal imager.

Results. A heat balance equation was developed, describing heat distribution among the metallic anode (MA), jet cathode,
electrolyte, vapor, and radiation. The analysis of the volt-ampere characteristics (VAC) showed an increase in current at
low electrolyte flow rates (0.75-1.2 g/s) followed by a decrease at 300-500 V, and a parabolic dependence with a
maximum of 2.6 A at a flow rate of 2.37 g/s. The maximum MA temperature reached 100°C (NaCl, 4-35 g/L), decreasing
to 82°C at 150 g/L, while the hollow cathode reached 158°C at an initial electrolyte temperature of 90°C. Vapor
temperatures ranged from 67.3°C (high flow rates) to 87.5°C (low flow rates). Electrolyte loss due to evaporation reached
5.8 g at 300-340 V. The temperature at the periphery of the anode was 15-20% higher than in the center.

Discussion and Conclusion. The main source of heat was the Joule-Lenz law, with the contribution of exothermic
reactions of carbon oxidation up to 260 V. The maximum heat release was observed in the EPD zone, forming an ellipsoid.
The data obtained and the heat balance equation create the basis for optimizing jet electrolytic-plasma polishing in
mechanical engineering, medicine, and microelectronics.

Keywords: clectrolytic-plasma discharge, jet cathode, metallic anode, temperature distribution, heat balance, jet
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Opuzunaﬂbnoe amnupudeckoe ucciedosatnue
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AHHOTALMSA

Beeoenue. DnexTpoauTHO-IIa3MEHHbIE TEXHOJIOT MU, IPUMEHIEMBbIE JUIsl pa3MEPHOM 1 (PHMHUIITHON 00pabOoTKH METalIu-
YEeCKHX MMOBEPXHOCTEH, MPHUBIEKAIOT BHUMaHNE OJIarofapst X BBICOKOW 3((GEKTUBHOCTH U TOYHOCTH. KiroueBbIM dak-
TOPOM, OTIPENEIISIOIINM KauecTBO 00paOOTKH, SBJISIETCS TEMIIEPATYpa AIEKTPOIUTHO-TIIa3MeHHoro pa3psiaa (OI1P), Biuu-
SFOIIAst HAa MOHU3ANHUIO 3JIEKTPOJINTA U CBOMCTBA MOBEPXHOCTH. HerocTaTok KOMITIIEKCHBIX MCCIIEJOBAaHHUI TEMIIEpaTyp-
HBIX XapaKTepUCTUK cTpyiHoro DIIP orpannuuBaeT onTUMHU3aIuio Ipoueccos. Llens qaHHOTO Mcciae0BaHUS — OIpe-
JETUTH PacTpeie]ICHUe TEMIIEPATYP U TEIUIOBBIX IIOTOKOB B CHCTEME «CTPYHHBINA 3JIEKTPOIUTHYECKHAHN KaTo — MeETal-
JIMYECKUH aHO TP PA3IIMYHBIX YCIOBUSIX 00pabOTKH.

Mamepuanst u memoowt. VlccienoBanus MPOBOAMINCH C UCIOIB30BAHUEM CTPYH IEKTPOINTA JUAMETPOM 3 MM C Mac-
coBO#l ckopocThio moToka 0,25-3,75 r/c npu Hanpspkenun 20-500 B. B kadyectBe aHoja npumMeHsuinch ctanu XBI u
08X18HIT, anmexrpommtsl — BoaHble pacTBOpsl NaCl, (NH4)2SOs, CcHsO7 ¢ xornentpanueit 4-50 /1. Temmeparypa
U3MepsIach XpoMellb-aIIOMeNIeBOi TepMonapoi, MH(ppaKpacHbIM MHPOMETPOM H TETIIIOBH30POM.

Pesynomamut uccnedosanusn. Pa3paboTaHO ypaBHEHHE TEIUIOBOTO OajaHCa, OMMCHIBAIOIIEE DPACIpECIICHHE TeTa
MEXIy MEeTALINYeCKUM aHo1oM (MA), CTpyHHBIM KaToJIoM, DJIEKTPOIUTOM, TIAPOM U U3ITydeHHEeM. AHAIN3 BOJIbT-aM-
TepHBIX XapakTepucTuk (BAX) mokaszan poct Toka mpu HU3KUX pacxomax anekrponuTa (0,75-1,2 1/¢) ¢ mocneayromum
camxenueM npu 300-500 B u mapabonndeckyro 3aBUCHMOCTb C MakcUMyMoM 2,6 A nipu pacxone 2,37 r/c. Makcumaib-
Has temmeparypa MA mocturama 100 °C (NaCl, 4-35 r/n) u camxanace 1o 82 °C npu 150 /1, a momoro xatoma —
158 °C npu HavanpHOM Temmeparype snekrponuta 90 °C. Temneparypa napa BapbupoBasiack oT 67,3 (BbICOKHE pac-
xozs1) 10 87,5 °C (Hu3Kue pacxozsl). Y ObIIb IIEKTPOINTA Ha Uciapenne nocturaia 5,8 T npu 300-340 B. Temneparypa
Ha nepudepun anoja 6vuta Ha 15-20 % BbIlIe, YeM B IIEHTpE.

Obcyscoenue u 3axntouenue. OCHOBHOH UCTOYHHUK Teruia — 3akoH J[koyms—JIeHna, ¢ BKIIaJ0M 3K30TEPMHUUIECKHX pe-
aKuuit okucieHus yriepoja a0 260 B. MakcumanbHOe TEIUIOBBIICICHHE HaOmomaetes B 30ue DI1P, hopmupyromieit ai-
muricous. IlomyueHHbIE TaHHBIE ¥ YpaBHEHHE TETJIOBOTO OanaHca CO3Jaf0T OCHOBY UISl ONTHMH3ALINH CTPYWHOTO 3J1€K-
TPOJIUTHO-IJIA3MEHHOTO MOJIMPOBAHMS B MAITMHOCTPOCHUH, MEJIULINHE K MHUKPOIJICKTPOHUKE.

KuroueBble ¢/10Ba: 3JIEKTPOJIMTHO-IUIA3MEHHBIA pa3psii, CTPYHHBIM KaTOJ, METAJUIMYECKUN AHOJ, paclpeiciieHue
TEMIIEpaTyphbl, TEIUIOBOH OaaHc, cTpyiiHas 00paboTKa, BOJIbT-aMIIEpHBIE XapaKTEPUCTUKH, IIEKTPOIIUT

BaarogapHocTH. ABTOpHI BEIpakaeT OJaromapHOCTh rpadudeckomy amsaiHepy Jmane I[lomoBoif 3a MOATOTOBKY
woctpanuid. KpoMe toro, aBropsl Onarofapst peneH3eHTa U PEeAakIHUIo KypHalla 32 KOMIIETCHTHYIO 9KCIEPTHU3Y U
LICHHBIE PEKOMEHJALIUH MO YIy4IIEHHIO CTaThbH

Jass nurupoBanus. Ilomos AWM., Hosukos B.M., Wsanos J[.H., Kossipckuit I.A. Amnanu3 TeMmmepaTypHBIX
XapaKTEPUCTHK AIIEKTPOIUTHO-TIa3MEHHOTO pPa3psAAa MpH CTPYHHOH 00paboTke Meraummdeckoro aHoma. Advanced

Engineering Research (Rostov-on-Don). 2025;25(2):99—111. https://doi.org/10.23947/2687-1653-2025-25-2-99-111

Introduction. Currently, electrolytic plasma technologies are increasingly used in various industries. One of the most
promising areas of their application is local processing of conductive metal surfaces [1]. This method is characterized by
a number of technology abilities. Depending on the conditions of plasma formation, an electric discharge (ED) can occur
both at atmospheric pressure [2] and in low vacuum conditions [3]. According to the method of plasma supply to the
surface of the product, the treatment of ER in air [4] and in an electrolytic bath [5] is distinguished. It is possible to supply
a stream of electrolyte from a metal [6] or plastic tube [7], as well as applying buried current leads of various designs [8].
The composition of the operating environment in which aqueous solutions of electrolytes are used can have a
concentration from fractions of a percent [9] to their complete saturation [10]. There are known cases of additional
introduction of inert gases (Ar, Kr) into the electrolytic plasma as an operating environment [11]. According to spatial
orientation, there are different directions of the electrolyte flow (current lead) relative to the product: from above [12],
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from below [13], and at an angle [14]. The product itself, in turn, can be located vertically [14], horizontally, or at an
angle to the axis of the stream (current lead) [10].

The formation of a limited ED volume involves moving it relative to the surface of the workpiece manually or
according to a CNC (industrial robot) machine program. In this case, depending on the input parameters, the ED is formed
in the electrolysis mode [15], electrolytic plasma [16] or a combination of these processes. The movement of the ED
relative to the surface of the metal anode at a given feed rate provides the achievement of the required values for
dimensionless (dimensional) processing, the accuracy of the size being performed, and the required parameters:
Ra — average arithmetic deviation of the profile, and R,... — greatest height of the material profile.

In [17], the technologies of jet focused electrolytic plasma treatment are studied. The specific feature of the processes
of jet electrolytic-plasma treatment, in comparison to processing in an electrolytic bath [18], can be a significantly higher
processing speed, dimensional and dimensionless treatment, local processing zone, lower equipment cost, higher
processing accuracy [19], and incomparably lower roughness parameters [20]. This opens up prospects for even more
active use of jet processing methods.

However, the widespread application of jet technologies with an electrolytic electrode and a metal anode is hindered
by the lack of information on the operating temperatures of the process in the treatment zone and on the surface of the
metal anode. This fact is important, since numerous studies on plasma heating of products in flowing and stationary
electrolytes show the presence of high temperatures, up to the melting point [21]. In addition, studies on the plasma
discharges themselves demonstrate plasma temperatures from 1,400 to 4,000°K [22].

The interaction of the ED with the metal anode, when the temperature of phase transformations in alloys is exceeded,
reduces the performance of manufactured products. There are a limited number of studies in the field of integrated
temperature and heat flow distribution in the “hollow current lead — electrolytic cathode — MA — environment” system.
These studies, as a rule, describe only the local part of the system.

The research objective was to analyze temperatures in the system obtained by an electric discharge between a metal
cathode and a metal anode at atmospheric pressure. To achieve this, the authors solved the following problems: the volt-
ampere characteristics of the discharge were studied; the temperature of the steam, anode, hollow cathode (current lead),
electrolyte in the receiving bath was measured; and the distribution of heat flows was analyzed.

Materials and Methods. An electric discharge formed in the voltage range (U =20-500 V) at low electrolyte flow
rates (0.25-3.75 g/s) and small interelectrode gaps (2—8 mm) was investigated for a free-falling electrolyte jet of @3 mm
on the surface of a metal anode with the application of a constant bias voltage between the metal anode and the hollow
cathode tube.

The diagram of local temperature measurement locations is shown in Figure 1.

Fig. 1. Layout of temperature measurement points: 1 — electrolyte feeder; 2 — copper tube (hollow cathode) fastener;
3 — copper tube; 4 — foamed electrolytic stream; 5 — metal anode; 6 — electrolyte receiving bath; 7 — temperature measurement
points; 8 — power source; 9 — heat-insulating screen; 10 — supports on insulators

The studies were conducted at room temperature (T = 20.0°C) in the pressure range (9.9-10.1)x10* Pa. For MA,
25 marked samples with a diameter of 45x1 mm were made. The sample material was KhVG tool steel. Samples made of
08Kh18NOT stainless steel with dimensions of 100x200x1 mm were also used. Samples made of KhVG steel were treated
with a NaCl solution in tap water at a concentration of 3—160 g/l. Samples made of 08Kh18NOIT steel were treated with
(NH4)2SO4 at a concentration of 2—55 g/l and CsHsO- at a concentration of 10-35 g/1 in tap water. The discharge voltage
varied from 20 to 500 V with a step of 20 volts. The interelectrode gap L was varied in the range from 2 to 8 mm. The voltage
and current were measured with a UT61B millivoltmeter with an accuracy of + (0.5% + 1) for voltage and + (1.5% + 3) for
current. The unit of mass flow rate of electrolyte G was equal to 0.2-3.8 g/s. A mass of 100 g was taken as a fixed mass of
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electrolyte for passing through the hollow cathode tube. The mass loss A, was determined on a scale with an accuracy of
5x107 kg. The mass loss was calculated as the difference between the initial mass of electrolyte poured into the electrolyte
feeder and the final mass collected in the electrolyte receiving bath after the electric discharge. The hollow cathode
temperature was measured by an insulated junction of a chromel-alumel thermocouple installed 2 mm above the lower
end of the current lead tube.

The temperature of the MA was measured by a thermocouple installed at a distance of 0.3 mm from its surface, built
into a protective stainless housing. The temperature was measured by contact with a chromel-alumel thermocouple and
by contactless means with a TA601C infrared pyrometer and a Testo 875 thermal imager. The height of the electrolyte
feeder above the sample surface was 300 mm. The samples were given an angle of inclination of 3—5° for electrolyte
flow. The distance between the MA and the bottom of the electrolyte receiving bath was 40 mm for KhVG steel and
200 mm for 08Kh18NIT steel. 3D models were simulated in the Cinema4D program.

Research Results. Initial Heat Flow in ED. Numerous studies have shown that the range of operating voltages U
from 0 to 500 V can be conditionally attributed to two main processes. The first corresponds to the process of anodic
dissolution during electrolysis and is widely used in industry in the range of 12—60 V. It is accompanied by intensive
heating of the anode and in some cases is used for the process heating of workpieces. The second process conditionally
corresponds to the range of operating voltages from 60 to 500 V and to the electrolytic-plasma mechanism [15]. This
process is used for heating anode materials, chemical-thermal treatment, coating, microarc oxidation, cleaning, and
polishing. Electrolytic plasma treatment is characterized by a wide temperature range. It depends on the ratio of the sizes
of the current leads used. For example, when two current leads are immersed in an electrolytic bath, the smaller of them
starts to actively generate heat. Thus, a loop of 0.8 mm thick nichrome wire placed around the MA plate is locally heated
and burns out in less than 60 s, forming a ball at the end closest to the anode.

When the ratio of the sizes of the active electrode to the larger one is < 3-5, an effervescence occurs on the surface of
the first one, and with increasing voltage, a “thin luminous plasma shell” appears [16], which turns (for anodic processes)
into an anode shell of significantly larger dimensions [8].

The interaction zone of the MA and the plasma (gas-vapor) shell is characterized by the size, intensity, resistance,
ionization of the components. The size of the electrolyte-plasma (anodic) shell for different cases can be 10-500 pm
above the MA surface. This layer corresponds to high resistance (specific electrical conductivity of the layer is
1.1-10° Ohm - cm™) [16].

In this case, the high electric field strength of 10*-10° V/m (in the case of an electrolytic bath) provides ionization
of the components of air, steam, and electrolyte. With an increase in voltage, the process is accompanied by visible
glow and the presence of microdischarges that occur mainly at the tops of microroughnesses, and when leveling the
surface — on blocks, dislocations, or individual atoms. The shell, depending on the composition of the electrolyte, has
a characteristic glow up to white with an electron gas temperature from 1,400 to 4,000°K [22]. Depending on the
conditions, the material of the MA, the shape of the negative current lead, the concentration and type of electrolyte,
the capacity and number of capacitors of the power source, the ED can take the character of a discharge similar to a
glow, spark or arc discharge.

The discharge zone during electrolysis and the occurrence of an electrolyte-plasma discharge in the case under
consideration is a local area. This determines the heat flows propagating from this area. Heat release in the ED occurs on
the MA surface in the electrolyte-plasma layer zone and is directed into the MA, electrolyte, steam, hollow cathode, and
into the environment in the form of radiation.

The relationship linking the release and consumption of heat in the system “hollow cathode — electrolytic electrode —
MA?” per unit of time can be written in general form by the heat balance equation:

40, dQ, _dQ.  dQs dQ, dO; dO; (1)
dt dt dt dt dt dt dt

The left side of the equation defines the initial amount of heat released in the electrolyte-plasma layer. It consists of
a9,

dt
of carbon in steel [13].

The right side of the equation shows the heat flows from the ED zone.
dQs dQs dQs dQ; dO,
dt ' dt’ odt’ odt’ dt
electrolyte, into the MA, into the environment in the form of steam.

. d S
— amount of heat released according to the Joule-Lenz law, and % — amount of heat released by the oxidation
t

are heat flows directed into the hollow cathode, into the flowing

Expressions
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When determining parameters / and U for calculating the initial heat flux arising in the ED, the volt-ampere
characteristics were obtained for a NaCl solution at different electrolyte flow rates — from 0.75 to 2.37 g/s. It was shown
that in the voltage range from 20 to 500 V, at a low electrolyte flow rate, G = 0.75 g/s and G = 1.20 g/s, an increase in the
electric discharge current was observed with a characteristic decrease in the range of 300-500 V. With an increase in the
electrolyte flow rate to G =2.37 g/s in the range of 20-500 V, the curve had the form of a flat parabola branch and a
maximum current value 2.6 A. In this case, the current density per MA could reach 3.2-5.2x10* A/m?.

Study on Volt-Ampere Characteristic. Up to U= 240 V, the difference in discharge current between the three curves
is in the range of 0.2-0.4 A (Fig. 2). After U =240V, the differences between curves 1 and 2 become more significant.
For curves 2 and 3, in the range of U = 180-400 V, there is almost complete coincidence of values. The most significant
differences between them start at point U =400 V and range from 0.4 to 1.4 A for the highest G =2.37 g/s and the lowest
G =0.75 g/s of electrolyte consumption.

LA
2.4
2.0
1.6
1.2
0.8

0.4

0.0
0 100 200 300 400 500 Uu,v

Fig. 2. Dependence of VAC of electric discharge between electrolytic cathode and MA on electrolyte consumption;
MA — KhVG steel; NaCl —4 g/l; 1 —G=0.75g/s;2 — G=1.20g/s; 3 — G=2.36g/s
Study on MA Temperature. Study on the heat flow in the MA from the ED was performed on a sample made of
KhVG steel. A thermocouple in a protective housing made of stainless steel was tightly fixed on the back side of the MA

at a distance of 0.3 mm from the surface.
The MA temperature was measured at different values of the concentration of the electrolyte based on NaCl. The

temperature values were taken after the steady-state heat flow (Fig. 3).
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Fig. 3. Dependence of MA temperature on ED voltage; MA — KhVG steel; G =1.14 g/s;
electrolyte with NaCl concentration: 1 — 4 g/l; 2 — 35 g/1; 3 — 150 g/l

It is shown that at the electrolyte concentrations of NaCl 4 and 35 g/1 up to the range of U= 320-340 V, the curves have a
flat character, which may indicate stable electrolysis processes in this range and at these concentrations of the electrolyte. In the
range of U=320-360V, a sharp increase in the anode temperature is recorded on these curves. Obviously, this region is a
transitional one, characterized by an increase in the double layer and a change in the mechanism of transfer of MA atoms.
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The increase in the double layer insulating the MA surface occurs simultaneously with the growth of the electric field
strength. When the breakdown voltage is exceeded, a microdischarge occurs, destroying the nonconductive film formed
on the surface. Both the peaks of the surface profile microroughness and the areas between the depressions are the zone
of microdischarge occurrence with developed surface roughness. The occurrence of a microdischarge at the top and in
the area of the depressions is caused by the high intensity of the electric field. In the first case, the cause is the shape of
the protrusion itself, and in the second case — the presence of a high charge on the surface between the depressions. It
can be caused by a high negative charge of nonconductive films (contamination, anode layer, spray products).

The mechanism of material transfer from the surface of the metal anode is changed in two stages. First, the chemical
weakening of atomic bonds occurs under the action of electrolyte components, which facilitates the detachment of
electrons and atoms. Then, when microdischarges are formed, the thermal mechanism of destruction of these bonds
becomes predominant. This causes additional emission of electrons and promotes further interaction of the anode with
the electrolyte, leading to the removal of its atoms into the solution.

In the range of U =360-500 V, a smooth decrease in temperature is recorded for curves 1 and 2, which may indicate
an increase in the locking effect. It is characterized by an increase in the nonconductive film, a decrease in the discharge
current, an increase in the power of individual microdischarges, but a decrease in the number, and consequently, the
amount of heat released in the electrolyte-plasma layer.

With an increase in the salt (NaCl) concentration to 150 g/l (curve 3) in the electrolyte, the region of maximum
temperatures shifts to the region of lower voltages, from 360 to 180 V. Obviously, this also reduces the ignition threshold
of the electrolyte-plasma discharge. In this case, the crimson glow characteristic of the formation of the electrolyte-plasma
layer was already recorded for NaCl at U = 140 V. In addition, it is noted that with an increase in the concentration of the
electrolyte, a decrease in the maximum temperature to 82°C is observed. For a saturated NaCl solution, an ED is formed
in the shape of an ellipsoid truncated on both sides at U=160 V and U =200 V. This corresponds to the region of
maximum temperatures.

In general, it can be noted that the temperature near the contact surface with the electrolyte plasma on the metal anode
does not exceed 100°C. The difference in the voltage range U =320 —340 V is characteristic for curves 1 and 2. This
determines the transition to ED in the form of an ellipsoid truncated on both sides with a maximum temperature [9].

Study on Hollow Cathode Temperature. The hollow cathode temperature was measured by fixing the thermocouple
junction, insulated from the surface of the current lead. The thermocouple junction was installed on the outer side of the
current lead above 2 mm from the lower end of the tube. It was recorded that for all experiments (Fig. 4, curves 1, 2, 3),
having different initial electrolyte temperatures at the input of the hollow cathode, areas with a virtually constant
temperature were characteristic. These areas included the voltage range of U=20-260 V.
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Fig. 4. Dependence of the hollow cathode temperature on voltage when using NaCl electrolyte — 4 g/1;
MA —KhVG steel; G=1.06 g/s; | —T=21°C; 2 —T=50°C; 3 —T=90°C

It was noted that at the initial temperature of the electrolyte (7=21°C), supplied to the hollow cathode, the surface
temperature of the current lead tube at the measurement location did not exceed 60°C (curve 1). This is generally
consistent with the data obtained by the authors of paper [2].

Increasing the initial temperature of the electrolyte to 7= 50°C showed that in the range of U=20-340V, the
temperature of the hollow cathode remained virtually unchanged (curve 2). However, from value U =340V, a sharp
increase in temperature to 105°C was recorded. After which the temperature dropped to an average of 90°C.
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For the initial temperature of the electrolyte 7= 90°C in the range of U =20-280 V (curve 3), a drop in temperature
was observed taking into account losses in the pipeline to 7= 60-70°C. However, the energy reserve in the form of
additional heat of the electrolyte placed in the ED zone shifted the total peak temperature increase to the region of lower
voltage. At U =320 V, the temperature reached a short-term peak value — 158°C. After that, there was a sharp decrease
in temperature and a repeated increase to 151°C at U=480 V.

Study on Electrolyte Temperature after ED. The heat flow from the electrolyte-plasma layer to the electrolyte was
estimated taking into account the difference in temperatures obtained at the inlet to the hollow cathode and at the outlet
from the ED in the electrolyte collection bath. Temperature measurements were made in the flow of electrolyte running
down into the bath. Depending on the flow rate, the runoff occurred in drops or a stream. When filling the receiving
bath with electrolyte that had passed through the ED, its temperature was measured. The time for the temperature drop
by 1°C for 0.1 kg of electrolyte that had entered the receiving bath was about 60 s. Cooling of the drop or jet during
the fall was neglected. The measurement results are shown in Figure 5. With an increase in the voltage of the ED
formed by the electrolytic cathode and MA, a smooth increase in the temperature of the spent electrolyte is observed.
Up to U =220V, a characteristic feature is that the entire family of curves lies in the range of < 10°C. The electrolyte
flow rate has an ambiguous effect on the temperature of the electrolyte in the receiving bath. With an increase in the
electrolyte flow rate to G = 1.2 g/s, an increase in temperature with a shift to a smaller voltage range is observed. This
can be explained by the growth of the number of charged particles under increasing the electrolyte flow rate. With an
increase in the electrolyte flow rate to G =2.37 g/s in the range of U=200-500 V, a lower temperature is observed,
which may indicate a faster passage of electrolyte through the ED, and a lower specific power per unit volume for
heating the electrolyte. At the same time, the maximum temperature of the electrolyte collected in the receiving bath

for all three electrolyte flow rates does not exceed 55°C.
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Fig. 5. Dependence of hollow cathode temperature on voltage when using NaCl electrolyte — 4 g/1;
MA — KhVGssteel; | —G=2.36g/s;2—G=120g/s,3—G=0.75g/s

Study on Steam Temperature. To investigate the steam temperature of the ED, the device presented in [13], consisting
of a cone made of heat-insulating material, was used. A chromel-alumel thermocouple was installed at the top of the cone.
This allowed localizing the evaporated and sprayed electrolyte in a limited volume and measuring its average temperature.
The obtained experimental data are presented in Figure 6.

The research has shown that at an electrolyte flow rate of G = 1.2-2.36 g/sup to U =200 V, the ED vapor temperature
differs slightly from room temperature and has a slight increase in the range of 220-300 V. At voltage U = 260420 V, a
sharp increase in the vapor temperature to 67.3°C is observed, proportional to the discharge power between the electrolytic
cathode and MA. Then, a slight decrease in the vapor temperature to 56.3° C is seen. After U =420 V, a drop in the vapor
temperature is recorded due to a change in the geometric shape of the electrolyte-plasma discharge.

For low electrolyte flow rates (G =0.75 g/s and G = 1.2 g/s), a sharp increase in steam temperature to 87.5°C is
observed in the range of U= 180-300 V for curves 2 and 3, which have the form of an exponential function. Such a
difference in steam temperature may indicate that at G = 2.36 g/s and practically equal discharge power, the volumetric
flow rate of electrolyte localized by the electromagnetic field in the ED is 2—3 times greater. Therefore, with an increase
in the volumetric flow rate of electrolyte, the power of the electric discharge generated in the electrolyte-plasma layer is
not enough to convert part of the liquid into steam.
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Fig. 6. Dependence of temperature of steam generated by ED on voltage; MA — KhVG steel;
NaCl—4g/l; 1 —G=236g/s;2—G=0.75g/s;3—G=1.20g/s

Loss of Electrolyte Consumed for Evaporation. The change in the electrolyte volume was recorded after passing 0.1
kg of electrolyte through the hollow cathode during the formation of the ED. The spent electrolyte was collected in the
receiving bath and re-weighed. The increase in the ED temperature at G = 2.37 g/s started with U =220 V and led to an
increase in the transfer of electrolyte in the form of vapor into the environment for all the studied flow rates (Fig. 7). At
voltage U =300 V, an increase in the electrolyte consumption for evaporation was recorded only for its small flow rates
when passing through the hollow cathode: G =0.75 g/s and G = 1.20 g/s up to 5.50-5.80 g.
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Fig. 7. Dependence of electrolyte mass loss on discharge voltage; NaCl — 4 g/l;
MA —KhVGsteel; 1 — G =236g/s;2— G=0.75¢g/s;3— G=1.20g/s

A characteristic increase in the loss of electrolyte mass for G = 0.75 g/s at the point U = 340 V is the zone of formation
of an ellipsoid truncated on both sides [9]. After U =400 V, a decrease in the mass of electrolyte entering the receiving
bath is observed for all three curves, which results in an increase in temperature and in electrolyte consumption due to
intensive evaporation.

In general, this can be explained by an increase in the heat flow from the electrolyte-plasma layer to the ED zone and
growth of its temperature. It should be clarified that the gas-vapor shell of the ED, formed under the action of an
electromagnetic field with an increase in voltage, has greater mobility of individual discharge elements — bubbles. Their
constant movement around the discharge axis occurs due to the Lorentz forces and the dipole moment. This results in an
intensive transfer of molecules from the interface “bubble — environment”. Another factor that makes a significant
contribution to the evaporation of the electrolyte is the ionization of bubbles. In [9], it is shown that the ionization of the
ED, which is well recorded especially in the upper part of the discharge, starts with the shell of the bubble. With growth
of the discharge voltage, there is an increase in the ionization of the components, their surface energy and, consequently,
a decrease in the energy of detachment of gas molecules from the surface of the bubbles.

Specificity of Electrolyte Flow Rate. When measuring the flow rate of 0.1 kg of electrolyte through the ED, the
authors recorded the following features (Fig. 8). With an increase in voltage between the electrodes, the electrolyte flow
rate was not constant and had different values. This was typical for all three studied electrolyte flow rates.

The greatest stability is shown by the mode G = 1.20 g/s (curve 2). However, at voltage U = 340 V, a sharp decrease
in the electrolyte flow rate is observed — more than twice as compared to the initial.
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At high initial electrolyte speed G = 2.3 g/s, with growth of discharge voltage U =20-300 V, the flow rate increases.
With a further growth of voltage U from 300 to 460 V, a slowdown in the electrolyte flow rate is also recorded. The
slowdown in the flow rate can be most clearly seen at G = 0.75 g/s. In this case (curve 3), a clearly defined rise is observed.
Here, the electrolyte flow rate decreases by up to two times.

T,°C A

“ l“ / —~ i « 3
i

180 i

140

100

60

20

0 100 200 300 400 500 u,v

Fig. 8. Dependence of the time of passing 100 g of electrolyte through discharge on voltage; NaCl — 4 g/1;
MA —KhVGssteel; 1 —G=237¢g/s;2—G=1.20g/s;3—G=0.75g/s

Measuring ED Temperature Field with Thermal Imager. Measuring the ED zone with a thermal imager showed a
temperature increase of up to 100°C. Electrolyte with an initial temperature of 23-26°C was directed to the MA made of
08X 18NIT stainless steel with a size of 100x200x1 mm. In this case, the maximum temperature of the ED was recorded.

When studying the electrolyte-plasma discharge at different volumetric flow rates, concentrations and chemical
compositions of the electrolyte, it was found that the ED temperature did not exceed 100°C (Fig. 9).

The characteristic features of the process are two key factors. The first is the proximity of the curves, the second is
the decrease in temperature after reaching the maximum. The decrease in temperature after reaching the maximum can
be explained by a change under the conditions of contact interaction, an increase in specific resistance, and the transition
from an electrochemical process to an electrolytic-plasma process.
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Fig. 9. Dependence of ED temperature on voltage; stainless steel 08 X18N9T; 1 — G=0.94 g/s; 2— G=1.86 g/s; 3 — G =2.78 g/s;
4 — G =3.71 g/s; electrolyte (NH4)2SOs — 2.7 g/1; 5 — G = 1.86 g/s; electrolytes (NH4)2SO4 — 50 g/l and C¢HsO7 — 30 g/1;
6 — G =2.51 gfs; electrolytes (NH4)2S04 — 15 g/l and CeHsO7 — 15 g/l

It is noted that when the falling drops of electrolyte running down from the MA come into contact with the cathode
plate fixed below, the maximum temperature is 167°C.

Study on Temperature on Metal Anode Surface. During jet flows of the electric discharge, an uneven temperature
distribution is recorded on the surface of the MA. The periphery of the electrolytic discharge in the jet flows has a 15-20%
higher temperature than in the central region of the electrolyte. The analysis of temperatures on the surface of the MA is

presented in Figure 10.
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Fig. 10. MA surface temperature; anode — stainless steel 08 X18N9T

Evaluation of ED Heat Flows. The analysis of the heat flow distribution shows that it consists of an incoming flow
formed by heat generated by the Joule-Lenz law (Q,) and heat generated by the oxidation of carbon in steel (Q,). The
outgoing flow consists of heat directed into the environment in the form of steam — Qs; heat directed into the
anode — Qu; heat directed into the hollow cathode — Qs; heat directed into the electrolyte — Qg; heat directed into the
environment in the form of radiation — Q. The distribution of heat flows for the ED in the form of an ellipsoid truncated
on both sides is shown in Figure 11. The maximum amount of heat Qs is directed into the environment in the form of
steam and is about 58%. The flow Qs directed into the metal anode is also significant (about 21%).

Q:=2%
s~ 8%
Qs = 11%

Q:=21%

Qs

Fig. 11. Distribution of heat flows for an electric discharge in the form of an ellipsoid truncated on both sides

The calculation of the amount of heat for the heat balance equation shows the general picture of the distribution of
heat flows in the range of operating voltages from 20 to 500 V (Fig. 12). The calculated curve shows that the amount of
heat Q, directed into the electrolyte, has a virtually constant character over the entire voltage range. At the same time, in
the high voltage range, the values of Q1 are almost 20 times higher than Q. In general, the value of Qs is on average 10%
of the value of Q.

The calculated value of Qs in the range up to 260 V exceeds Q;. Obviously, the magnitude of exothermic reactions in
this range is not taken into account and makes a significant contribution to the total heat flow. The value of Qs is on
average 50-70% of Q;.
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Fig. 12. Ratio of heat flows in the range of operating voltages from 20 to 500 V:
1—Q732—Q63—Qs54— Qa5 — Q36— Qi
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Discussion and Conclusion. As a result of the conducted study on the thermal state of the system formed by the
electrolytic cathode and the metal anode, it can be confirmed that in the given geometric ratio of the metal anode and the
hollow cathode and the studied volumetric flow rates of the electrolyte, the maximum temperatures on the anode do not
exceed 100°C, and the maximum temperatures of the system are 167°C.

The results obtained are consistent with the data presented by other researchers and published recently. For example, in the
study on plasma electrolytic jet polishing (PEP-Jet) of AISI 316L stainless steel [23], it is noted that the electrolyte temperature
in the range of 68-90°C stabilizes the gas-vapor layer, which is consistent with the data obtained by the authors on the process
temperatures corresponding to the boiling range of the electrolyte (up to 167°C). However, in [23], the emphasis is placed on
corrosion resistance, and not on the complex heat balance, in contrast to the study. The data in [24] indicate that the optimum
electrolyte temperature (80°C) provides efficient formation of the gas-vapor layer at voltage 300 V, which is close to the peak
temperatures obtained in the ED ellipsoid zone, despite the difference in the research methods used. Paper [25] on the ESR of
Inconel 718 alloy simulates the heat flow at the gas-liquid interface at a temperature of 70-85°C and a voltage of 250-350 V,
which confirms the above conclusions about the main role of voltage in the formation of the heat flow. However, paper [25]
does not consider the nonuniform temperature distribution over the anode surface. In [26], the authors consider ESR of 316L
steel at 90°C. They focus on micro-level electrochemical reactions, but they do not analyze the electrohydraulic effect causing
cavitation and shock waves, which slows down the electrolyte flow at low flow rates (0.75-1.2 g/s) and increases the
temperature. It is a significant factor in the temperature growth at low electrolyte flow rates. This phenomenon is probably
associated with the local specificity of the jet discharge, which requires further investigation [27].

The maximum recorded cathode temperature in the study was 167°C, which did not exceed the phase transformation
temperature for most structural materials providing their operability. This is consistent with the findings of [24] and [25],
which note that the process temperatures also remain below the critical values for the materials. The temperature data
measured by various methods confirm that the process occurs in the electrolyte boiling region, which is consistent with
the data of [23] and [26] on the temperature ranges of 68—90°C.

Another feature is the uneven distribution of the electrolyte temperature on the MA surface. The value of the
electrolyte temperature spreading over the surface is not uniform or decreasing towards the periphery. It is noteworthy
that its value falls in the center and increases at the periphery — the peripheral zones are 15-20% hotter than the central
ones. A similar phenomenon has not been described by other researchers, since the temperature distribution was either
not analyzed or was considered uniform. The cause-and-effect relationship of this effect remains unclear and requires
further research. The study on this issue is the subject of subsequent research.
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Abstract

Introduction. Under designing, a large safety margin of components and units is included at the calculation stage, which
does not exclude premature failures that occur at random. The consequences of such failures are not only economic losses,
but also threats to the safety of people and the environment. In modern literature, the topic of assessing the reliability of
machines, considered as complex probabilistic systems that take into account not only the dynamic parameters under
operation, but also the processes of manufacturing the components of the system, is not sufficiently covered. Therefore,
to provide for the targeted management of the reliability of machines as complex technical systems, it is required to apply
the principles of cybernetics. The research objective is to study the method of monitoring the reliability of technical
systems by identifying the entropy of the causes of their failures.

Materials and Methods. The materials for the study were statistical data on machine part failures obtained through long-term
observation of the working condition of basic parts of lifting-and-shifting machines, as well as road and construction machines.
The paper used mathematical statistics and probability theory — a parametric method for assessing reliability with a simplified
approach, which assumes the deterministic behavior of the machine as a system with a predetermined functioning that does not
depend on external circumstances. The value of the safety margin is taken at a level greater than one.

Results. The degree of impact of the uncertainty of the reference values of the operating process, design features,
manufacturing technique of machine parts and the malfunctions that occur in them, on the final probability of failure-free
operation and reliability of machines is determined.

Discussion and Conclusion. The analysis of the theory of verification calculations of machines confirmed the compliance
of the obtained results with regulatory requirements. The conducted studies have proven that machines are deterministic
systems, whose behavior is specified in advance by the calculation. Therefore, it can be argued that the developed method
of monitoring the reliability of technical systems, based on identifying the entropy of the causes of failures, will allow
establishing a quantitative and qualitative relationship between the design, material, size, manufacturing technique of
machine parts, and failures that occur in them.

Keywords: reliability control system, entropy, machine, failure, determined system
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OpueuﬂaﬂbHoe meopemuyieckoe uccnedosatue

MeTton KOHTPOJISA HAAC)KHOCTH TEXHUYECCKHUX CUCTEM IMYTEM BBIABJICHUA
SHTPOIIHU MPUYHH UX O0TKA30B

A.T. Puioak"~', C.B. TennsikoBa = ><, A.B. OabmeBckas =, A.C. IIpyukon

JloHCKOM rocyaapcTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-Jlony, Poccuiickas deneparust
&4 svet-tpl@mail.ru

AHHOTALHS

Begeoenue. [1pu KOHCTPYHUPOBAHUHU HA ITAIC MPOBEICHUS PACUCTOB 3aKJIAABIBACTCS OOJBIION 3amac MPOYHOCTH JICTAJICH
1 y3IIOB, YTO HE UCKIIFOYAET MPEeXIeBPEMEHHBIE OTKA3bl, UMEIOIINE CIyYalHbIH XapakTep. [locneacTBUsIMI TaKuX OTKa-
30B SBJISIOTCS HE TOJIBKO SKOHOMHUECKHUE MIOTEPH, HO M YTPO3bI 0€30IaCHOCTH JIFOISIM M OKpYyXaromieit cpene. B coBpe-
MEHHOH JHTepaType HeOCTAaTOYHO OCBEIICHA TeMa OICHKH HaJe:KHOCTH MAINH, paCCMaTPUBAEMBIX KaK CIIOKHBIE Be-
POSITHOCTHBIE CUCTEMBI, YUUTHIBAIOIINE HE TOJBKO JUHAMUYECKUE MapaMETPhI MPH SKCIUTyaTallud, HO U TEXHOJOTHYe-
CKHE MPOIECCHl N3TOTOBIICHUS COCTABHBIX JIeTaneii cucteMal. [loaTomy mist obecniedueHns efieHapaBIeHHOTO YIpaBiie-
HUS HAJICKHOCTHIO MAIIWMH, KaK CJIOXHBIX TEXHHYCCKHX CHUCTEM, HEOOXOIMMO MPUMEHSTH MPHUHITUIBI KHOCPHETHKH.
Henp nanHO# pabOTH — MCCIETOBAHNE METOIA KOHTPOJIS HA/IC)KHOCTH TEXHIUECKUX CHCTEM ITyTeM BBISIBIICHHS YHTPO-
MUY IPUYUH UX OTKA30B.

Mamepuanvt u memoovt. MaTtepranamu ISl UCCIEAOBAHUS MOCTY KN CTATUCTUYECKUE JAHHBIE OTKA30B JIeTalei Ma-
[IVH, TOJTYYeHHBIC ITyTEM MHOTOJICTHETO HAOTIOICHHS 32 PA00TOCITIOCOOHBIM COCTOSTHHEM 0a30BBIX JeTajel O bEMHO-
TPAHCIOPTHBIX, TOPOXKHBIX M CTPOMTEIBHBIX MAIlllMH. B paboTe mpuMeHsIach MaTeMaTHUYSCKasl CTATUCTHKA U TEOPHUS
BEPOSATHOCTEH — MapaMEeTPUUYSCKUI METO/ OICHUBAHUS HAJACKHOCTH TI0 YIPOIICHHOMY IOAXOIY, MPEIIOIarafoIeMy
JETePMUHAPOBAHHOE TIOBECHUE MAIIMHBI KAK CHCTEMBI C 3apaHee ONpeIeIeHHBIM ()YHKIIMOHHUPOBAHUEM, HE 3aBHUCSIIINM
OT BHEITHUX OOCTOSATENBCTB. 3HAYCHHUE 3aI1aca IPOYHOCTH MPHUHATO HA YPOBHE OOJBIE SIIMHHUIIBL.

Pezynvmamut uccnedosanusa. OnpeneneHa CTeNeHb BIMSHIS HEONPEISICHHOCTH UCXOHBIX 3HAYEHUN TpoIiecca dKc-
IUTyaTalud, KOHCTPYKTUBHBIX OCOOCHHOCTEH, TEXHOJIOTHH U3TOTOBIICHHS A€TANCH MAIINH U BOSHUKAIOIINX B HUX HEHC-
MPaBHOCTEH Ha HTOTOBYIO BEPOSATHOCTh OC30TKAa3HOM pabOThI M HaICKHOCTh MAIITHH.

Ooécyrcoenue u 3aKknrouenue. AHaIM3 TEOPUH MIPOBEPOYHBIX PACUCTOB MAIINH ITOATBEPIII COOTBETCTBHE MOTYICHHBIX
pe3yJIbTAaTOB HOPMATHBHBIM TpeOoBaHMsIM. [IpOBeICHHBIC HCCICIOBAHUS TOKA3bIBAIOT, YTO MAIIMHBI SBJISIOTCS ETEp-
MUHHUPOBAHHBIMH CHCTEMaMH, IOBEJICHHAE KOTOPHIX 3apaHee orpeaerseTcs pacaeToM. [103ToMy MOXKHO yTBEpKIaTh, 9TO
pa3pabOoTaHHbIH METOI KOHTPOJIS Ha/IS)KHOCTH TEXHUYCCKUX CUCTEM, OCHOBAHHBINM HA BHISBJICHUU SHTPOIHMU MPUYUH OT-
Ka30B, MTO3BOJIMT YCTaHABINBATH KOMTUICCTBCHHYIO M KAUECTBCHHYIO B3aUMOCBS3b MEKIY KOHCTPYKIIUCH, MaTCpHAIIOM,

pasMeEpom, TEXHOJIOTUEH U3rOTOBJICHMS JIeTaJeH MaIlluH U OTKa3aMH, BOSHUKAIOIIUMHU B HUX.
KiroueBble ciioBa: cucrema KOHTPOJIAA HAAC)KHOCTU, SHTPOIINA, MallliHa, OTKa3, AETCPMUHUPOBAHHAA CUCTEMA

BaarogapHocTH. ABTOPBI BRIPAXKAIOT 0J1ar0JapHOCTh PEIAKIIUK )KYyPHAIA M PELICH3SHTaM 32 BHUMATEIbHOEC OTHOIIICHHE
K CTaTh€ M YKa3aHHBIC 3aMEeUaHMsI, KOTOPEIE MTO3BOJIIIIH IIOBBICUTH €€ Ka4eCTRBO.

Jonst umrupoBanmusi. Pridak A.T., TemnsxoBa C.B., Pynoir [I.B., Ombmesckas A.B., IlpyrxoB A.C. DHTporus Kak
WHTETpaTBHBIA TIOKa3aTelh HAJISKHOCTH CIIOKHBIX TEXHUIECKHUX cucTeM. Advanced Engineering Research (Rostov-on-Don).
2025;25(2):112—-119. https://doi.org/10.23947/2687-1653-2025-25-2-112-119

Introduction. Technological progress and the constant complication of technical systems and equipment make
reliability a key factor in determining the efficiency of their operation. The importance of providing the required level of
reliability of complex technical facilities is due not only to the possible emergence of economic costs, but also to the
evolution of safety threats to people and the environment.

Conducting strength calculations when designing machines shows the adoption of significant reserve factors of parts,
eliminating the possibility of breakdowns. Therefore, it can be mistakenly assumed that malfunctions and failures are
caused by errors in design and/or low quality of manufactured mechanisms. Indeed, miscalculations by designers and
calculators, poorly manufactured parts or materials can be the cause of individual breakdowns and malfunctions [1].
During the refining process, the vast majority of errors are eliminated, but this does not lead to a significant increase in
the reliability of the machine [2].
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As previously conducted studies show, the causes of failures are random, and the factors affecting the level of randomness
may include changes in the following parameters: the interval between failures, the order of failure of parts or units, the time it
takes to restore the machine functionality, etc. Therefore, a machine, as a complex system, exhibits various degrees of
uncertainty while in operation, which is associated with entropy and makes it a probabilistic system [3]. The conducted analysis
of the literature showed insufficient elaboration of the issue of monitoring the level of dependence of the reliability of a complex
system not only on the operation process, but also on the manufacturing of the components of the system.

The method of managing the reliability level of technical systems with targeted identification of the entropy of the
causes of failures, linking the design, material, size, manufacturing technique and operating features of parts, will allow
predicting the frequency and intensity of failures, and this will have a positive effect on the level of failure-free operation
of the entire mechanism.

Therefore, the objective of the presented research is to study the method of monitoring the reliability of technical
systems through identifying the entropy of the causes of failures, that allow establishing quantitative and qualitative
relationships between the designs, materials, sizes, and manufacturing techniques of machine parts with the failures that
occur in them.

Materials and Methods. The materials for the study were data on failures of basic parts of lifting-and-shifting, road
and construction machines, obtained as a result of long-term monitoring of their condition. The analysis of such
information has confirmed that the practical level of reliability of machines is provided in the process of their design.
Certain decisions taken in the process of designing and refining machines ultimately determine their reliability as a
combination of trouble-free operation, durability and maintainability [4—5]. As practice shows, machine failures are fairly
common phenomena that affect safety and the amount of damage caused to varying degrees (Fig. 1).

( N\

Not diagnosed, cause

economic damage
F . . J/
atigue

g ( )

Not diagnosed, impact

safety
Failures

. J/
( )

Wearout _ Diagnosed, have little

impact on economic costs

Fig. 1. Reasons for machine failures

As is known, at present, reliability calculations for machine components and parts are not performed. At the same time, the
designer determines (albeit unconsciously) the reliability of parts, components and the machine as a whole — by establishing
certain dimensions and shape of parts, accepting the value of the safety margin, assigning the grade of steel, heat treatment
mode, surface purity, the nature of the mating and interaction with other parts, [6]. Therefore, the reliability parameters of
machines manufactured in strict accordance with technical specifications are completely determined by the design
organization — the author of the machine design [7].

In the process of serial production, deviations from drawings, technical conditions, obvious and hidden defects, etc., are
possible. In some cases, engineering specifications contain unclear technical conditions for the manufacture and acceptance of
parts and units, which allow for their free interpretation towards deterioration in quality. In order to eliminate obvious defects
as much as possible, prior to putting the machines into operation, they are pre-run under load [8]. However, numerous machines
do not undergo running-in due to the lack of required areas. Therefore, at the initial stage of machine operation, so-called
running-in failures occur, whose frequency depends on the quality of the machine manufacture and gradually decreases to zero.
Poor assembly quality leads to the need for additional maintenance of machines during the initial period of their operation.

It should be noted that running-in failures are caused by the most serious defects in the manufacture of machines.
However, hidden defects (poor quality of heat treatment and welding, below-standard strength of the materials used,
poorly executed sealing, etc.) manifest themselves in additional failures [9]. Thus, the design organization determines all
the parameters of machine reliability, i.e., failure-free operation, durability and maintainability throughout their entire
service life [10—12]. The manufacturer to a greater or lesser extent reduces the degree of reliability of machines, which
manifests itself mainly at the beginning of their operation.
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Even more significant damage is caused by so-called premature failures, which result in significant economic costs
and can also be dangerous to human health and life [13].

As practice shows, reliability as a science does not lose its relevance over time, and ultimately, the objective of
reliability management is to identify its quantitative parameters and actively affect them. This management consists in
making the connection between the operation of machines, their design and manufacture [14].

Issues of rational control of complex probabilistic systems of any nature (from complex automatic self-guided systems to a
living organism or community) with dynamic parameters are considered by cybernetics. These control processes include the
collection, transmission, storage and processing of information. When analyzing a complex system, information from the
external environment is also taken into account, which affects the behavior and state of the system [15]. Control is based on the
principle of feedback, which allows the controlled process to be linked to the system under consideration.

Based on the principles of cybernetics, the process of machine operation can be controlled by less downtime, reduction
of the volume of repair work and increase of the service life [16]. To provide the control process on the part of the
manufacturer and/or design institute, it is necessary to set up feedback, i.e., to get comprehensive information on the
operational reliability of the machine. To obtain reliable results, installations are used that allow resource tests to be
performed under conditions close to real ones.

The question arises about the content and specificity of information suitable for targeted management of machine reliability
for studying the method of monitoring the reliability of technical systems through identifying the entropy of the causes of failures
in order to take into account the measure of uncertainty of the physical system under consideration [17]. In cybernetics, this
value is entropy, which is defined as the sum of products of the probabilities of various states of the system multiplied by the
logarithms of these probabilities taken with the opposite sign.

H==-)"" P logP, (M

where P; — probability of the i-th state of the system; » — number of possible states of the system.

Entropy allows taking into account the amount of the eliminated uncertainty. The opposite sign shows the direction
of the processes to indicate the nonequivalence of the direct (failure occurrence) and reverse (performance restoration)
processes in real operating conditions.

Machines, as complex systems, consist of elements — parts. Each part/unit of machines can be considered as a simple
system, which is in two states: serviceable or faulty. Thus, it becomes clear that the degree of uncertainty of the operation
of the i-th part can be determined using formula [18, 19]:

H=-[K, logK,+K, logK, |, Q)
where K;,, — readiness coefficient of the i-th part; K;,, — probability of a faulty condition of a part.

The readiness coefficient of a part is determined by the following relationship:

L )

’ Ti+T;‘B’

where 7; — mean time between failures of the i-th part, i.e., its average time of nonfailure operation; 7;3 — average time
to restore the machine when the i-th part fails.
Relative duration of downtime of a part:

Kin :l_Kip7 (4)
or
T
in = . (5 )
T, +Tp
The reliability of a part is determined by its service life. If t = Tp — service life of a part, then the service life distribution law:

This function is the probability of failure of the part before moment 7p. It completely determines the reliability of
this part [20, 21].
And the distribution density of this function is called the failure rate:

g
90 = dt(t) : )
The following approximate relationship exists between the cycles to failure of a part and its reliability indicators:
2
[1-0u]
To="—my (®)

q(t)
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In the statistical reliability theory, the reliability parameters of a part are expressed by the probability of failure-free
operation F(¢) and failure rate A(f), which are determined from the following formulas:

Fy=1-0(1), ©)
_a()
M=%y (10)
Hence,
Q(,)zl—F(t), (11)
Substituting the expression for O(f) and ¢(#) into equation (7), we obtain
r(1) =24 (13)

Then, the part readiness coefficient

K = _ (14)

and the relative duration of downtime of the part

s T
Ky =T (s)
Fi(1)+2 ()T
We substitute expressions (11) and (12) into (2) and obtain an equation for the entropy of the part:
Fi(t Fi(t M) T, A(2)T;
Hl(t)z— 1() 1() 1() B 1() B (16)

() (O S F (MO F ()0 ()T S F ()40 ()T |
Understanding that the failures of machine parts are independent of each other, the machine from a cybernetic point
of view can be represented as a complex system obtained by combining simple systems — the parts that make up the
machine.
Therefore, according to the entropy addition theorem, when combining independent systems, their entropies are added
up. This means that the entropy of the machine operation is determined by the following formula:

H(t):Zm:Hi(t), an

where m — number of parts that make up a machine.
Substituting value H,(7T) here, we obtain the formula for determining the failure entropy of the entire machine:

H, (r):i{ A(1) log Al ()T log M (1) T . (18)
F(t)+M ()T " F(t)+0 ()T F(1)+0 ()T~ F()+0 ()T
The authors of the article believe that the entropy value obtained for the entire machine with a significant exhausted
resource will tend to unity.
Research Results. As an example, the study determined the entropy of one of the basic parts of a loader — a boom,
whose availability factor (probability that the loader boom is currently in serviceable condition), adopted by the
manufacturer, is equal to Kj, = 0.9, and the relative duration of downtime is K;, = 0.1. The entropy of the part, according

to dependence (2), will be

H=- [O.9log 09+0.1log O.l] =0.14.

As the readiness coefficient increases to K;, = 0.95, entropy H tends to zero:
H= —[0.95 log 0.95+0.05/og 0.05] =0.08.

If we consider the issue of replacing the boom, the duration will be approximately one work shift, but the costs in this
case will be high, since they include the purchase of a new boom (approximately 112 thousand rubles). Repairing the
boom is cheaper in terms of components, but its duration increases by an order of magnitude depending on the complexity
of the repair.
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That is, if we consider a loader boom, for which the availability factor declared by the manufacturer is equal to
Ki, = 0.9, and the relative duration of downtime is K, = 0.1, then entropy will be:
) ) 11 11
Hl(t)=—[ 0.9 log 0.9 N 0.1-10 log 0.1-10 }:
0.9-0.1-10 ~0.9:0.1-10 0.9-0.1-10 ~ 0.9-0.1-10
=—(0.4710g 0.47+0.50g 0.5) = —(0.32+(-28)) = 0.6.

Thus, the degree of impact of the uncertainty of the initial values on the final probability of failure-free operation and,
as a consequence, on the reliability of the machine is determined. A method for monitoring the reliability of technical
systems based on identifying the entropy of the causes of failures, taking into account the quantitative and qualitative
relationships between the design, material, dimensions and manufacturing technology of machine parts with the failures
that occur in them, is developed.

Discussion and Conclusion. The study of the method of monitoring the reliability of technical systems by identifying
the entropy of the causes of failures is a method of simplifying calculations, consisting in the determination of the machine
operation [5]. The use of entropy in calculations allows taking into account the amount of the uncertainty of the
relationship between quantitative and qualitative characteristics with design features, materials, dimensions, and
processes of manufacturing machine parts, and the malfunctions that arise in them.

The conducted study of this relationship shows that the entropy of the loader operation, changing over time, is
determined by the reliability characteristics and conditions of restoration of the machine components (units and parts).

The entropy of a complex machine system grows with the extension of its lifetime. This is confirmed by the increase
in the frequency of fatigue processes, plastic deformations, and the degree of wear. When a certain level of entropy is
reached, the operation of the machine is limited, and a major overhaul is performed, which helps to reduce the entropy of
the machine operation.

In the process of targeted management of the operational reliability of the machine, the accuracy of the incoming
information about the state of the system is very important. Such information should contain the actual, time-varying
reliability (failure-free operation and maintainability) of all the components of the machine — units and parts.

Obviously, achieving zero entropy of a machine as a complex system is possible not only by analyzing quantitative
indicators of component reliability, but also through identifying the causes of failures. Then, the volume of information
under study when studying a sample lot of objects (parts, units, machines), obtained under operation, increases
significantly. Conducting a special analysis allows us to determine the causes of component failures and provide clear
recommendations for their elimination.

Thus, the authors have proven that the method of monitoring the reliability of technical systems by identifying the
entropy of the causes of failures considered in the research provides for effective control of the reliability of complex
systems, taking into account not only the operational causes of failures, but also design features, materials, dimensions,
and manufacturing of parts. The application of this method of reliability control of complex systems will make it possible
to develop a reliability management system with identification of failure causes. This will make it possible to consider
the machine not as a probabilistic system, but as a deterministic system, where the change in reliability is precalculated.
Although the need for reliability management is decreasing, reliability control will probably remain an important

requirement to prevent possible errors in machine design.
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Abstract

Introduction. Trade development requires the implementation of artificial intelligence and machine learning technologies to
improve the accuracy of delivery forecasts. The scientific research published to date in this area appears insufficient for two
reasons. First, it focuses primarily on global supply chains, although the issue is relevant for local businesses as well. Second,
forecasting typically requires large amounts of data for machine learning and significant computing resources that are not
available to the majority of companies. The presented study aims to fill these gaps and demonstrate the efficiency of using open,
accessible data and known algorithms. The research objective is to describe a pattern of appropriate selection of the least
resource-intensive delivery forecasting model based on the analysis of machine learning algorithms.

Materials and Methods. The open data set DataCo Smart supply chain for big data analysis on deliveries in online trade
was used. To process and analyze the information, methods of data cleaning, eliminating multicollinearity, normalization
and coding of categorical features were applied. The following algorithms were used with the cleaned data: Decision tree,
Random Forest, k-nearest neighbors, Naive Bayes, Linear discriminant analysis, XGBoost, CatBoost, LightGBM,
AdaBoost, and Perceptron.

Results. The basic algorithm for the delivery forecasting model was the Decision Tree algorithm. This choice was due to
its high accuracy, ease of use, and low risk of overfitting. The model evaluation showed a high determination coefficient
close to one (0.986). Low values of the mean square error (0.0367) and mean absolute error (0.0324) were recorded. The
model showed satisfactory results in terms of time spent on training (3.3087 s) and forecasting (0.0051 s). Actual and
predicted values almost perfectly matched. Deviations from actual values were minimal.

Discussion and Conclusion. The proposed model is efficient and has a high predictive ability. High-quality forecasting
of delivery time is possible without the use of extensive databases and powerful computing resources. The study opens
up the prospect of high-quality organization of logistics operations for small and medium enterprises. In further research,
it is advisable to integrate weather data, traffic conditions and other indicators into the model. Using such information in
real time will increase the adaptability and accuracy of forecasting.

Keywords: delivery time forecasting model, delivery forecast for small and medium enterprises, error in delivery
forecasting, decision tree for logistics challenges
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AHHOTALMSA

Beeoenue. Pazsutre Toprosiu TpeGyeT BHEAPEHUS TEXHOIOTHI HCKYCCTBEHHOTO MHTEIUIEKTa M MAIIMHHOTO OOy4YeHus U1 10-
BBIILIEHNSI TOYHOCTH ITPOrHO30B JI0CcTaBKy. OIyOIIMKOBaHHBIE HA CETO/IHS HAyYHbIE N3BICKaHMS B 9TON 00JIACTH MPEeCTABIISIOTCS
HEZ0CTaTOYHBIMY 110 IByM IprarHam. [lepBast: paccMaTpriBatoTCst IIIaBHBIM 00pa3oM III00aIbHBIE ST ITOCTABOK, XOTSI BOIPOC
aKTyaJIeH ¥ JIjIs1 JIOKaJIbHBIX OM3HecoB. BTopas: mporHo3upoBaHue, Kak MpaBuiio, TpeOyeT OONbIIMX 00beMOB JaHHBIX IS Ma-
LIMHHOTO 00YYEeHHS ¥ 3HAYNUTEIEHBIX BEIMUCIIUTENIBHBIX PECYPCOB, HEJIOCTYITHBIX OCHOBHOM Macce KomraHuii. [IpencraBneHHoe
HCCIIEIOBAHNE TIPU3BAHO BOCIIOIHUTE 3TH IPOOEITBI M TIOKa3aTh 3(h(EKTUBHOCTH MCTIONB30BaHMS OTKPBITHIX, IOCTYITHBIX JAHHBIX
1 M3BECTHBIX aITOPUTMOB. Lleis paboThl — OmicaTh cxeMy 00O0CHOBAaHHOTO BBIOOpa HAMMEHEE PECYPCOEMKOM MOZIEIH IIPOTHO-
3UPOBaHUS JJOCTABKU Ha OCHOBE aHAJIN3a AJITOPUTMOB MAILIMHHOTO 00YYeHHS.

Mamepuanst u memoowt. Vicnonszosaicst HaGOp OTKPHITEIX JanHbIX DataCo Smart supply chain for big data analysis' o
MOCTaBKax B OHNAifH-Toprosie. [y o0paboTK M aHann3a WHGOPMAIUH 3aIeHCTBOBAIM METOABI OYMCTKH JaHHBIX,
yCTpaHeHUs! MyJbTUKOIIMHEAPHOCTH, HOPMAJIH3allMi ¥ KOAUPOBAaHMS KaTErOPHAIBHBIX NPHU3HAKOB. C OYHMIIEHHBIMH
JNaHHBIME pabotanu anroputmsl: Decision tree, Random forest, K-nearest neighbors, Naive Bayes, Linear discriminant
analysis, XGBoost, CatBoost, LightGBM, AdaBoost u Perceptron.

Pesynvmamul uccnedosanus. bazoBbIM aNrOPUTMOM UL MOJEIH NIPOTHO3UPOBAHMS JOCTAaBKH CTaJl aTOPHTM JiepeBa
peurennii (Decision Tree). DToT BBIOOP 00yCIOBICH BBICOKOH TOUHOCTBIO, POCTOTOMN UCIIOIB30BAHUS U HU3KHM PUCKOM
niepeoOydenus. OLeHKa MOJIeNH TT0Ka3aia BBICOKUH 1 Om3kuil k eaunune kodddunnent nerepmunanyy (0,986). Ipu
9TOM (PUKCHPYIOTCS HHU3KME 3Ha4eHUs cpemHekBanpatudHoi ommOku (0,0367) m cpemHeil aOComOTHON oOmHMOKH
(0,0324). Mopens mokaszaia yJI0BJI€TBOPUTEIbHBIC PE3yJIbTAaThl 0 BpEMEHH, 3aTpadeHHOMY Ha oOyuenue (3,3087 ¢) u
Ha nporaozupoBanue (0,0051 c). dakruueckue u MpeackazaHHble 3HAYEHHsI IOYTH HIeaIbHO cOBIAU. OTKIIOHEHHS OT
(aKkTHUEeCKNX 3HAUYCHHUIT OKa3aIlCh MUHUMAJIbHBIMH.

Oécyicoenue u 3axnouenue. IpemioxenHas Moaenb 3G dekTrBHA 1 001aJaeT BRICOKOH MPEICKa3aTeIbHOM CIIOCOOHO-
cThlo. KauecTBeHHOE NPOTHO3MPOBAHUE CPOKOB JOCTABKH TOBapa BO3MOXKHO 0O€3 NMpHBJIEYEHUs OOIINPHBIX 0a3 JaHHBIX
Y MOLIHBIX BBIYHCIUTENBHBIX pecypcoB. MccnenoBanne OTKpEIBAET MEPCIIEKTUBY Ka4eCTBEHHON OpraHn3aliy JIOTHCTH-
YeCKHX OIepalril U CPeJHNX U MAIIBIX NpeInpHATHI. B manbHeHINX M3bICKAaHMAX 11e1eCO00pa3HO HHTEIPHPOBATH B
MOJIeNb IaHHBIE O TIOT0/Ie, JOPOKHOM CUTyaluy U Ipyrue rnokaszareny. Vcrons3oBaHue Takoi HHOOPMALIMK B PEKIME
peaNbHOro BPEMEHH MOBBICUT aaITUBHOCTh U TOYHOCTB ITPOTHO3HPOBAHHS.

KawueBble ciioBa: MOJECJIb IMPOTHO3UPOBAHHA CPOKOB JOCTAaBKHU, ITIPOTHO3 OJOCTAaBKU [JId MaJlbIX W CPECAHUX
HpeZ[HpI/I)ITPlﬁ, OIIMOKA B IMPOTHO3UPOBAHNUU JOCTABKHU, 1E€PEBO peI_HeHI/Iﬁ JJIs1 JIOTUCTUYCCKUX 3aaa4d

BnarouapnocTn. ABTOpBI BbIpaXKaroT 6J'IaFO,HapHOCTI) peaaKuu U pCUCH3CHTAM 3d BHUMATCJIbHOC OTHOIICHUEC K CTAThE
1 3aM€4aHusl, KOTOPBIE ITO3BOJINIIN ITOBBICUTH €€ KAa9E€CTBO.

Juas mutupoBanus. Pe3sanoB B.K., Pomakuna O.M., 3aiteBa E.B. TIporno3upoBaHue CpokoB JOCTaBKH TOBapoOB B
[ETSIX MIOCTABOK C MCITOJIF30BAHUEM METOJIOB MAITMHHOTO o0yueHus. Advanced Engineering Research (Rostov-on-Don).
2025;25(2):120-128. https://doi.org/10.23947/2687-1653-2025-25-2-120-128

Introduction. In the context of trade development, the relevance of accurate forecasting of delivery time increases.
The inefficiency of traditional planning methods is due to the uncertainty related to the effect of various factors. It is
obvious that the use of artificial intelligence (Al) in logistics can significantly improve the accuracy of forecasts and
reduce operating costs. According to the international consulting organization McKinsey & Company, enterprises using
Al for supply chain management can reduce forecast errors by 20—-50%, which ultimately reduces costs by 10-15%>.

! Constante F, Silva F, Pereira A. DataCo Smart Supply Chain for Big Data Analysis. Mendeley Data. https://doi.org/10.17632/8gx2fvg2k6.5

2 «JlepeBo pelneHuii», «MeTtos ciydaiiHoro jeca», «Merton k Gmmwkaiimmx coceneit», «HaupHblii GaiiecoBckuii kiaccudukaropy, «JIuHeiHbIH
JMCKPUMHHAHTHBIA aHAIN3», «DKCTPEMAIbHbIN rpaAneHTHbIH OycTHHI», «KareropuaneHsiii 6ycTHH», «OONerdeHHbIH IPaANCHTHBIH MAIIMHHBIA
OyCTHHI», «AaJauTUBHBIH OycTHHI», «Ileprentpon» (aHri.)

3 DocShipper Group. How Al is Changing Logistics & Supply Chain in 2025? URL: https://docshipper.com/logistics/ai-changing-logistics-supply-chain-2025/
(accessed: 22.03.2025).
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Published scientific papers on this topic mainly consider large-scale, global supply chains [1]. Various approaches to
forecasting delivery time are actively discussed, but research usually focuses on complex and resource-intensive models
that are inaccessible to the majority of enterprises — small and medium-sized ones. At the same time, the problem is
indeed a challenge for local, small businesses that are badly in need of saving resources. This is facilitated by better
settings of logistics processes in general and, in particular, accurate delivery time forecasting. Companies with limited
information and computing capabilities have few tools to improve the situation. The presented study is intended to fill
this gap. The research objective is to determine the most efficient and least resource-intensive machine learning model
for forecasting delivery time.

Materials and Methods. The study used a structured dataset of sales, deliveries, customers, and financials. The open-
source DataCoSupplyChainDataset is hosted by DataCo Global in the free Mendeley Data cloud repository. The basics
in this dataset are order and delivery dates, customer information, order financials, and delivery status.

Before analysis and modeling, the data were pre-processed — cleaned and transformed. To achieve the set goal,
correlations were first identified and multicollinearity was eliminated on the basis of the correlation matrix (Fig. 1).
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Fig. 1. Correlation matrix

The matrix allowed us to identify several pairs of features with a correlation coefficient equal to 1. This indicates their
complete duplication. These pairs of features are presented below.

1. Customer _id and order_customer _id.

2. Sales_per_customer and order item_total.

3. Benefit_per order and order profit per order.

4. Order_item_cardprod_id (ID of product card in the order) and product card_id (product card ID).

5. Category_id and product_category_id.

6. Order_item_product price (product price in the order) and product price.

To eliminate duplication, the following features have been removed:

— benefit_per order;

— sales per_customer;

— order_item_cardprod id;

—order_item_product_price;

— product_category_id;

— order_customer _id.
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It was also found that the product_status (product availability) feature has only one unique value (0), i.e., the product
is always available. This feature was also removed.

To analyze multicollinearity between numerical features, the variance inflation factor (VIF) was used [2]. Features
with VIF higher than 5 indicate a strong relationship with other features, which can distort the results of the analysis and
models. To avoid this problem, such features were removed or combined. This reduced data redundancy and increased
the stability of the model.

After preliminary processing, we selected the main numerical and categorical features for further analysis and model building.

Numerical features included such indicators as sales, profit, discounts, and quantity of goods in the order. Categorical
features included delivery status, customer segment, and delivery mode.

For features with VIF above 5, further analysis was performed to identify redundant relationships. If a feature could
be expressed through others, it was replaced by a combination of simpler features. Examples are presented below.

1. Sales = product_price * order_item_quantity. Since sales revenue depends directly on the product price (product price) and
the quantity of goods (order item quantity), it is decided to use this expression to replace redundant features.

2. Order _item_discount = sales * order item discount rate. The discount on the product (order item discount)
depends directly on the volume of sales revenue and the discount rate (order item discount rate), which makes this
feature also redundant.

3. Order_item_total = sales — order item_discoun. Here, the total order amount (order item_total) is expressed
through the sales revenue and the discount on the product, which has reduced data duplication.

4. Order_profit_per_order =order_item_total * order item_profit ratio. The profit per order (order_profit per order)
is linked to the total cost of the item and the profit ratio per item (order_item_profit ratio), which makes it possible to
calculate it using other attributes.

Missing values in the order zipcode column were replaced with customer_zipcode.

The data in the days for shipping real column was converted to a normal floating-point number.

In the original dataset, the features “delivery status”, “customer segment”, and “delivery mode” were categorical,
which made it difficult to use numerical machine learning models. Using the Label Encoder* method, these features were
converted to a numeric format:

— the categories “shipped”, “in transit”, and “delivered” of the delivery status feature were mapped to values 0, 1,
and 2, respectively;

— the categories of the customer segment feature were also assigned unique numeric values.

The described approach provides preserving the differences between categories, and at the same time using the
categories in the machine learning process.

When selecting the optimal machine learning model for predicting delivery time, a number of machine learning
algorithms were implemented. Decision tree [3] is one of the most common machine learning algorithms used for tasks
related to decision making based on a set of features. Taking into account the values of some features, the algorithm
divides the data into smaller subgroups and then structures them in the form of a decision tree.

The algorithm works as follows.

1. Before the first step, the root node of the decision tree contains the source dataset.

2. At each step of the algorithm, a feature is selected that provides the most efficient division of data into subsets and
one or more of its threshold values. The data is divided into groups according to the selected feature values. The process
is repeated until leaf nodes that contain the final solutions and are not subject to further decomposition are reached.

Thus, each node of the tree is a decision point at which the data is divided on the basis of the value of some feature.
The branches of the tree correspond to the possible results of such a division.

The key point of the algorithm is the determination of the data partitioning feature at each step.

Preliminary experiments showed that the Gini criterion provided the best accuracy of data partitioning within the
framework of the task, therefore it was used in the presented work.

To determine the optimal algorithm, Random Forest [4], K-Nearest Neighbors [5], Naive Bayes [6], Linear Discriminant
Analysis [7], XGBoost [8], CatBoost [9], LightGBM [10], AdaBoost [11] and Perceptron [12] were tested on the prepared data
set. These algorithms were selected due to their widespread use and proven efficiency in solving forecasting problems. Each
model was tested on the same dataset after the same preprocessing procedure. To evaluate the efficiency of the models, the
following metrics were used: R? (determination coefficient), mean square error (MSE), mean absolute error (MAE), as well as
the time spent on training and forecasting. The listed metrics provide for an objective comparison of the accuracy and resource
intensity of the algorithms, and the selection of the optimal model for forecasting delivery time.

4 Label Incoder: the method transforms data representing categorical values into integers 0, 1, 2, etc., corresponding to each category.
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Research Results. Figure 2 shows the quality assessment of the models described above using the metrics listed.
Decision Tree and Random Forest demonstrated the highest accuracy. However, the simplicity and interpretability of
Decision Tree, as well as its lower tendency to overfitting [13] compared to more complex models, should be taken into
account. In this regard, the Decision Tree algorithm was used to predict the delivery time of goods.
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Fig. 2. Model quality assessment:
a — model quality assessment using R? metric; b — model quality assessment
using MSE metric; ¢ — model quality assessment using MAE metric;
d — training time, s; e — prediction time, s
Thus, testing the Decision tree model gave the following results:
— determination coefficient — 0.986;
— mean square error (MSE) — 0.0367;
— mean absolute error (MAE) — 0.0324;
— training time — 3.3087 s;
— prediction time — 0.0051 s.
High R? value and low MSE and MAE values indicate high accuracy and efficiency of the model.
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Consider the agreement between the actual values and the values predicted by the model (Fig. 3).
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Fig. 3. Actual vs. predicted values chart

As you can see, the blue dots (predicted values) are located close to the red dashed line, which is the line of perfect
agreement between the actual and predicted values. This indicates high accuracy of the prediction of values. This
indicates high accuracy of the prediction of values.

The dense arrangement of dots along the dashed line refers to the absence of significant biases towards overestimation
or underestimation of indicators. This shows a balance between the predicted and actual values.

The clustering of points along the diagonal suggests that deviations from the actual values are minimal. Thus, we can

reasonably speak of extremely minor errors and high predictive ability of the model.

Discussion and Conclusion. The experimental results have shown that the decision tree-based model is capable of
predicting the delivery time of goods with high accuracy. This is confirmed by high R? values and low MSE and MAE
values. It was also established that the model was trained and made a forecast quite quickly, i.e., it was well suited for
use under real conditions. In this sense, it is especially valuable that the operations have been implemented with minimal
computational resources.

Let us note the basic conditions for achieving good results:

— high-quality data preprocessing;

— elimination of multicollinearity;

— application of optimal data partitioning criterion.

The scientific significance of the presented research should be considered from both theoretical and applied
perspectives. In the first case, we are talking about the possibility of successful application of simple and effective
machine learning models in logistics. It is shown that these models can provide the required accuracy of forecasts,
significantly reduce operating costs, and optimize enterprise resources. The authors of the presented paper select from
nine algorithms, each of which may be optimal for solving one or another logistical (or, more broadly, economic) problem
of the enterprise. We will list only some of the logistical problems that can be attempted to be solved using the approach
described in this paper:

— selection of delivery scheme taking into account requirements for product freshness;

— selection of delivery scheme taking into account the costs of fuels and lubricants;

— optimization of purchases taking into account warehousing costs;

— formation of salary policy in the logistics department;

— forecasting the liquidity of goods.

This leads to the second — applied — potential of the scientific research described in the article. The expected final
practical effect is better controllability and profitability of logistics. This is especially important for small and medium
businesses. Large corporations employ their own staff of analysts and programmers, create their own databases or
purchase exclusive information to build effective logistics. Small companies can use the data sets and known algorithms
they have accumulated in the course of their work for the same purposes. However, we note that the proposed approach
can also be used as a basic model for more complex supply chain management systems.
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Further research could focus on integrating additional data sources, such as current traffic conditions, weather
conditions, and macroeconomic indicators. Using this information in real time could improve the forecast accuracy and
adaptability of models.
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Abstract

Introduction. Compounds with lanthanum and neodymium (La,Zr,O7and Nd»Zr,0O7) have low thermal conductivity, high
permittivity and melting point, stability and resistance to defects. They can be used for thermal insulation of metal
components in turbines and air engines. Also, these compounds are widely studied from the point of view of the
development of materials science, particularly, for the improvement of laser technology and optics. However, the physical
properties of La,Zr,O7 and Nd,Zr,O7 have not been sufficiently studied experimentally. This gap is intended to be filled
by the presented study. The research objective includes model calculations of the electronic structure and optical
properties of La,Zr,O7and Nd»Zr,0.

Materials and Methods. Based on model calculations within the framework of the density functional theory, the electron-
energy structure of pyrozirconates La,Zr,O;and Nd»Zr,O7, containing Zr and having the crystal structure of pyrochlore
was investigated. The parameters of the crystal lattice of La,Zr,O- taken from the literature were used in the calculations.
Due to the lack of experimental data, the parameters for Nd,Zr,O7 were calculated by minimizing the forces acting on the
atoms of the compound. A combined exchange-correlation potential was used, taking into account the strong interactions
of d- and f-electrons of La and Nd atoms with a correction in the form of a modified Becke-Johnson meta-potential.
Wien2K software package was used for the calculations.

Results. The densities of electron states of all atoms of the studied compounds were obtained. The calculated densities of
valence electron states of the compounds were compared to the experimental X-ray photoelectron spectra. At zero energy,
the optical characteristics of La;Zr,O7 and Nd»>Zr,O; were calculated. Firstly, it was the permittivity: for La,Zr,O; — 8.4334,
for Nd»Zr,O; — 8.501; secondly, refraction: for La,Zr,O; — 2.904, for Nd,Zr,O; — 2.916; thirdly, reflection: for
LayZr,07— 23.786%, for Nd»Zr,O; — 23.935%. High optical absorption coefficient (>10° cm™') was recorded in the ranges:
from 5 to 14 eV, from 14 to 28 eV, and from 28 to 40 eV. Peak extinction values were in the ranges from 5 to 13 eV, from
14 to 28 eV, and from 28 to 40 eV. La,Zr,O7 and Nd,Zr,O; crystals could absorb photons in a wide energy range (4—10 eV).
Discussion and Conclusion. The study supplemented the concept of the properties of La,Zr,O7 and Nd>Zr,07 with new
experimental data. The densities of electron states and optical spectra of La,Zr,O7 and Nd>Zr,O7 compounds were
calculated. This made it possible to explain features of the experimental X-ray photoelectron spectra of the compounds.
In the approximation of the modified Becke-Johnson potential, the values of the widths of the forbidden bands of the
compounds corresponding to the experimental ones were obtained. The research is fundamental and can open up prospects
for creating more efficient, reliable and functional materials, laser and optical devices.

Keywords: clectron energy structure, properties of the pyrochlore group, modified Becke-Johnson meta-potential,
lanthanum and neodymium pyrozirconates, optical properties of La>Zr,O7 and Nd»Zr,O7, X-ray photoelectron spectra
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0pu2uHCUZbHO€ meopemu4ecKkoe ucciedosanue

Ab initio pacueTbl 3JIECKTPOHHO-IHEPreTHYECKOH CTPYKTYPhI M ONITHYECKUX CBOMCTB
NHPOLUMPKOHATOB JIAHTAHA U HEOAUMA
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AHHOTANNA

Begeoenue. Coennnenus c gantaHoM 1 HeomuMoM (LaxZr07 1 NdoZr,O7) obnanatoT HU3KOH TEIIIONPOBOAHOCTBIO, BBICOKOM
JIMDJIEKTPUYECKOH IPOHULIAEMOCTHIO M TEMIIEPaTypOH IUIaBICHHs, CTAOMIBHOCTBIO M YCTOHYHNBOCTBIO K AeekTam. MIX MoKHO
NPUMEHSITh IS TEIUION30JISIIMHA METAJUTMYECKUX KOMIIOHEHTOB B TypOMHAX M BO3/YIIHBIX JBUTATeNsX. Takke yKazaHHbIC
COETMHEHHS IIHPOKO UCCIIERYIOTCS C TOUKH 3PEHHS Pa3BUTHSI MaTepHaIOBEICHNS, B YACTHOCTH COBEPILICHCTBOBAHUS JIa3ep-
HOI TexHukH 1 onThku. OnHako ¢uzuueckue cBoicTBa LarZr07 u Nd»Zr,O7 HeoCTaTOUHO IKCIEPHUMEHTAIBHO H3yYEHBL.
OTO0T TIpO06ENT MPH3BaHO BOCHOHUTH MPECTaBICHHOE UccienoBanue. Llems paboTel — MoJenbHbIe pacyeThl SIEKTPOHHON
CTPYKTYPHI U ONITHYECKUX CBOICTB La,Zr,0O7u Nd»Zr,Oy.

Mamepuansvt u memoodst. Ha 0ocHOBE MOIETBHBIX PACUCTOB B PAMKaX TEOPHH (PYHKIMOHAJIA TUIOTHOCTH HCCIIEOBaHA
AJIEKTPOHHO-3HEPTETHYECKAs CTPYKTYpa MHPOIUpPKOHATOB La,Zr,07 1 Nd»Zr,O7, comeprkamux Zr 1 IMEIOIIUX KPUCTA-
JMYECKYIO CTPYKTYpy NMHUpOXJopa. B pacuerax McHonb30BaliCh B3STHIE M3 JINTEPATYPHI MapaMeTphl KPUCTATHIECKON
pentetku LayZr,O7. M3-3a OTCYTCTBHS 3KCIIEPUMEHTATBHBIX JaHHBIX mapaMeTphl 1t Nd,Zr,O7 paccUuThIBAINCH Yepes3
MHHUMH3ALUIO CUJI, AEHCTBYIONINX Ha aTOMBI coeuHeHus. [IpuMensiercss KoMOMHUPOBaHHBIH 0OMEHHO-KOPPEISIIMOH-
HBIH TIOTEHIMAJ, YYUTHIBAIOIINI CHIIbHBIE B3aUMOAEHCTBUS d- U f-3rekTpoHoB atroMoB La 1 Nd ¢ monpaBkoii B ¢popme
Moau(HUIIPOBAHHOTO MeTanoTeHIrana beke-/l)xoncona. J[ist pacyeToB HCITOIB30BAIICS MaKkeT IporpamMm Wien2K.
Pezynomamut uccneoosanus. 11orydeHsl INIOTHOCTH JIEKTPOHHBIX COCTOSIHUN BCEX aTOMOB HCCIIEIOBAHHBIX COEIHMHE-
Huil. CpaBHUBAIOTCS PACCUUTAHHBIC TUIOTHOCTH BaJICHTHBIX DJIEKTPOHHBIX COCTOSHUN COCIMHEHUH C SKCIEPUMEHTAb-
HBIMU PEHTTEHOBCKUMH (DOTORIIEKTPOHHBIMHA CcTIeKTpaMH. [Ipu HyJIeBO#t SHEPTHU pacCUYUTAHBI 3HAUCHUS ONTHIECKHUX Xa-
pakrepuctuk LarZr,07 u Nd»Zr,O7. Bo-miepBbIX, 3T0 AMAIEKTpHYECcKast MPOHULIAEMOCTh: s LaZr,07 — 8,4334, mns
Nd,Zr,07 — 8,501. Bo-BTophIX, npenomienue: it La,Zr,O7 — 2,904, mnst Nd>Zr,07 — 2,916. B-TpeThux, OTpaskeHHe:
1 LayZr,O7 — 23,786 %, musa NdaZr,O7 — 23,935 %. Belcokuii onTuueckuii ko3 duiment mornomenus (>10° cv')
¢ukcupyercs B obnactsix: oT 5 1o 14 3B, ot 14 10 28 5B 1 o1 28 10 40 5B. [11KOBbIE 3HAUEHHST SKCTHHKIUH TIPUXOJSTCS
Ha oOsacti ot 5 10 13 3B, ot 14 10 28 3B u ot 28 10 40 3B. Kpucramnsr La;Zr,07 u Nd»Zr,O7 MoryT noriommars (OTOHBI
B IIMPOKOM Jnana3oHe suepruit (4—10 sB).

Obcysrcoenue u 3axknrouenue. ViccienoBanue JOMOTHUIO TPeACTaBICHUS 0 cBoicTBax La,Zr,0O7 u Nd»Zr,O7 HOBEIMHU
SKCIEPUMEHTATBHBIMU JTaHHBIMU. PaCCUMTaHBI TNIOTHOCTH 3JIEKTPOHHBIX COCTOSHUI U ONTHYECKHE CIIEKTPHI COeIUHE-
Hui La,Zr,07 1 Nd2Zr;O7. 9T0 TI03BONMHIIO OOBAICHUTE OCOOCHHOCTH AKCIEPUMEHTAIBHBIX PEHTTEHOBCKHUX (POTOAIICK-
TPOHHBIX CIIEKTPOB COCTUHEHNH. B mpuOmmkeHnn MoIupUIAPOBaHHOTO MOoTeHIana beke-/[’KoHCOHA TIOTy4YeHBI 3Ha-
YeHUS IIHUPHH 3alPEIIeHHBIX TT0JIOC COSAMHEHUI, COOTBETCTBYIOIIHE SKCIIEPUMEHTATBFHBIM. VIcciienoBaHre OTHOCUTCS K
(hyHIaMEHTAIEHBIM U MOXET OTKPBITH IMEPCIIEKTUBBI co3IaHus Oolee d((EKTUBHBIX, HANCKHBIX M (PYHKIIMOHAITEHBIX
MaTepHaIIOB, JIA3EPHBIX ¥ ONITHYECKUX yCTPONUCTB.

KurodeBble cjioBa: 3JIEKTPOHHAsT YHEPTETHUCCKAsT CTPYKTypa, CBOWCTBA TPYIIbBI MUPOXJIOPOB, MOIUGUIIMPOBAHHBIN
MeTamnoTeHnuai beke-Jl)xoHcona, ontuaeckue cBoiicTBa LaxZr,07 u Nd,Zr,0

BaarogapHocTH. ABTOPBI BBIPOKAIOT OJaroJapHOCTh PEICH3CHTAM, Ybsl KPUTHYECKAs OICHKA MPEICTaBICHHBIX
MaTepHaJIOB M BHICKa3aHHbIE MPEII0KEHUS 10 X COBEPIICHCTBOBAHUIO CIIOCOOCTBOBAIIM 3HAUNUTEIFHOMY ITOBBIIIICHUIO
Ka4yeCTBa CTaTbU.

Jdas umtupoBanusi. JlaBpeHtoeB A.A., ['abpenpsn b.B., Tyan By Ban, KanmeikoBa K.®@. Ab initio pacders
9JIEKTPOHHO-YHEPIeTHYECKON CTPYKTYPhl M ONTHYECKHX CBOWCTB IHPOLMPKOHATOB JIaHTaHa W HeonuMma. Advanced
Engineering Research (Rostov-on-Don). 2025;25(2):129-141. https://doi.org/10.23947/2687-1653-2025-25-2-129-141
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Introduction. Lanthanum and neodymium pyrozirconates — La;Zr,O7 and Nd»Zr,O7 — belong to the pyrochlores group.
The general formula of these materials is A,B>O7. A and B are metallic cations that can be trivalent (like La and Nd), tetravalent
(like Zr), divalent, and pentavalent [1]. Pyrochlores have high dielectric constant. They exhibit unique magnetic [2], chemical,
mechanical and electronic [3] properties. Due to this, they can be used as:

— ceramic coatings of thermal barriers, gas sensors, metal oxide transistors;

— solid electrolytes in fuel cells [4];

— immobilization carriers of actinides in nuclear waste;

— catalysts of oxidation reactions [5];

— elements of magnetic devices.

The research described in this paper was conducted taking into account the development of new technologies in the
laser technology, optics and materials science [6]. The results of the work may open the way to the creation of more
efficient, reliable and functional devices [7]. The studied oxides of complex chemical composition have significant
stability, high melting point, high coefficient of thermal expansion [8], low thermal conductivity, excellent ionic
conductivity, and resistance to defects [9]. From the practical perspective, it is important to use pyrochlores Ln,Zr,O7 as
coatings to provide thermal insulation of metal components from hot gases [10] in turbines of marine electric generators
and in aircraft engines [11].

Numerous papers (e.g., [12]) investigated physical properties of pyrochlores, including mechanical and thermal ones.
However, some of their properties are very difficult to evaluate and explain due to their strong dependence on the
stoichiometry of the samples [10]. Calculations of the electron-energy structure of various pyrochlores were performed
within the framework of the density functional theory (e.g., [13]). These calculations used exchange-correlation potentials
obtained in the local density approximation, the generalized gradient approximation, and pseudopotentials.

In [13], the importance of the Hubbard correction in calculating the unoccupied d- and f-states of heavy atoms is noted [14].
Nevertheless, even taking into account the correction, the width of the forbidden band obtained in the calculations often turns
out to be smaller than the experimentally observed one [15]. Additional corrections must be taken into account, and this is
exactly what the authors of the presented work have done.

Thus, additional experimental and theoretical studies on the electron-energy structure and physical properties of
pyrochlores are quite relevant and have practical significance.

Let us consider the crystal structure of pyrochlore La,Zr,O7 (space group Fd-3m, Z = 8) with the general formula
Lny**Zr;* 01402 (O1 and O2 are oxygen atoms located in different crystallographic positions). It can be described as a
structure of defective fluorite, in which the cations form a face-centered cubic (fcc) lattice, and 1/8 of the oxygen atom
positions are unoccupied to provide charge neutrality (Fig. 1).

2,622 2333

2.104 ‘—I

a) b) ) d)

Fig. 1. Crystal structure and immediate environment of atoms in pyrochlore LaxZr207:

a — unit cell in compound LaxZr>07; b — immediate environment of La atom;
¢ — immediate environment of Zr atom; d — immediate environment of oxygen atoms O1 and O2.
Distances between atoms are given in A

Atoms in the crystal structure of La,Zr,07 are distributed over four unique crystallographic positions:

— La cations are in Wyckoff positions 164,

— Zr cations are in positions 16¢;

— oxygen Ol is in position 48f;

— oxygen O2 is in position 8b.

The positions of 8a nodes (1/8, 1/8, 1/8) are not occupied at all. Oxygen ions O2 in 85 nodes (3/8, 3/8, 3/8) are stable
and tetrahedrally coordinated by the rare earth element cations La.
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Oxygen ions O1 in positions 48f (x, 1/8, 1/8) are shifted towards the neighboring empty nodes 8a, and they are
surrounded by two La cations and two Zr cations (Fig. 1) [16]. The immediate environment of La cations consists of six
oxygen atoms O1 (positions 48f) and two oxygen atoms O2 (positions 8b). La-O2 interatomic distance is shorter than
La-O1 distance. Zr cations (Fig. 1) are surrounded by six Ol atoms (positions 48f), located at equivalent distances in
trigonal antiprisms with 3m (Ds4) point symmetry.

The crystal structures of Nd»>Zr,O7 and La,Zr,O7 compounds coincide. Table 1 shows the crystal lattice parameters of
the studied pyrochlores Ln,Zr,O; (Ln = La, Nd) with the space group Fd-3m, for which a=b=c, a = =y =90°. For
LayZr,07, parameter a and the coordinates of oxygen O1 are taken from [15], and for Nd»,Zr,O7, they are calculated. The
total energy of the crystal with different values of a was calculated, and the optimal value corresponding to the minimum
of the total energy was determined. Then, the oxygen atoms were displaced within the unit cell and the position, for which
the forces acting on the atoms became minimal, was determined.

Table 1
Crystal Structure Parameters of the Studied Compounds
Compound, lattice parameter | Wyckoff symbols x/a y/b z/c
La:Zr;07a =10.793 A [15]
La 16d 0.50000 0.50000 0.50000
Zr 16¢ 0.00000 0.00000 0.00000
01 48f 0.33002 0.12500 0.12500
02 8b 0.37500 0.37500 0.37500
Nd>Zr,07 a = 10.6565 A
Nd 16d 0.50000 0.50000 0.50000
Zr 16¢ 0.00000 0.00000 0.00000
01 48f 0.33520 0.12500 0.12500
02 8b 0.37500 0.37500 0.37500

Thus, some physical properties of pyrochlores, as well as the structure of compounds Nd,Zr,O7 and La,Zr,0O7, have
been considered in scientific literature in sufficient detail. However, physical properties of La,Zr,07 and Nd»Zr,O7 have
not been sufficiently studied experimentally. The presented research is intended to fill this gap. The objective of the work
is to perform model calculations of the electronic structure and optical properties of La;Zr,O7 and Nd2Zr,05.

Materials and Methods. Ab initio calculations of the electron-energy structure (EES) of La,Zr,07 and Nd»>Zr,O7 were
performed within the framework of the density functional theory. The method of augmented plane waves with the addition
of local orbitals APW+lo was used. For the implementation, WIEN2k [17] software package was applied, which used a
full potential that did not have a predetermined form, such as muffin-tin potential.

When constructing the attached plane wave, we used the expansion by / inside the atomic sphere up to /. = 10. The
following radii of the atomic spheres were used in the present calculations: Ria =2.24 a.u., Rysy=2.26 a.u.,
Rz =1.96 a.u., Roy=1.78 a.u. (1 a.u. = 0.529117 4). The series of the expansion in plane waves was interrupted at the
values of the wave vector determined by the relation R¥.k,... = 7, where R,.;,, — radius of the minimal atomic sphere.
The charge density decomposed into a Fourier series up to value Gua = 12 (a.u)™!. The densities of electron states were

obtained through integrating over 1,000 l;points in the irreducible Brillouin zone (BZ) using the tetrahedron method [18].
The self-consistency procedure was carried out until the change in the integral charge ¢ = [|p, — p. 1|dr became less than
q <0.0001. Here, p,i(r) and p,(r) are the electron densities obtained at iterations n—1 and n, respectively.

To calculate the exchange-correlation potential, the following were used:

— generalized gradient approximation (GGA) in the parameterization proposed in [19];

— modified Becke-Johnson potential, mBJ [20].

In addition to the above exchange-correlation potentials, the EES calculations took into account the strong Coulomb
interaction of /- electrons at one node Nd [21] in PBE+U approximation [22] with U = 5eV. Thus, in the final version, the
exchange-correlation potential models were used PBE+U and mBJ+U [23].
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Nd»Zr,O7 has an incomplete 4f-shell with four f~electrons, therefore, a spin-polarized EES calculation was performed.
For La, Nd and Zr atoms, spin-orbit coupling (SOC) was taken into account. It resulted in splitting:

— 5p-states of La and Nd into 5p1» and 5ps,; states;

— 4pS-states of Zr into 4p1, and 4ps,, states.

Research Results. The paper calculates the total and partial densities of electron states (DOS). Atom La has
no f-electrons, while atom Nd has four f~electrons. Despite this difference, in the first approximation, the calculated total
densities of electron states and the experimental X-ray photoelectron spectra of the valence bands of the studied
compounds demonstrate a similar structure — four regions reflecting the contributions of s-, p-, d- and f-electrons of
different elements [23].

Figure 2 provides comparing the experimental X-ray photoelectron spectrum (XPS) to the calculated total and partial
densities DOS for compound La,Zr,07, and Figures 3—5 — for Nd,Zr,O5. Zero of the energy scale corresponds to the top
of the valence band Ey. The spectra were obtained at the Frantsevich Institute for Problems of Materials Science, National
Academy of Sciences of Ukraine (Kyiv). The experimental features and equipment are described in [24].
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Fig. 2. Total and partial densities of states (DOS) calculated in GGA-PBE-SOC
approximation in comparison with experimental X-ray

photoelectron spectrum (XPS) of valence band of compound LaxZr>07

In Figure 2, in compound La,Zr,O7, region 1 is shown— the upper part of the valence band from 0 to 4 eV. This region is
formed mainly by 2p-states of oxygen with a small admixture of 4d-states of Zr, Ss-states of Zr, and 6s- and 5d-states of La.

Information Technology, Computer Science and Management

133



Lavrentyev AA, et al. Ab initio Calculations of the Electronic-Energy Structure ...

60

2 40
5
Q
a
=
=
z
< 20
0 TrT Elll[lllll I1TI]TI1SI'
—40 =30 —20 -10 0 10
Energy, eV
Fig. 3. Total densities of states (DOS) calculated in GGA-PBE+U+SOC
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Fig. 4. Total and partial densities of states (DOS) of electrons for spin up in Nd2Zr207
calculated in GGA—PBE+U+SOC approximation
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Here, in Nd»>Zr,0y, at the top of the valence band, f-states of Nd with spin up are located. X-ray photoelectron spectrum
(XPS) confirms the calculation. It is seen that the broad peak closest to the top of the valence band with elements 4, and 4>
in La,Zr;,07 and 4 in Nd,Zr,O7 corresponds to 2p-states of oxygen atoms O1 and O2.
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Fig. 5. Total and partial densities of states (DOS) of electrons for spin down in Nd2Zr207
calculated in GGA—PBE+U+SOC approximation

In regions 2, 12-18 eV from E, in XPS, there is also a broad peak with features Bi, B> and C for La,Zr,O7 and B for
Nd»Zr,O7. The theoretical calculation shows the entire fine structure that forms the peak in XPS. 5pS-states of La and Nd
are split into 5p1,- and 5psp-states. This splitting is already evident in free atoms La and Nd [25].

The spin-orbit splitting in a free atom is also present in a solid (Fig. 2) in the third panel from the bottom for the partial
states of La. It is the spin-orbit splitting of the Sp-states of La that leads to the splitting of the 2s-states of oxygen. This is
clearly seen in the very bottom panel of Figure 2, where the partial states of oxygen are shown. As Figure 2 shows, in the
energy region ~12—-18 eV, the deep-lying 5p-states of La interact with the 2s-states of oxygen. This interaction of deep-
lying states in a solid is unusual and is related primarily to:

— spin-orbit splitting of the 5p-states of La;

— the fact that the 2s-wave function of oxygen is spatially and energetically strongly stretched.

The presence of structural elements B, B> and C in the X-ray photoelectron spectrum coincides well with the
calculations of the peak in the partial densities of the electron states of La and O.

The third energy region (from 24 to 27 eV) from E\, — peaks D; and D> in the X-ray photoelectron spectrum of La,Zr,O,
C — in the spectrum of Nd»Zr,O7. This region corresponds to the 4p-states of Zr, which are split in the atom into:

— 4pip-state with energy 35 eV (MV2);

— 4psp-states with energy 33 eV (V).

In the XPS curve of La,Zr,07, the splitting of the 4p-states of Zr is manifested as an asymmetry of the lines with
elements D; and D;.

The deepest states of the valence bands of La,Zr,07 and Nd>Zr,O5 are already semi-core states. The fourth energy
region in the XPS spectrum (small peak £ in Fig. 2, 3) is the S5s-states of La and Nd. Note that La 5s-state in La,Zr,O7 s
not split compared to the 5s-states of Nd with different spin directions (Fig. 3). The splitting of the 5s-states of Nd for
spin up and spin down occurs under the action of the internal magnetic field. It is created by four 4f-electrons, which are
aligned identically with spin up according to Hund's rule [26]. The broad influx of D in the XPS spectrum (Fig. 3)
corresponds to the 5s-states of Nd.

The energy distribution of the electron states in the valence band La,Zr,0O correlates well with the electronegativity
(EN) values of the elements [27] included in this compound (Table 2).
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Table 2
Electronegativity of Elements Included in the Compounds under Study [27]
Element (0] Zr La Nd Sm Eu Gd
EN 3.44 1.33 1.10 1.14 1.17 1.20 1.20

Thus, oxygen has the highest EN (3.44), therefore, it is quite natural that the upper part of the valence band is formed
by the 2p-state of O. The admixture of the 4d- and 5s-states of Zr to the 2p-states of oxygen is insignificant, since
the Zr-O1 bond is predominantly ionic in nature. The electronegativity of oxygen (EN = 3.44) is significantly higher than
that of Zr (EN = 1.33). Due to this, the 4d- and Ss-electron densities of Zr are apparently attracted to the oxygen atom
(O1), which is typical for the octahedral environment of the Zr atom by O1 atoms. There are also six O1 atoms in the
environment of the La atom. The electronegativity of La (EN = 1.1) is significantly less than ENS = 3.44. Admixture of
5d- and 6s-states of La is almost not observed. The bond between La and O1 atoms is predominantly ionic in nature, the
share of covalence in this bond is very small.

The bottom of the conduction band in both compounds is formed mainly by unoccupied f- and d-states of La/Nd, as
well as d-states of Zr (Fig. 2, 4, 5).

A well-known problem of calculations using the exchange-correlation potential in the GGA-approximation is the
underestimation of the obtained value of the band gap. For some non-conducting compounds, the calculations even give
a conducting state or, as in the case of Nd»>Zr,0Oy in this calculation, a zero value of the band gap. Taking into account the
strong interaction of /- electrons in Nd atom, e.g., within the framework of the LDA+U (or GGA+U) approximation in the
EES calculations of Nd»Zr,07, leads to the appearance of a small forbidden band, but the value close to the experimental
one can be obtained either in calculation schemes that consider multi-electron phenomena, or by using hybrid or
metapotentials, such as the modified Becke-Johnson potential (mBJ) [28].

Table 3 gives the values of the widths of the forbidden bands E,. They were calculated taking into account the spin-orbit
splitting (SOC) of the electron states in the La and Nd atoms in the GGA—PBE approximations for La,Zr,O7 (GGA—PBE+SOC)
and GGA+PBE+U+SOC (with U = SeV for 4f-states of Nd) for Nd,Zr,0O5.

Table 3
Calculated Values of the Widths of Prohibited Bands £,
Compound Exchange-correlation potential Eq eV
La,Zr,07 GGA-PBE+SOC 3.928
Nd»Zr,04 GGA-PBE+U+SOC 3.393

The complex dielectric function g(®) = &;(®) + iex(w) — the most important characteristic for calculating the optical
response of materials to electromagnetic impact. The dielectric function, in principle, should include both transitions
between bands and transitions within a band. Interband transitions are divided into direct and indirect. In these
calculations, two factors are ignored. The first is intraband transitions, since they are important for metals, and the
compounds under study are semiconductors. The second is the contribution of phonons and other quasiparticles included
in indirect interband transitions. Only direct transitions between occupied and unoccupied states are considered. The cubic
symmetry of the pyrochlore crystal structure determines only three non-zero (diagonal) elements of the dielectric tensor,
and the values of all three of these elements are the same.

The calculated curves of the actual €)(®) and imaginary &x(®) parts of the permittivity for La,Zr,O7 and Nd»Zr,O7 are
shown in Figure 6.
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Fig. 6. Calculated actual (1) and imaginary parts of permittivity: @ — LaxZr207; b — Nd2Zr207

Energy, eV


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2025;25(2):129-141. eISSN 2687—-1653

The spectral peaks of the absorbing part of the dielectric function correspond to the allowed dipole transitions between
the valence band and the conduction band. To identify the fine structure elements, it is required to compare the values of
the optical matrix elements. The observed structures correspond to those transitions that have large values of the optical
matrix dipole transition elements. When calculating e,(®), only dipole transitions within the atom, i.e., without crossover
transitions, were taken into account. The interpretation of peaks 4, B, C, D, E, F in Figure 6 for €2(®) is given in Table 4.

Table 4
Interpretation of Major Peaks (o)

Compound Peak Energy, eV Atom Transition
A =5 o p — s(d)
B =8 0] p—s
C ~ 10 o p—s
LaZZr207
o p—s
D =20
La 5p—d
E ~30 Zr 4p —d
A 5.07 0] p—s
B 7.8 o p—s
C 10.2 o
Nd2Zr,0 P
D 19.09 o p—s
E 24.02 Nd 5p—d
F 30.11 Zr 4p — d

Figure 6 shows the process when electrons of p-symmetry in the upper part of the valence band (peak A4 in XPS) pass
to states of s- and d-symmetry in the conduction band of the oxygen atom. This is how the highest peak of the curve of
the imaginary part of the dielectric function &,(®) is formed, covering the range 5-8 eV.

The second and third highest peaks of the curve e,(w) — B and C with energies 8.28 and 9.86 eV, respectively. They
are caused by transitions of oxygen valence p- electrons to free states of oxygen s-symmetry. Let us consider the wide
maximum D on the curve &(®). The “picket-fence” of small additional peaks appeared due to transitions of oxygen
s-symmetry electrons to free states of oxygen p-symmetry. In addition, in peak D (energy~20 eVB), there is a contribution
from the transitions of the valence 5p-electrons of La to the vacant d-states of La in the conduction band. Finally, small
peak E (energy~30 eV) corresponds to the transition of the valence 4p-electrons of Zr to the unoccupied d-states of Zr.
At zero energy, the calculated value €,(0) for La,Zr,07 is 8.4334, and for Nd»Zr,O7; — 8.501.

All other optical properties can be derived from €)(®) and ex(®). These include, for example: absorption coefficient a(®),
refractive index n(®), extinction coefficient k(®), optical reflectivity R(w), and energy loss spectrum L(w) [28].

The high optical absorption coefficient a(w) > 10° cm™' [29] is recorded in three clearly defined regions: from 5 to 14
eV, from 14 to 28 eV and from 28 to 40 eV (Fig. 7). Apparently, such absorption may indicate the potential of using
thin-film elements from La,Zr,O7 and Nd»>Zr,0O.

a(w), 10*ecm™ a(w), 10* cm™
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Fig. 7. Calculated absorption coefficient a(®): a — LaxZr207; b — Nd2Zr207
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In addition, the optical absorption spectrum is characterized by a large number of peaks. They are formed due to
transitions between occupied levels of the valence band and free levels of the conduction band, allowed by the selection
rules (Al # 0) and related to one atom (cross-transitions between neighboring atoms are unlikely). Such a picket-fence of
small peaks on the curve a(®) is undoubtedly related to the features of the above-described electron-energy structure of
La;Zr,07 and Nd,Zr,O7. Probably, it should be taken into account when using these compounds in optoelectronics.

The complex refractive index M(w) = n(w) + ik(w) can be obtained from the complex dielectric function &(®), where
the refractive index n(w) depends mainly on the actual part €;(®), and the extinction coefficient k(®) depends on the
imaginary part of the dielectric function &(®) [30].

n(®) s | k() n((z)- | f((ﬂ)
— k(o) |4 ] — ko) |

4 -

Fig. 8. Calculated refractive index n(w) and extinction coefficient k(®): @ — La2Zr207; b — Nd2Zr207

At zero energy, the calculated value n(0) (static refractive index) for La,Zr,07 is 2.904, and for Nd>Zr,07 — 2.916.

The extinction coefficient k(®), responsible for the absorption of the electromagnetic wave incident on the crystal, is
obtained from the imaginary part of the dielectric function &>(®) (Fig. 6). Therefore, there are also three regions where
value k(o) increases from 5 to 13 eV, from 14 to 28 eV and from 28 to 40 eV. The attenuation of the intensity, represented
by the extinction coefficient k(w), starts with a decrease in the function n(®) (Fige. 8). La,Zr,O; and Nd,Zr,O7 crystals
can absorb photons in a wide energy range (4—10 eV).

In general, the extinction coefficient of La;Zr,07 and Nd»>Zr,O7 is not isotropic and has three well-defined regions
(energies are given above) where isotropic behavior of k(@) is not observed. In these regions, the difference in k(®)
values is 25-50%.

The reflection coefficient R(w) is shown in Figure 9. The spectrum R(w) consists of three clearly defined energy
regions. The same feature was noted for other optical characteristics. At zero energy, the calculated value R(0) for
LayZr,07 is 23.786%, and for Nd»,Zr,O7 — 23.935%.
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Fig. 9. Calculated reflection coefficient R(®): a — LaxZr207; b — Nd2Zr207

It is evident from Figure 8 that incident photons with energy lower than the energy of the forbidden gap ¢4 eV) are
not absorbed. Photons with energy from 4 eV to~40 eV are absorbed by La>Zr,07, Nd»Zr,O7 crystals and excite electrons
in the conduction band, while positively charged holes are formed in the valence band. However, part of the photon energy
will be lost during thermalization, and it is reflected in the electron energy loss spectrum L(®) shown in Figure 10.
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Fig. 10. Calculated spectrum of electron energy losses: a — LaxZr207; b — Nd2Zr207

The energy loss of the electron becomes significant at 14 eV (small peak),~27 eV,~33.5 eV. The largest value L(®) is
reached at 39 eV, which corresponds to a sharply decreasing edge of the absorption coefficient a(®) (Fig. 7).

Discussion and Conclusion. The calculation of the electron density states of the valence bands of La;Zr,07, Nd2Zr,0
gave two results:

— allowed us to explain all the main features of the experimental X-ray photoelectron spectra of these compounds in
the energy range of ~35 eV from the top of the valence band;

— showed which electron symmetry determined the main features of the experimental spectra.

Together with the obtained densities of unoccupied states, the calculated densities of occupied states allowed us to
define the optical coefficients of the compounds studied. It is extremely important to take into account the corrections in
the exchange-correlation part of the potential (GGA+U, mBJ). Only with them it is possible to obtain the values of the
widths of the forbidden bands that correspond to the experimental data. For Nd»Zr,0O, calculations without corrections
generally show a non-zero density of states at the Fermi level.
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Abstract

Introduction. Control of underwater robotic complexes (URC) is complicated by factors, such as inertia, stochastic
disturbances, and lack of navigation infrastructure. Existing approaches to modeling and predicting URC behavior are
known for their weak or absent integration of data from real sensors in real time. By eliminating this gap in integrated
solutions, it is possible to combine physical models, digital twins, and visualization. A promising tool for overcoming the
above limitations is a digital twin (DT), which provides an accurate digital representation of an object through the
integration of data from physical sensors and mathematical models. The objective of the presented study is to develop a
method for predicting the dynamics of the URC using a digital twin to improve the efficiency of autonomous control.
Materials and Methods. The basis of the study was the development of a mathematical model of the motion of an
underwater robotic complex. It included differential kinematics, modeling of environmental resistance, and rotation
dynamics. The following sensors were used to collect and process data: incremental encoders, a three-axis accelerometer,
and a gyroscope. A proportional-integral differentiating (PID) controller was applied to control the motion along each
axis. The Unity Game Environment was used to visualize and test the model. It created a digital twin module with the
ability to display the system state in real time. The Arduino IDE platform was used as software for low-level
programming, as well as MATLAB and Python for data analysis and graphing.

Results. To verify the model, experiments were conducted on a physical model. They were compared to the simulation
of the object's behavior in a virtual environment. Graphs of discrepancies between physical and simulated trajectories
were presented. Statistical metrics characterizing the accuracy of the digital twin were calculated. The maximum deviation
in coordinates did not exceed 5.3 mm, the average angular deviation was 3.5°. This confirmed the reliability and practical
applicability of the proposed model in autonomous control of a robotic complex. It was also found that the average error
along X — 3.11 mm, along ¥ — 2.92 mm. The average error in angle Z — 1.8°. The response time was less than 10 ms.
The stability of the digital twin to minor fluctuations in the data was provided by smoothing the input data, the stability
of the system regulator, and adaptation of the model to the calibration values at the start of each cycle.

Discussion and Conclusion. Digital twins are suitable for predictive control and monitoring of an object under uncertainty. The
proposed approach can be scaled for various types of robotic systems operating in aggressive and poorly predictable environments.
Further research in this area may involve the introduction of adaptive and neural network control methods.

Keywords: digital twin of an autonomous robotic system, underwater robotic complex, predictive control, underwater robot
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Opuzunaﬂbnoe amnupudeckoe ucciedosatnue

HNHTerpanusi CCHCOPHBIX JAHHBIX M MATEMATHYECKOE MO/IeTHPOBAHNUE IOBEICHUS
MO/JABOJHOI0 po00Ta C MCMOJIb30BAHHEM HM(POBOro ABOMHHUKA
M.A. I'naapime = 04, A.B. PoioakoB

AcTtpaxaHckuil rocyapcTBeHHbIH yHUBepcuTeT uMeHu B.H. Tarumesa, r. Actpaxanb, Poccuiickas deneparust
X mih.gladishev@gmail.com

AHHOTANUA

BBeaenue. Ypapnerne noaBoaHbIME podoToTexHnaeckuMu koMmiuiekcamu (ITPTK) ocnoxusiercs Takumu hakropamu,
KaK MHEPIIMOHHOCTb, CTOXAaCTUYECKUE BO3MYILEHHS U HEJOCTATOK HaBUTALIMOHHON HH(pPAcTpyKTypsl. CyllecTByOLIME
MIOJIXO/Ib K MOJIIIMPOBAHMIO U NporHo3upoBanuio noseaeHus IIPTK n3BecTHBI c1aboii Wiin OTCYTCTBYIONIEH HHTErpa-
el TaHHBIX C PEATbHBIX CEHCOPOB B PEXXMME PEATFHOTO BPEMEHH. Y CTPAaHHMB YKa3aHHBIN MPOOEN B KOMIUIEKCHBIX pe-
HICHUSX, MOKHO OOBCIUHUTH (PH3UUCCKUE MOJCIH, IU(POBLIC NBOMHUKKA M BU3yaIU3alui0. [IepCeKTUBHBIN HHCTPY-
MEHT IS IPEOI0JICHHsI Ha3BaHHBIX BBIIIE OrpaHUMYCHU — HUQpoBoii aBoiHUK (anri. digital twin, DT), obecrieunBaro-
I TOYHYIO ONU(POBYIO PEIPE3CHTANI0 00BbEKTa Yepe3 HHTErPalrio JaHHBIX OT (PU3NYECKHX CEHCOPOB M MaTeMaTH-
Yyeckux Mojeneil. Llenp npeacraBieHHOTo UcciaeqoBaHus — pa3paboTka MeTos1a nporuo3uposanus quHamuku [IPTK ¢
WCII0JIb30BaHNEM IU(POBOTO JBOHHMKA JUIS TOBBIIEHHS 3 ()DEKTHBHOCTH aBTOHOMHOTO YIIPaBIICHHS.

Marepuaibl u MeTobl. OCHOBa HCCIIEOBaHNS — pa3paboTKa MaTEMaTHIECKONW MOJIEIH ABHKEHHSI TIOABOIHOTO Po00-
TOTEXHUYECKOro koMIuiekca. OHa BKIroyaeT AnddepeHnnanbHy 0 KHHEMaTHKY, MOACIUPOBAHNE COIPOTUBIICHUS CPEIbI
U JUHAMHKU 1oBopota. st cOopa u 00pabOTKH JaHHBIX HCIIOJIB30BAIHNCH CEHCOPBI: MHKPEMEHTAIbHBIE 3HKOJEPHI,
TPEXOCEBOM aKcenepoMeTp U TUpockom. Jljig ynpaBiieHUsl ABMXKEHHEM IO KaKIOM OCH 3a[eCTBOBAIM MPONOPLMO-
HalbHO-uHTErpanbHo auddepenunpyromumii (ITM1) peryasrop. s Budyanu3anuu v MpoBEPKUA MOJEIH MPUMEHIIACh
urposas cpeaa «FOuutm» (Unity). B Helt co3nani Moayns nudpoBoro ABOMHMKA C BO3MOXHOCTBIO 0TOOpaKEHHS COCTO-
SIHUSI CHCTEMBI B peajIbHOM BpeMEHH. B kauecTBe MporpaMMHOro o0ecTieueHHs UCTIOIb30BANIACh ItaThopmMa « ApyHHO
Ati-nmu-m» (Arduino IDE) mis HU3KOypOBHEBOTO IPOTpaMMHUpPOBaHHUS, a Takxke «Matimad» (Matlab) u «I[Tuton» (Python)
JUISl aHAJIM3a JJAHHBIX U [TOCTPOCHHS IPadUKOB.

Pe3yabratsl uccienoBanus. i BepruduKaniy Moiel MPOBOIMIINCH SKCIIEPUMEHTHI Ha (pU3UIecKoM MakeTe. VX comocTa-
BWJIM C CHMYJISIIIMEH TTOBEIeHNS 00BeKTa B BUPTyanbHOI cpeze. [IpencraBieHs! rpadmKku pacxoxIeHUH MEXITY (PH3NIECKAMH
Y CUMYJIMPOBaHHBIMH TPAEKTOPUSIMH. PaccunTaHbl CTaTHCTHYECKHE METPUKH, XapaKTEPU3YOIINE TOUHOCTD IM(POBOTO ABOH-
HHKa. MakcuMaibHOE OTKJIOHEHHE 110 KOOPMHATaM He TPEBBILAeT 5,3 MM, CpeHee YIIIOBOE OTKJIOHEHHE COCTaBMIIO 3,5°.
3T0 NOATBEPKAAET JOCTOBEPHOCTD M IIPAKTHYECKYIO MPUMEHUMOCTD NPEIOKEHHOH MOJIEIH IIPH aBTOHOMHOM YTIPABIICHUN
POOOTOTEXHUYECKMM KOMILIEKCOM. Y CTaHOBJICHO TaKOKe, 4TO Cperss omubka mo X — 3,11 mm, mo ¥ — 2,92 mm. Cpemnsist
onmoOkKa yria Z — 1,8°. Bpems peakunu — menee 10 mc. YcrolunBocTs M(ppoBoro ABOWHMKA K HE3HAYNTENIBHBIM (ITYKTY-
amysiM B JJAHHBIX OOECIIeurBaeTCsl OIarofaps CriIaXXUBaHHUIO BXOJHBIX JAHHBIX, CTAOMIBHOCTBIO CHCTEMHOTO PEryisiTopa n
aJlanTaluy MOJENH K KaIMOPOBOYHBIM 3HAYEHUSIM Ha CTapTe Ka)JOro LUKJIA.

O6cy:xaenue u 3akiaodenne. [{nposbie TBOHHUKN MOAXOAT ISl IIPOTHOCTHYECKOTO YIIPABJICHHS M HAOIOEHNS 33 00b-
€KTOM B YCIIOBHSIX HEOIpe IeleHHOCTH. [IpeioskeHHBIi ToIX o/ 1eecoo0pa3Ho MacTabupoBaTh IS Pa3INIHbIX THUIIOB PO-
0OTOTEXHHYECKUX cUcTeM, (DYHKIHOHHPYIOLIMX B arpeCCUBHBIX U c1abo MpecKa3yeMbiX cpenax. JlanpHeimme ucenenosa-
HUSI B 3TOM HAIIPaBJIEHUU MOTYT OBITH CBSI3aHbI C BHEJIPEHUEM aJJAITUBHBIX W HEHPOCETEBBIX METOIOB YIIPABJICHHSI.

KaroueBsie ciioBa: nupoBoii TBOWHUK aBTOHOMHOH POOOTOTEXHIUYECKOW CHCTEMBI, IIOABOAHEIN pOOOTOTEXHIICCKHIMA
KOMIUIEKC, PEINKTUBHOE YIIPaBICHHE, IIOABOAHEIA POOOT

BbaarogapHocTu. ABTOPBI BEIPaXKAIOT 0JIar0JJapHOCTh PEAAKIINY U PEIIEH3eHTaM 3a BHUMATEIbHOE OTHOIIEHHE K CTaThe
1 3aMeYaHusl, TO3BOJIMBIIHUE ITOBBICUTE €€ Ka4eCTBO.

Jns uutupoBanus. ['manemmes M.J1., PeibakoB A.B. MHTerpanmst CEHCOPHBIX JAHHBIX M MAaTEMAaTHIECKOE MOJETUPOBAHNE
MOBEICHKS MOIBOJHOIO POOOTA ¢ MCMOJIBb30BaHkEM I(poBoro nBoinnka. Advanced Engineering Research (Rostov-on-Don).
2025;25(2):142-151. https://doi.org/10.23947/2687-1653-2025-25-2-142-151

Introduction. In recent years, there has been growing interest in digital twin (DT) technology. These are virtual
models closely related to physical objects and designed to display, analyze and predict their behavior in real time [1]. DT
are widely used to solve applied problems in industry, energy and transport, especially if it is necessary to control and
manage objects under conditions of high uncertainty [2]. With the spread of autonomous robotic systems, the digital twin
becomes an important tool for providing reliable and sustainable management. It allows for the formation of a predictive
model of the object's behavior, taking into account both internal parameters and external actions [3].
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Of particular interest is the use of DT in the control of underwater robotic complexes (URC), where operating
conditions are significantly complicated by poor visibility, lack of precise navigation, communication delays, high inertia,
and noise in sensor data. All this reduces the efficiency of traditional closed-loop control systems [4]. There are
publications on digital twins in the public domain, but the topic is still insufficiently developed in terms of using DT in
underwater systems. Existing studies, as a rule, either do not cover predictive control tasks or do not take into account the
specificity of the underwater environment and typical sensor errors [5]. Numerous papers are characterized by significant
gaps related to the lack of integrated solutions for building digital twins of underwater robotic systems focused on stable
predictive control and state assessment under conditions of noisy and incomplete data.

A stable assessment of the current state of the underwater robotic complex (URC) is required, and this can be provided
by integrating sensor data — accelerometry, gyroscopy, encoder measurements, and other sources. However, due to the
instability and noise typical of inertial sensors, it is necessary to implement algorithms for filtering, correcting and
calibrating data at different stages of operation [5].

It should also be noted that in the literature on digital modeling and control of robotic systems, authors often focus on
static models or limited control scenarios (e.g., on navigation or position stabilization). At the same time, a comprehensive
approach to predicting the dynamic behavior of URC using digital twins in real time has not been sufficiently developed.

Based on the aforesaid, the objective of this study is to develop and apply a method for predicting the dynamic behavior
of the URC using a digital twin to improve the efficiency of controlling an autonomous system when performing
underwater engineering work.

Materials and Methods. To reach the research objective, a comprehensive model was implemented, including a
physicomathematical description of the motion, sensor architecture, and visualization.

Scientific research made it possible to solve the following problems:

— construction of a generalized mathematical model of the motion of the URC taking into account the external
environment and sensor architecture;

— formalization of the behavior of the autonomous system taking into account inertial and control effects;

— implementation of a feedback control system based on classical approaches to automatic control theory;

— assessment of the accuracy of the digital twin by analyzing the discrepancies between the physical and virtual
behavior of the URC based on experiments;

— visualization of the digital twin in the Unity software environment with the ability to compare the indicators of
virtual and physical trajectories.

Within the framework of the presented work:

— a mathematical model of the URC movement is created;

— data from sensors are collected and calibrated;

— a digital twin is implemented in the Unity environment;

— the model is experimentally verified,

— the results are analyzed, and the accuracy of the model is assessed.

The motion of the URC is described on the basis of differential kinematics and equations that take into account water
resistance, inertial characteristics of the system, and control actions. The model is based on a system of second-order
motion equations modified to take into account hydrodynamic resistance and correction coefficients obtained
experimentally. Assumptions are made about the rigidity of the housing, insignificant drift, and quasi-stationary motion.

The system state vector includes coordinates: x, y, z, and heading angle 0, as well as linear and angular rates. The
formulas used in the introduction describe kinematic relationships, feedback, resistance model, and control signals. PID
controllers with parameters empirically selected on the basis of the system response are used for control along the
longitudinal, transverse, and vertical axes.

A modular sensor system is used to collect data in real time. Its elements:

— 38S6G5-B-G24N encoders, 2000 pulses per revolution — to estimate linear displacement;

— LIS3DH three-axis accelerometer (measurement range +2g/+4g/+8g/+16g, I2C/SPI interfaces, sampling frequency
up to 5.3 kHz) — to obtain acceleration and tilt data;

— gyroscope as part of the IMU module (inertial measurement unit) — to track angular speeds and orientation.

The sensor data was pre-filtered, calibrated (normalized relative to the zero position) and integrated into the digital
twin model.

The key stage in building a digital twin is mathematical modeling of the movement of the underwater robotic complex.
It allows predicting the behavior of the object in various environments [6]. This study considers a mobile URC with a
rigid physical structure, moving in a flat (2D) or spatial (3D) coordinate system depending on the task scenario [7]. An
independent drive for each of the tracks is used to control the movement, which allows for differential maneuvering [8].
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To simulate the position and orientation of the URC on the plane, a kinematic model of a differential robot is used,
based on the position of the center of mass (or center of geometry) of the robot [9]. Let x and y be the coordinates of the
center of mass in the global coordinate system, 6 — robot’s orientation angle (angle between the longitudinal axis and
the OX axis in the global system).

X= v~cos(9), @)
y= v-sin(G), 2
O=w, 3

where v — linear speed of the center of mass (determined by encoder readings); w — angular speed (obtained from a
gyroscope or calculated by the difference in track speeds).
The linear and angular speeds are related to the individual speeds of the right vz and left v; tracks:

VR +vL
V= s 4
5 “)

VR +vL
w= , 5
7 )

where L — robot base (distance between tracks).

The robot's behavior is significantly affected by the underwater environment: water resistance, lifting force, viscous
forces, friction forces. These effects are taken into account in the form of generalized disturbance F,(f) [10]. The system
of differential equations takes the form:

m-ii=F,(t)+F,(1), (6)
where M — robot’s mass; #* — position radius vector; F,(f) — control action from the drive system (determined by the
PID controller or another algorithm); F(f) — environmental disturbances (determined experimentally or set empirically).

Within the framework of the layout and digital model, the resistance of the environment can be taken into account in

the form of a damped term:
Fy(t)=—k,-7(1), 7
where k, — coefficient of viscous resistance of the medium (adjustable parameter of the digital twin).
The physical model is equipped with encoders, therefore the positions and orientation of the URC in space are calculated
through numerical integration of the speeds obtained from the left and right tracks:
_As;+Asy

As=—=—"2% 8
5 (®)
AO:ASR_ASL, ©)
L
where As;, Asg — increments of distance according to encoder readings; As — increment of the center of mass;

AB — change in orientation.
We use the current orientation A6, to express the new position in the global coordinate system:
Xii1 :x,+As-cos(9,), (10)

Vil =yt+As-sin(9,). (1D

Mathematical modeling is a fundamental part of the development of a digital twin of an underwater complex [11].
The objective of modeling is to formalize the processes of movement [12], control and response to external actions with
the possibility of further analysis of the stability and accuracy of execution of control actions [13].

The underwater robot is considered as a system with multiple inputs and outputs, located in an environment with a
high level of inertia, delay and stochastic disturbances [14]. Control actions are implemented through thrust modules, and
movements are tracked using encoders and inertial measurement units [15]. The model can be described as a system of
second-order equations with position and speed feedback:

M5i(t)+ Dx(t)+ Kx(t) = Bu(t), (12)
where M — mass matrix (includes inertial characteristics); D — damping matrix (taking into account viscous resistance
of water); K — stiffness matrix (includes elastic forces in the case of mechanical constraints); x(f) — position and
orientation vector in 3D space; u(f) — control action (signals to the motors); B — control distribution matrix.

For rotational motion, the Euler model is used:

Jx(t)+o(r)+Jo(t)=1(t), (13)

where J — inertia tensor of the robot, () — angular speed (from the gyroscope), ©(f) — control moment.
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When implementing a spot turn operation, as a rule, tracks with different directions of rotation are used. The difference
in speeds on the right and left tracks sets the moment:

e = (wy — ). (14)
To set the angle of rotation, the expression is used:
Z(t)= Lw (1)dt. (15)
The control system is implemented in the form of PID controllers for each axis (X, Y, 2):
()= Kelt) oK, [ ()i "ed(;), (16)

where e(f) = xrr(f) — x(f) — error between target and current position. Coefficients K, K;, Kp are adjusted according to

the optimality criterion.

Table 1
Regulator Coefficients for Position Stabilization
Axis K, K; K
X 1.20 0.05 0.60
Y 1.00 0.04 0.50
Z 2.00 0.10 0.90

The physical model of the robot is implemented on the basis of Arduino Mega 2560 Pro. Microcontroller — ATMega
2560-16AU, 16 MHz, 256 KB FLash, with 54 digital inputs/outputs (I/O), 16 analog inputs, USB-UART interface
CH340G. The complex is connected to sensors and a drive control system. Data is collected and transmitted to the digital
environment via Serial port in the format of combined time-stamped lines.

The virtual implementation of the digital twin is created in Unity. C#-scripts are used to interpret the data, display the
movements, rotations and behavior of the object in a three-dimensional environment. Axes, contours, coordinate values
and trajectories are visualized. A model of a translucent robot that does not interact with other objects is used, which
allow us to concentrate on comparing movements.

A data processor and a filtering system are implemented on the Unity side. Integration with correction based on sensor
data is applied to calculate angles and coordinates. Individual blocks are implemented as scripts with the ability to scale
the project. Standard metrics are used to statistically assess accuracy: standard deviation, maximum deviation, and average
error in coordinates and angles.

Research Results. To verify the model in a digital environment, movements were simulated under successive control
actions. Then, the trajectories of rectilinear and semicircular motion were compared (Fig. 1 and 3). The readings of the
digital robot were compared to the ideal trajectory. The root-mean-square analysis showed a discrepancy when moving
in a straight line (Fig. 2) and in a semicircle (Fig. 4).
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Fig. 1. Trajectories of motion in a straight line
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Fig. 3. Trajectories of movement in a semicircle
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Fig. 4. Error (%) when measuring on a semicircle

The quality of displaying the URC behavior in the digital twin was assessed during experiments that included linear
motion, the spot turn, and the trajectory with turns. In parallel, data from real sensors was recorded and compared to the
parameters of the model in Unity. The results of measurements and comparisons are presented in Table 2.
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Table 2
Deviation Indicators
Metric Value
Maximum deviation of X 5.3 mm
Maximum deviation of Y 4.8 mm
Average angular deviation 3.5°

The digital twin was visualized in the Unity environment. This flexible 3D engine allowed us to embed data streams
from physical sensors, display spatial movements, orientation, and also create scenarios for interaction with the external

environment (Fig. 5).

Fig. 5. Robotic complex control program

Data from physical sensors (accelerometers, gyroscopes, encoders) was transmitted via a COM port (communications
port) using a custom script in C#. Incoming data was divided into channels and displayed as parameters of the twin object.

The digital model in Unity used the same coordinate system and the same control structure as the implemented
mathematical model. Its functions were:

— transmitting commands from the PID controller model to the virtual wheels;

— displaying position, tilt angle, speed;

— visual reproduction of movement based on integrated sensor data.

The solution allows creating a closed loop “model — reality — visualization” and provides consistency between the
digital twin and the physical system (Fig. 6).

Q System startup and initialization

\ Initialization and startup error
o N
Initialization of robot < >
N4
A4
l Successful initialization and startup
Receiving command AN
from the user < .
2 N4 Physical
E Digital robot / V \ robot
g — — PhR
S DR command response L | command
ﬁ‘a response
*g Data transmission from DR Data
g N transmission
§ Data display from PhR
= [

Waiting for a new command

Fig. 6. Software operation algorithm: DR — digital robot, PhR — physical robot
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The elements of the software operation algorithm are listed below.

System Startup and Initialization. The physical robot is turned on and connected via USB to a computer that collects
and analyzes data, runs the main program, and initializes additional scripts:

— responsible for maintaining communication and collecting data,

— providing visualization.

All this takes place in Unity, after which the system is ready for work.

Robot Initialization. After the program is launched, its connection with the physical robot is established.
Consequently, calibration occurs, and then the sensors and modules are launched: gyroscope, accelerometer, encoders,
voltmeter, ammeter. A control message about the robot's readiness for launch and the start of data transmission is sent to
Unity. After that, the stage of waiting for commands starts.

Receiving Command from the User. The value of the user interface entered into the program is analyzed and
processed. The message is passed to intermediate scripts to perform the actions of the digital and physical robots.

Digital Robot’s Command Response. The entered values and actions are recorded in the computer memory. Based
on the embedded command execution algorithms and a mathematical model, the digital robot moves in digital space. At
the same time, data on its position, speed and distance traveled, are recorded. After executing the command, the robot
maintains its position and orientation in space.

Physical Robot’s Command Response. Data is transmitted to the Arduino Mega microcontroller. Here, it is analyzed
and, depending on the entered command and value, scripts are activated that are responsible for the operation of sensors:
left and right encoders, accelerometers, and gyroscopes. Only after that does movement start at the user's command.
During the execution of the command, the robot records its position and orientation in space and transmits data to the user
interface program, where the data is visualized using a 3D model linked to the physical robot.

Data Collection and Display. At this stage, data on position, tilt angles, distance traveled and other parameters are
collected from the digital and physical robots and visualized in the user interface program. After that, the program waits
for a new command.

The described algorithm is based on the classical principles of closed-loop feedback control systems. The use of data
from sensors (accelerometers, gyroscopes, encoders) allows for the implementation of a measuring element in the general
structural form of control systems. The mathematical model integrated into Unity acts as an observer, tracking the
behavior of the system and providing visual verification of the correctness of command execution.

The system is designed taking into account:

— linearization of the model of the URS motion in small neighborhoods of the trajectory;

— PID control of the angle of rotation and speed;

— filtering of sensor data using simple sliding windows and zero calibration corrections.

Formulas (17)—(19) present the indicators that are used to analyze the accuracy of the digital twin.

Absolute position error (in mm):

A ()%t (£) = Xaigi (t)| (17)
Root mean square orientation error (in degrees):
ML (OO0 1)
Percentage deviation of the final position:
a=%-100%. (19)

real
As a result of experiments and analysis of sensor readings, additional parameters are obtained that characterize the
error of the developed system (Table 3).

Table 3
Detected Errors in the System
Parameter Value
Mean error on X 3.11 mm
Mean error on Y 2.92 mm
Average error of angle Z 1.8°

Maximum deviation 5.3 mm
Reaction time <100 ms
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The digital twin is resistant to minor fluctuations in the data due to the following factors:

— smoothing of input data;

— stability of the regulator implemented in the system;

— adaptation of the model to calibration values at the start of each cycle.

Discussion and Conclusion. A model of a digital twin of a robotic complex based on the integration of sensor data,
mathematical modeling and 3D visualization has been developed and experimentally confirmed. Sustainable control and
tracking of the behavior of the robotic complex have been implemented. The results of the comparative analysis of the
digital model and the real system are presented. The results of the comparison have proven:

— a high degree of correspondence between the behavior of the digital twin and the real object;

— efficiency of the selected calibration and data processing algorithms;

— potential of using digital twins in debugging autonomous systems if physical testing is difficult.

The constructed model makes it possible to adequately assess the current state and predict the behavior of the URC
under uncertainty. PID controllers provide stability during control, and visualization in Unity makes it possible to
implement a digital twin as an interface for interaction with the system. Further development of this solution may be
related to the implementation of adaptive and neural network control methods.
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Abstract

Introduction. Problems and methods of finding H., — control are the basis of modern control theory. They are actively
used to develop robust controllers, especially in aircraft control systems under limited external actions. These methods
allow for adapting control systems to changing environmental conditions, which is critically important for providing the
reliability and safety of aircraft operation. Current research is aimed at improving approaches to the synthesis of
controllers covering both linear and nonlinear dynamic systems. In this context, special attention is paid to the integration
of new mathematical methods, such as linear matrix inequalities and frequency analysis, which allows for optimizing the
system response to various external actions and providing protection against unexpected conditions. It is important to
note that, despite the progress made in this area, significant problems remain unsolved regarding the analysis and synthesis
of controllers for nonlinear systems. This necessitates further research and development in this promising area. In this
paper, in order to fill the existing gap, sufficient conditions for the existence of control for one of the frequently
encountered classes of nonlinear systems are formulated and proven, which will then be used as a theoretical basis for
developing approximate algorithms for finding it.

Materials and Methods. The basic research tool was the H., — control synthesis methods based on the minimax approach,
which consisted in finding the control law under the worst external action. In this context, it was proposed to prove sufficient
conditions for the existence of control using the extension principle. However, due to the computational difficulties that
might arise when applying those conditions, it was decided to simplify the initial formulation of the problem. The
simplification process was performed by approximate replacing the nonlinear system with another nonlinear system, which
was similar in structure to the linear one, using the factorization procedure. This approach made it possible to use the solution
of the Riccati equation, whose coefficients depended on the state vector, for the synthesis of controllers. To solve model
examples and applied problems, a software package was developed using the MATLAB mathematical package.

Results. The article solved the problem of synthesis of H, — control of the state of nonlinear continuous dynamic systems,
linear in control and disturbance. Sufficient conditions for the existence of H, — control were formulated and proved on
the basis of the extension principle. An approximate method was proposed that provided solving the problem of finding
control laws for dynamic systems that were nonlinear in state, similar to the methods used for linear systems. Analytical
solutions were found for two model examples, which were illustrated by graphs of transient processes to demonstrate the
results of numerical modeling of the considered nonlinear dynamic systems in the presence of external actions.
Discussion and Conclusion. The proposed approximate algorithm for synthesizing state and output controllers guarantees
the required quality of transient processes and asymptotic stability of closed nonlinear control systems. This significantly
expands the class of dynamic systems for which it is possible to synthesize controllers capable of resisting various external
actions. The methods presented in this paper can be effectively applied to solve a variety of control problems, including
the design of autopilots and automatic navigation systems for aircraft, even under conditions of limited external actions.

Keywords: H., — control, nonlinear dynamic system, semi-infinite period of time, feedback control, controller synthesis
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

IpubaunkenHsblit cuHTe3 Ho — peryyisiTopoB B HeJIMHEHHBIX JTUHHAMHYECKHUX CHCTEMAX
HA M0JIy0eCKOHEYHOM MPOMeKYTKe BpeMeHH
A.B. IlanTeneeB =, A.A. SlkoBjeBa' = D4

MOCKOBCKHI aBUAI[OHHBIH HHCTUTYT (HAIIMOHAJIBHBIN HCCIIeN0BaTeNbCKUI yHIBEpcHTeT), T. MockBa, Poccuiickas denepanns
< ayakovleva982@gmail.com

AHHOTANUA

Beeoenue. 3agaun u MeTos! HaxoXAeHUS Ho — yIIpaBieHUs SBJISIOTCS OCHOBOW COBPEMEHHOM TEOPHM YIIPABICHUS U
AKTHBHO HCIIOJB3YIOTCS IS Pa3pabOTKH pOOACTHBIX PEryJIsITOPOB, OCOOEHHO B CHCTEMaxX YIpaBIICHHUS JIeTaTeIbHBIMU
anmapaTaMu MoJ OrpaHMYEHHBIMY BHEIIHUMH BO3ACHCTBUAMU. DTH METO/bI TO3BOJISIOT aAaITUPOBATh CUCTEMBI YIIPaB-
JICHUS K U3MEHSIOIUMCS YCIIOBUSAM OKpY KAIOIIeH Cpelibl, YTO KPUTHUYECKU BaXKHO IJIsl 00ECIICUeHHs HaIeXKHOCTH U 0e3-
OIIaCHOCTH PabOTHI JIETATEIbHBIX alNapaToB. TeKyIINe UCCIEI0BaHHs HAlIPaBICHbl HA YCOBEPIIEHCTBOBAHUE OAX0I0B
K CHHTE3Y PEryJIsITOpOB, OXBAaThIBAIOIINX KaK JIMHEHHBIC, TAK M HEMTMHEHHbIC TUHAMIUECKHAE CHCTEMBI. B 3TOM KOHTEKCTE
0c000e BHIMaHHE yIENAETCS MHTET Pl HOBBIX MaTEMAaTHIECKHX METO/I0B, TAKUX KaK JIMHEHHBIC MATPUIHBIC HEPABEH-
CTBa M YaCTOTHBIM aHANN3, YTO MO3BOJSET ONTUMH3UPOBATh OTKJIMK CHCTEMbI Ha Pa3lINYHbIC BHEIITHUE BO3ACHCTBUS U
rapaHTHPOBATh 3aLUTY OT HETIPEIBUICHHBIX YCIOBUNA. Ba)kHO OTMETHTB, 4TO, HECMOTpPS Ha JOCTUT'HYTHIE YCIIEXH B 1aH-
HOW 0071aCTH, OCTAIOTCS HEPELIEHHBIMH 3HAYMTENIbHbIE TPOOJIEMbI, Kacalolluecs aHaIn3a U CHHTE3a PETYIATOPOB VIS
HEJIMHEHHBIX CHCTEM. DTO CO3/1aeT HEOOXOANMOCTD B JaJbHEHINNX HCCIIETOBaHUAX M pa3paboTKax B ATOH MEPCIIEKTHB-
HoOU obnacTu. B nanHO# paboTe, ¢ 11eblo 3amoIHEHNs CYIIeCTBYIOIIEro Ipodena, copMyInpoBaHbI U I0Ka3aHbl 10CTa-
TOUHBIE YCJIOBHSI CYLLIECTBOBAHMS YNPABJICHUS U OJJHOTO U3 YacTO BCTPEUAIOIIUXCS KJIACCOB HEIMHEHHBIX CUCTEM, KO-
TOpBIE 3aTeM OYyIyT UCIIOJIb30BAThCSl B KAUECTBE TEOPETHYECKOT0 00OCHOBAHHMS ISl Pa3paOOTKH MPHOIIMKEHHBIX aJiro-
PUTMOB €TI0 HAXOXKICHUA.

Mamepuanvt u memoost. B xauecTBe OCHOBHOTO HHCTPYMEHTA HCCIIEIOBaHNUS HCTIONBb3YIOTCSI METO/IbI cuHTe3a Ho, — yrpas-
JICHWs, OCHOBaHHBIE HA MUHUMAKCHOM ITOJIXOI€, 3aKJIFOYAIOIIEMCs B HAXO)KICHUHN 3aKOHA YIIPABIICHNS B yCIOBUSX HANXY /-
IIIEr0 BHEITHETO BO3AEHCTBHA. B 3TOM KOHTEKCTE ITpearaeTcs I0Ka3aTh JOCTATOYHBIC YCIOBHUSI CyIIIECTBOBAHMS yIIPaBIIC-
HUS, UCTIONB3Ys NpUHLUN pacmupenus. OJHAKO M3-32 BBIYUCIUTENIBHBIX TPYAHOCTEH, KOTOPhIE MOTYT BO3SHUKHYTh IIPH
TIPUMEHEHHNHN 3THX YCIIOBHM, OBIIO PEHIEHO yIPOCTHTHh MCXOIHYIO IOCTAHOBKY 3a/1adl. [Ipomece yrnpoIeHust OCyIecTB-
JISUICS TIyTEM MPUOMKEHHOM 3aMEeHBl HEMMHEHHON CHCTEMBI Ha APYTYIO HENMHEHHYIO0 CHCTEMY, KOTOPasi TI0 CBOEH CTPYyK-
Type CX0Ka C JITHEIHOH, C TOMOIIBIO POy pbl (hakTopu3aiu. Takoit HOAX0/1 03BOJISIET IPUMEHSTh PEILICHHE YpaBHe-
Hus Prukkarn, koa(UIMEHTHI KOTOPOTrO 3aBUCST OT BEKTOPA COCTOSHHMS, TSI CHHTE3a PETryJISITOPOB. J{yist perieHns Moielb-
HBIX PUMEPOB U MPUKIIAIHBIX 331a4 ObUT pa3paboTaH MPOrpaMMHBIA KOMILJIEKC C HCIIOJIb30BAaHUEM MAaTEMaTHYeCKOro mna-
xeta MATLAB.

Pezynomamel uccneoosanus. B cratoe pemena npobirema cuntesa Ho — yrpaBieHns cOCTOSIHUEM HEMMHEHHBIX HepephbIB-
HBIX TUHAMHYIECKUX CHCTEM, IMHEHHBIX 110 YIPABJICHUIO ¥ BO3MYIIEHHIO; COPMYITMPOBAHBI M HA OCHOBE IPHHIIMIIA PACIIIH-
peHMs TOKa3aHbl JOCTATOYHBIE YCIOBHSA CyniecTBOBaHUS Ho, — yrpasnenus. IIpemnoxeH npHOMMKEHHBIA METOI, TIO3BOJISIO-
LI pelIaTh 3aaqy HaXOXKJICHUsI 3aKOHOB YIIPABJICHUS Il JUHAMUYECKIAX CUCTEM, HEIMHEHHBIX TI0 COCTOSIHUIO, AaHATIOT Y-
HBII METOZaM, IPUMEHAEMBIM JUIsl JIMHEHHBIX cucTeM. HaliieHs! aHaIMTHYECKUE PEIEHNs ABYX MOJEIBbHBIX IPUMEPOB, KO-
TOpBIE MPOUUTIOCTPHPOBAHBI TpaKaMH MEPEXOJHBIX MPOIIECCOB IS IEMOHCTPAIMHU PE3YJIETATOB YHCIEHHOTO MOACIHPO-
BaHMSA PACCMOTPEHHBIX HENMHEIHBIX ANHAMUYECKHX CHCTEM B IPUCYTCTBUU BHELIHUX BO3JICHCTBUIL.

Oécyscoenue u 3axniouenue. 11peyiokeHHBIA MPUOIMKSHHBIN AJITOPUTM CHHTE3a PETYIISATOPOB IO COCTOSIHUIO U BbI-
XOJ1y TapaHTHPYET HEOOXOIUMOE KaueCTBO EPEXOIHBIX MPOILIECCOB U aCUMIITOTHYECKYIO YCTOHUMBOCTh 3aMKHYTHIX HE-
JIMHEHHBIX CHCTEM yYHpaBJICHUA. DTO 3HAYUTENIHHO pacmimpsaeT KiIacC TUHAMHUYECKUX CUCTEM, JJIA KOTOPBIX BO3MOXKHO
CHHTE3MPOBAaHHE PETYISITOPOB, CIIOCOOHBIX MPOTHBOCTOATH PA3IMYHBIM BHEIITHUM BO3AECHCTBUAM. METObI, U3JI0KEH-
HBIE B JaHHOW paboTte, MOTyT OBITh 3(PEKTUBHO MPUMEHEHBI I PELICHHS MHOXKECTBA 3a/1a4 YIIPaBICHUS, BKIIOYAs
MIPOEKTUPOBAHNE aBTOMMIOTOB M aBTOMATHYECKUX HABUTALMOHHBIX CHCTEM IS JIETATENIbHBIX allapaToB, JaKe B yCIIO-
BHSIX OTPAaHWYEHHOTO BO3/EHCTBUS N3BHE.
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Kouessie cinoBa: Ho, — ynpaBneHnue, HeJMHeHHas JMHAMUYECKasi CUCTEMA, IT0JyOECKOHEUHBIH MPOMEKYTOK BPEMEHH,
yIIpaBJIeHUE ¢ OOPaTHOH CBS3bI0, CUHTE3 PETYJIITOPOB

BaarogapHocTH. ABTOpPHI BBIPaXalOT MPHU3HATENBHOCTh JOIEHTY, KaHAUAATy (HU3MKO-MaTeMaTHYecKuX Hayk
KynpsBuesoii UpuHe AHaTONbEBHE 32 IIOMOIIH B IOJATOTOBKE TEKCTA CTAaThH.

Jna uutupoBanus. IlanteneeB A.B., SkoBmeBa A.A. IlpubmmxeHusii cuHTe3 H,, — peryiaropoB B HeIMHEHHBIX
MMHAMAYECKAX CHCTEMax Ha ITOTyOSCKOHEUHOM NPOMEXYyTKe BpeMeHU. Advanced Engineering Research (Rostov-on-Don).
2025;25(2):152-164. https://doi.org/10.23947/2687-1653-2025-25-2-152-164

Introduction. Methods of modern control theory play an important role in the development of complex aerospace
systems, providing their efficient operation. To achieve high productivity, stability and efficiency of such systems, it is
necessary to develop algorithms for synthesizing controllers capable of operating under conditions of uncertainty in the
description of external influences. The modern foundation for their development include the state space method,
frequency analysis, and the approach based on linear matrix inequalities [1]. To solve problems of finding optimal control,
sufficient optimality conditions in the form of the Bellman equation and the relations following from it in special cases
are usually applied. Linear matrix inequalities can be used to search for H., — controllers. They determine the existence of
a regulator that satisfies certain performance criteria and provides the stability of the system to external influences. These
criteria are usually associated with a norm, which is a measure of the sensitivity of the system to external disturbances.
These criteria are usually related to H, —norm, which is a measure of the sensitivity of the system to external disturbances.
The problem is to find a regulator that minimizes this norm, while providing the stability of the system and satisfying the
quality criterion of control. The solution method is based on finding the extremum of a convex objective function, where
the conditions are presented in the form of linear matrix inequalities [2]. By using this method, it is possible to reduce the
solution of complex systems of linear and nonlinear algebraic matrix equations of a certain type to the solution of convex
optimization problems. However, the solution of linear matrix inequalities can be difficult when considering complex
technical problems.

An alternative method based on stochastic minimax is presented in the anisotropic theory of stochastic robust control
described in [3]. The main idea in applying this method is that robustness in stochastic control is reached by explicitly
including different noise distribution scenarios in a single performance indicator to be optimized. Statistical uncertainty
is expressed through entropy, and the robust quality indicator is selected in such a way as to make it possible to quantify
the system's ability to suppress the worst external impact. The application of such an approach to solving complex systems
of interrelated equations requires the development and use of specialized algorithms.

It should be noted that methods of H. — optimization are used to solve numerous different applied problems, such as
aircraft [4], helicopter [5], quadcopter [6] and multi-agent systems [7] control, robot stabilization [8], rocket engine design [9],
where, when compared to other controllers, these methods show good results and lower error values under limited disturbances.
It is also worth mentioning their use in filtering problems [10], state vector estimation [11] and neural network design [12].
Thus, the development and advancement of H., — optimization methods are highly topical issues for research. Previously, the
authors considered the problems of synthesizing H., — controller [13] and H., — observer [14] for linear dynamic systems, for
the solution of which sufficient optimality conditions based on the expansion principle were used. Their application made it
possible to justify the synthesis procedures and, as a result, to form step-by-step algorithms for solving problems.

Despite significant achievements in this area, a number of problems related to the analysis and synthesis of controllers
for nonlinear systems remain unsolved. In this regard, the paper considers the problem of synthesis of controllers for
nonlinear dynamic systems, linear in control and disturbance, on a semi-infinite time interval. The research objective is to
formulate and prove sufficient conditions for the existence of control. This will not only create a basis for new research and
development, but also fill existing gaps in the field of knowledge. Specifically, the work provides for the use of sufficient
conditions as a theoretical justification for the formulation of approximate control search algorithms for the class of dynamic
systems under consideration. To test the efficiency of the proposed algorithm, two model examples will be solved.

Materials and Methods. Let there be a mathematical model of the control object:

()= f(x(1))+ B, (x(£))w(t) + B, (x(1))u(r), x(0)=0, (M
and the model of the measuring system:

y(8) = C(x(0)x(1), )
where x € R"—state vector, u € R9—control vector, w € R» — external influences vector, y € R — output vector,
t € T=10, c0) — current time, 0 — zero matrix-column of dimensions (z x 1). Assume that the continuously differentiable
vector function f{x) of dimensions (n X 1), as well as the matrix functions B;(x) of dimensions (n x p), B2(x) of dimensions

(n % q), C(x) of dimensions (m x n) are given. The model of the object is described by an equation that is nonlinear in
state, but linear with respect to control and external influences.
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It is implied that:
a) w(.) € L,[0, ), u(.) € L,[0, x);
b) m <n, rg C(x) = m;
¢) the origin of coordinates x = 0 is the equilibrium point, e.g., f{0) = 0;
d) Bi(x) # O, B:(x) # O;
where O — zero matrix of corresponding dimensions.
An indicator describing the current behavior of the control object model (1) with measuring system (2) is defined:

[z0 =y SN y(@)+u" OQENu(v), (©)
where for all x € 7 Q(x) > 0 — symmetric positive definite square matrix of order ¢, and S(x) > 0 — symmetric non-
negative definite square matrix of order m. Functional (3) is quadratic in control, but non-quadratic in state.

Note that we are considering models of an object and a measuring system, the matrices in which depend on the state vector.
It is required to ensure the correctness of the condition:

[lz@fde [y Se)y+u" OO dr

[l de [y, e

. 4)
I[XT (1) C" (xS () C((t))x(t) +u” (NOQ(x(O)u(0)] dt

=)
A
-
N}

T W (O)P(6))w(?) dt

where V x € R? P(x) > 0 — symmetric square matrix of order p, y > 0 — some number. As an additional condition, the
necessity of fulfilling the property of asymptotic stability of the closed system “object-controller” is considered. Note that
it is important to find the smallest value of parameter y* that provides the preservation of the required properties of the
closed system. This is possible only if the conditions of minimizing the numerator and maximizing the denominator of
the expression are simultaneously fulfilled (4).

We rewrite condition (4) in the form:

I, w) = I =0 = o], Jar =
_I x (t)CT(x(t))S(x(t))Cx(t)+u (OOG(E)u(t)—y* W (O)P(x(e)w(t) |dt <0.

(&)

This means that it is required to provide that inequality (5) is satisfied while minimizing control costs under conditions
of maximum counteraction of external influences (disturbances).

Sufficient conditions for the existence of H — controllers

Assume that function ¥(x) € C'(R") is known. Let us define the function:

R(x,u,w)= (wj Lf(x)+ B (x)w+ B, (x)u]+x"C" (x)S(x)C(x)x +
ox ©)
+u” Q(x)u—y*w" P(x)w,
where VO _ [aV(x) aV(x)]T |
X 0x, ox,
Theorem. If there exists function V(x) € C!(R"), satisfying conditions ¥(0) = 0 and
R(x,u*(x), w*(x)) = min max R(x,u,w) =0 VxeR", @)
where
oV
w0 =30 0B W T 9= P @ ), ®)
and function V(x) is determined by solving a partial differential equatlon.
oV ov o OV
( (x)) f@)- (%j B0 B (07
)

V(x)

L[M +x"CT (x)S(x)C(x)x =0,

4y ox

then condition (4) is satisfied.

jB()P()B()
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Proof. Suppose that the conditions of the theorem are satisfied. We find min max R(x,u,w), applying the required

conditions for an unconditional extremum, since no restrictions are imposed on the variables u, w:

OR(x,u,w) —BT(x )8V(x) 20(x)u =0,
ou
M B (x )E)V(x) 2P(x)w:0.
ow
Solving the matrix equations, we obtain:
aV(x) 6V(X)

*(X)———Q'l()B () —— *()— P (0)B () ——

where u*(x), w*(x) — control structures of the object model and external influence (disturbance).

O R(x,u,w)
u’ Ou

Also true are the sufficient conditions that guarantee the achievement of the maximum external influence w,

since M =-2y’P(x)<0 VxeR".
ow' ow
In this case
R(x,u,w) = R(x,u* (x), w* (x)) =y [w=w* ()] POe)[w—w* ()] +[u —u* ()] () [u —u* (x)].

Since =20(x) >0 VxeR" is true, then the sufficient conditions for the minimum in control are satisfied.

From this we get
R(x,u* (x), w(x)) < R(x,u* (x), w* (x)) < R(x, u(x), w*(x)), (10)
i.e., the conditions for the presence of a saddle point are satisfied.
Assume that function V(x) € C'(R") satisfies conditions ¥(0) = 0 and R(x, u*(x), w*(x)) = 0.
Then the relation that is fulfilled along the trajectories of system (1) is valid, namely:
v (x@)Y
(%j L/ Ge(0) + B ()W) + B, ()] + |20~ [wio)], =

- @ 2 7 WO = RO u* (e(e)), w* (x(1)) -

=y’ [w(e) = w* (x(eD]" Pe() [w(e) = w* (x(e)]+[u(e) = * (x(e)]” Q(x(0)) [u(t) —u* (x(2))].

For u = u*(x), let us rewrite the left side of the inequality (10), i.e., R(x,u * (x), w(x)) < R(x,u *(x), w*(x)), in the form:
0

LD oo - weo); <0-

By integrating the left and right sides of the resulting inequality over the time interval from 0 to #,, we obtain:
4 ) R 4 )
V(x(t,) -V (x(0)) + j || de—v j W} <0.
0 0

Since it is required to provide the fulfillment of the condition of asymptotic stability of the closed system, then
x(t;) = 0 when t; — +oo, therefore V(x(#)) — V(0)=0. Since x(0) =0 then V(x(0)) — ¥(0) =0. From this we can
conclude that when # — oo the inequality is valid:

Jlz@ff de < [[wo]a.
0 0
indicating that condition (4) is satisfied, which was to be proved.

As a remark, we emphasize that when conditions P(x) = E, '["w(t)"z dt <1, i.e., the energy of external influences is
0

limited, an inequality of the form I||z(t)||2dt <y’ is valid.
0

Approximate synthesis of H. — state-based controllers using the SDRE method
Due to the nonlinearity of equation (9) and difficulties in obtaining its solution, a method based on the algebraic
Riccati equation with coefficients dependent on the state vector is used for further analysis [15].
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As a result of applying the factorization operation, we obtain a nonlinear system transformed to a structure similar to
a linear one, with matrices dependent on the state vector.

It is known [16] that if f0) = 0 and f{x) € C'(R"), then there exists matrix function A(x), such that:

f(x)=A(x)x. (11

Notes

1. The factorization procedure for n =1 in unique Vx # 0, i.e., A(x) =fx) / x = a(x).

2. For n > 1, the factorization procedure yields a non-unique result [16]. For example, for n = 2, there are at least two
options: f{x) = A1(x)x and f{x) = 42(x)x, i.e., for a system of the form:

(’:Cl ] :(f‘(x)jwl ()w+ B, (x)u

X S (%)
we obtain
1 0 L&)
({Cljz % (xl]+B(x)w+B (X)u or({clj= % (x1]+3(x)w+32(x)u.
X, S(x) 0|\ 1 ’ X 0 L) \x, l
xl xZ
4 (x) 4 (x)

3. If there are two parametrization options, i.e., fix) = A1(x)x = 4>(x)x, then there is an infinite family of options of the
form [16]: A(x, a) = a41(x) + (1 — a)42(x) Va. The selection of parameter o allows for flexibility in designing the control
system. The solution to the Riccati equation and the corresponding control become functions of this parameter.

As aresult of factorization, the mathematical model of system (1) takes the form:

x(t) = ACx(6)x(0) + B, (x(O) () + B, (x(0))u(t), x(0)=0. (12)

On the trajectories of system (12), functional (5) is specified.
It is assumed that system (12) is controllable and observable, i.e., Vx € R" the conditions are fulfilled point-to-point [16]:

1g[B, (x) A(x)B,(x) ... 4" (x)B,(x)]=n
rg[C" (x) A" ()C" (x) ... (4" ()" CT ()] =n

(—W(")j A()x— (W(")j B,()0 (1)B! (x )‘W(x)

Equation (9) takes the form:

o ‘ (13)
e P20 o 07 02 ¢ wsoc <o
X
Assume that
) 2K, (x)x, (14)
ox

where K»(x) > 0 unknown matrix function (for fixed x € R", matrix K>(x) is a symmetric positive definite numerical
matrix). Thus, an assumption is made not about the type of function V(x), but only about the structure of its
partial derivative.

Then, the control structures of the object and disturbance take the form:

W) =-10" W, ()am) ~ 0 (0B, (DK, (),

aV(") L P B (WK, (0)x.
Y

5)

-1

w*(x) =

Equation (13) takes the form:
257K, (x) A(x)x = x" K, (x)B, ()0 (x) B (x)K, (x)x +

+—x"K, (0)B,(x) P (x)B (x)K, (x)x+ x"CT (x)S(x)C(x)x = 0,
or
A 2K, () A — K, (0B, ()0 (1) BT (K, () + = K, (0)B, ()P ()BT (1)K, () + C7 (1)S(x)C(x)]x = 0.
Applying the transpose operation, we obtain: '

X247 (0K, (x) = K, (x) B, ()07 (¥)B; (YK, (x) +L2 K, (x)B,(x)P™' (x)B (1)K, (x) + C" (x)S(x)C(x)]x = 0.
Y
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Summing up the last two expressions, we arrive at the equality:
X [2K, () A(x) + 24" (1)K, (x) = 2K, () B, ()0 (x) B, (x)K, (x) +
+%K2 ()B,(x)P"(x)B," (0)K, (x) +2C" (x)S(x)C(x)]x = 0,
Y

or finally:
XK, () A(x) + AT (DK, (x) = K, (x)B,(x)Q™ (x) B, (x)K, (x) +

+L2K2 (x)B,(x)P™' (x)B (x)K, (x) + C" (x)S(x)C(x)]x = 0. (16)
Y

Note that due to the dependence of all matrices on the state vector, the equality of the zero matrix in square brackets
does not follow from (16).

By analogy with the case of a linear stationary system, it is proposed to solve the algebraic Riccati equation, all
matrices in which are functions of the system's state vector (State Dependent Riccati Equation, SDRE). In this case, a
positive definite solution to the Riccati equation is sought, generating a control law that guarantees that the system will
be asymptotically stable in the vicinity of the equilibrium position. To check this property, the stability criterion by the
roots of the characteristic equation, checked point-to-point, or the Routh—Hurwitz criterion, is used.

In the problem under consideration, it is proposed to solve the equation:

K, (x)A(x) + A" (0K, (x) = K, (0)[B, ()0 (x) B, (x) —YLZBI (NP ()B (DK, (0)+C'()S(x)C(x)=0, (17)

i.e., to look for matrix K>(x) > 0, that satisfies the Riccati equation, whose coefficients depend on x. Equation (17) is
solved repeatedly for fixed x € R". The coordinates of the state vector are determined in the process of integrating the
differential equation (12) together with the controls of the object and the disturbances:

u*(x)=-0"(x)B] (x)K,(x)x, w*(x) = LP’1 (*)B (X)K, (x)x. (18)
Y

2
In this case, the solution to the Riccati equation must be such that the criterion

0{A(x)+[LZBI(x)P"(x)BIT(x)—BZ(x)Q"(x)BZT (V]K,(x)} cC™ Vx € Ris satisfied, where o~ matrix spectrum,
Y

C — open left half-plane of the complex plane. Note that the stability criterion of a closed system can be replaced by
checking the point-to-point fulfillment of the Routh-Hurwitz criterion.

Algorithm for approximate synthesis of H. — controllers of state

Step 1. Set parameter y > 0.

Step 2. Find the solution to the equation:

X(1) = A(x(@)x(#) + B, (x(1))w(t) + B, (x(£))u(?), x(0)=0,
with controls

u(t) =u*(x(0) =0~ (x(1))B," (M) K, (x(1)) x(1),
w(t) = w*(x(1)) = YLZP'] (DB (x(O)K, (x(0) x(1),

one of the numerical methods of integration with constant step / (explicit Euler method, Euler-Cauchy method, Adams-
Bashforth, Milne, Hamming methods of various orders).
In this case, for each of the discrete moments of time ¢, =ik, i =0, 1, 2, ..., solve the Riccati equation:

K, () A(x)+ A" (0)K, (x) = K, (0)[B,(x)Q ™ (x)B," (x) —yizb’l ()P (0B (01K, (x)+C" (0)S(x) C(x)= 0,

for x = x(#; ). As aresult, find matrix K>(x) and use it to form control laws.
Step 3. Find the minimum y*. To do this, it is required to consistently decrease y until the stability property of solutions
of the differential equation

(1) = [A(x(1)) +YL231 ()P (x(0) B (x(t)) = B, (x(t))Q ™ (x(1)) B, (x(1)IK, (x(1)) x(1),

describing the dynamics of the system with the obtained controls, remains valid.
Research Results. To test the efficiency of the proposed approximate algorithm for synthesizing H., — state-based
controllers, two model examples were solved.
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Model example No. 1. A one-dimensional case is considered, when equations (1), (2) and functional (5) have the form:
x(t) = f(x)+ B (x)w+ B, (x)u = A(x)x + B, (x)w+ B, (X)u,

y=Clx)x,

I= I[S (x(0)x" (1) + O(x()u” (1)~ y* P(x(6))w’ (1)] dt.
0
Solution. The control structures follow from (18):
1 1

u*(x)=——B,(x)K, () x,u*(x) =———B, (x)K, () x,

(x) Q(x)z()Q() (x) Q(x)z()z()

and equation (17) has the form:

B (x) 1
O(x) v’ P(x)
Let us write the resulting quadratic equation in canonical form:
{B; ® 1
O(x) y'P(x)

2A4(x)K, (x) - K (x) { B} (x)} +C*(x)S(x)=0.

B} (x):| K (x)—2A4(x)K,(x)-C*(x)S(x) =0.

The solution is as follows:

L. Bf(x)}
o) 7P

ACE—
O(x) v P(x)

2A(x) + \/4A2(x)+4C2S(x)[
Kz (-x) =

Since K> > 0, then

2 2 Bz2 (x) _ 1 )
‘o A(x)+\/A x)+C S(x)|: 0 7P B, (x):|
T {Bf @ 1 }
- Bl (%)
0(x) y*P(x)

Let us take a closer look at a particular case:
W) =x—x +wru=(1-x")x+w+u,

y=2x,

1= [P O+ -7 W Ol

where A(x) = (1 —x?), Bi(x) =1, B2(x) = 1, C(x) =2, O(x) = 1, S(x) = 1, P(x) = 1.
Then (omitting the dependence on x) we get:

24K, - K, [1—%]%2 =0 K, (1-v7)-24K, -C* =0.
Y

Roots of the quadratic equation:

AL +C (1-y?) C?
K = ) * 15 K =—-, = 1
: — VA
Note that when considering the case vy # 1, it is not yet possible to exclude the extra roots, since 4(x) and (1 —y?) can
change the sign.

As a result, we obtain the control structures:

w*(x) = YLZBITsz = YLZKZx, u*(x)=B,"K,x =-K,x.

In this case, the equation of the closed system has the form:
i=[A-(1-y))K, [x =54 +C*(1-77) x.

To provide asymptotic stability, we take the minus sign, and in the expression for K, — plus. For this example, we get:
1) if y#1, then

AR+ A () +C ()17 ) _1=2 +(1-2") +4(1-7 ") o

K X)= )
2( ) 1_y72 1_y72
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2) if functions 4(x), C(x) are not equal to zero simultaneously, then discriminant 4%(x) + C? (x)( 1 —v?).
Then,

2 2 2 )
£E+CH2Coy, 1 AWICE Ly CW ey OO
C*(x) A0 +C(x) £0+Cw
C’(x) 4
Ax)+C(x) (1-x*)+4
For y = Ymin, x = 0, x(0) = 0 is satisfied (the condition of asymptotic stability is not satisfied, but x(#) = 0 is valid).

, 1.e., for each current «, there is its own value ern )

For the example being solved y. (x) =

For y = Ymin we have

AX) £ () +C (0)(1-77) =¥ =) +4(1-77)

>0, y=1.
1—\(’2 l—y’z !

K,(x)=

2
If y=1, then K,(x)=- () =— 4 —. To fulfill condition K> > 0, condition A4(x) = 1 —x*< 0 that defines set
24(x)  2(1-x%)

|x| <1 of possible functioning of the system must be fulfilled.
Modeling. For modeling under different initial conditions, finite time interval 7= [0, 20] was selected, since all

transient processes in a closed system are practically completed.
According to Figures 1-3, the value of the state vector asymptotically tends to zero for different initial conditions,

which indicates the stability of the system and the correct selection of parameters, under which the system retains the
property of stability subject to any given limited disturbances.

X

0.08 + -0.02

006+ —0.04

0.04 | -0.06

0.02 | " -0.08

0.00 1 0,10 ‘ :

0 5 10 15 t 0 5 10 15 t
a) b)
Fig. 1. Change of the state vector:
a — for initial state xo = 0.1; b — for initial state xo = —0.1
X i T X

020 | -0.10
g
2 0.10 | -0.20
o \
<
b
E
< 0.00 e 030!
w
% 0 5 10 15 t 0 5 10 15 t
=

a) b)

Fig. 2. Change of the state vector:
a — for initial state xo = 0.3; b — for initial state xo = —0.3
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X . x : g —— -
0.40 0.10
0.30 | 0.20
020 030
0.10 | 040 |
0.00 e 1 50!
0 5 10 15 t 0 5 10 15 t
a) b)

Fig. 3. Change of the state vector:
a — for initial state xo = 0.5; b — for initial state xo = —0.5

Model example No. 2. One of the options of the two-dimensional case is considered, when equations (1), (2) and

functional (5) have the form:
(01 0 0
x(t) = 5 0 x(t) + | w(t) + | u(t),

A(x) By (x) B, (x)

y(6)=x(0),

1(u,w) = T[xT () x())+u” ()=’ (1) | dt <0,

ie., C(x) =Ey, S(x)=F>, Q(x)=1, P(x)=1.
Solution. The control structures of the object and the disturbance follow from (18):
K, ,(x) K,(x)\[x

u*(x)=—(0 1) (Klz () K, (X)J(Xz ] =-K,, (x)x, — K, (x)x,,

*(x) = - Ky Kp))(x)_ 1
w (X)_yz (0 1)(1{12()6) K22(x)](x2j_ Yz [Kll(x)xl+Kzz(x)X2],

and equation (17) has the form:

K, (x) K,(x))(0 1 0 x (K, ,(x) K,
K,(x) Ky N\x 0 ! I 0){K,(x) Ky(x) -

_[Kn(x) KIZ(X)]{[OJ(O 1)_L(Oj(o 1):|(K11(x) KIZ(X)J+(1 sz[o OJ.
K,(x) K,(x))I\1 v K,(x) Ky(x)) \0 1 0 0

From here,
2K,,x, —8K +1=0,
K, +K,x -0K,K,, =0,
2K, —-8K;, +1=0,
2
where §=1 2_1 =1-y?
Y

Solution to the first equation 8K3, — K},x; — 1 = 0 has the form:

2, £AJAX2 445 x, t4/x7 +8

2 28 3
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. 2K, +1 \/2x1+6i2 X +8
2 = S - 52 !
Solution to the second equation:

2x, +8+24/x7 +8
K, =K, (8K, _x1):\/ l 52 1 i\/x12+5.

In the obtained solutions, positive signs were selected taking into account condition K> > 0.

Modeling. To model the system, it is required to select the minimum possible value v, so that it satisfies (4) and at the
same time guarantees the asymptotic stability of the closed system. In example 1, the value of parameter y was found
analytically, but a problem arose with determining the value of the optimal parameter y*, therefore value vy, used in the
modeling, was selected experimentally. When y* = 1.5, the system remained stable according to expression (19). For
modeling, the time interval 7= [0, 10] was selected, since transient processes in the closed system decayed fairly quickly.
Modeling was performed for various initial conditions.

According to Figures 4-5, it can be concluded that the coordinates of the state vector asymptotically tend to zero. This
result is observed for each of the initial conditions considered. This indicates that the system is stable, and its parameters
are selected correctly, which allows maintaining the property of stability under any initial conditions and under the worst

disturbances.
The initial conditions significantly affect the trajectories of the change in the coordinates of the state vector, but from
Figures 4-5, it is clear that the proposed approach allows us not only to compensate for external disturbances, but also to

stabilize the trajectory of motion.

X1 ' v v v X1
0.101 |
0.30
0.06
I
0.10"
0.02
—0.02 : . . —0.10 -
0 2 4 6 8 t 0 2 4 6 8 t
a) b)

Fig. 4. Change of x1(?):
a — for initial state xo = (0,1; 0,1)7; b — for initial state xo = (0,1; 1)

- , _ _ .
0.05 0.60 |
0.00 | — L 020
0.0 = : : -0.02
0 2 4 6 8 ‘ 0 4 6 8 ‘
a) b)

Fig. 5. Change of x2(?):
a — for initial state xo = (1; 0,1)7; b — for initial state xo = (1; 1)
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Discussion of the Results. As a result of the study, sufficient H,, — control conditions were formulated and substantiated,
an approximate solution method was developed. The method proposed within the framework of the problem was tested on two
model examples. The simulation results allow us to conclude that the use of the developed controller synthesis method
guarantees the required quality of transient processes and provides asymptotic stability of closed systems.

Conclusion. The results and methods proposed in this paper can be applied to solve control problems of varying
complexity — from designing simple autopilots to developing complex automatic navigation systems for manned and
unmanned aerial vehicles. This emphasizes the prospects of using the proposed approach and makes it an attractive option
for further research.
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