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Study on stationary solutions to the problem of phytoplankton dynamics considering
transformation of phosphorus, nitrogen and silicon compounds”

Yu.V. Beloval, A.M. Atayanz, A.E. Chistyakov3, A.V. Strazhko*”

1234 Don State Technical University, Rostov-on-Don, Russian Federation

HccnenoBanue cTauMOHAPHBIX pelleHMil 321244 AMHAMUKHA (QUTOIIAHKTOHA ¢ Y4eTOM TpaHcdopMauuu coeau-

[y skskok
HeHuii ¢ocdopa, a30Ta 1 KpeMHUS

0. B. BestoBa', A. M. Atasin’, A. E. Yncrsikos®, A. B. Crpazkko®™”

1,234

Introduction. The solution to the problem of transformation of
phosphorus, nitrogen and silicon forms is studied. This prob-
lem arises under modeling phytoplankton dynamics in shal-
low-water bodies including the Azov Sea. The phytoplankton
dynamics model is formulated as a boundary value problem
for the system of diffusion-convection-response equations and
takes into account the absorption and release of nutrients by
phytoplankton, as well as the transition of nutrients from one
compound to another. To calculate the initial conditions and
parameters of the equations under which the steady-state re-
gime occurs, the software is developed, which is based on the
model describing changes in phytoplankton concentrations
without considering current effects. This model is represented
by a system of inhomogeneous differential equations. Based
on the developed software, the initial conditions and parame-
ters of the phytoplankton dynamics model in the Azov Sea are
calculated experimentally.

Materials and Methods. A 3D model of phytoplankton dynam-
ics is considered taking into account the transformation of
phosphorus, nitrogen and silicon compounds based on the
system of nutrient transport equations. The case of a spatially
uniform distribution of substances is considered to specify the
parameters of the model at which the stationary modes occur.
Because of simplification, a system of ordinary differential
equations solved through the Runge-Kutta method is obtained.
Research Results. The software is developed to specify the
initial conditions and parameters of the phytoplankton dynam-
ics model considering the transformation of phosphorus, nitro-
gen and silicon compounds.

Several numerical experiments are performed under the as-

sumption that the development of phytoplankton is limited by

" The research is supported by the RSF (project no. 17-11-01286).

JloHCKOI1 rocyJapCTBEHHBIN TEXHUYECKHH YHUBEPCUTET, I'. PocToB-Ha-JloHy, Poccuiickas denepauus

Bseoenue. PaboTa nocBsIeHa UCCICIOBAaHNIO PELICHUS 3a/1a-
yn TpaHchopmaru Gopm pocdopa, azora u kpemHus. aH-
Hasg TpoOJeMa BO3ZHHMKACT IPU MOJCIMPOBAHHU JHHAMUKH
(DUTOIIIAHKTOHA B MEIKOBOJHBIX BOJOEMaX, B TOM 4HCIE B
AzoBckOM Mope. Mozenb AMHAMHKHA (UTOIUIAaHKTOHA CQOp-
MYJIMpOBaHa KakK KpaeBas 3ajgada Il CHCTEMbl ypaBHEHUH
T Hy3UH-KOHBEKIUH-PEAKIUH U yIUTHIBACT IOTJIOLICHHE U
BBIZIEJICHHE NTUTATEIbHBIX BEIIECTB (PUTOIUIAHKTOHOM, a TaKKe
Mepexos MHUTATeNbHBIX BEUIECTB M3 OJHOTO COCOWHEHHS B
npyroe. [lng pacuera HayaJlbHBIX YCJIOBUM M MapaMeTpPOB
YpaBHEHHUH, MPU KOTOPBIX HACTYMaeT CTAMOHAPHBIN PEXKHM,
pa3paboTaHO MPOrpaMMHOE 0OEeCIIeueHne, OCHOBOH KOTOPOTo
MOCITY)KWJIa MOJIeNb, ONMHCHIBAIONIAs W3MEHEHHs KOHIIEHTpa-
ouii QUTOIUIAaHKTOHA Oe3 ydera BIHSHUS TedeHWi. JlaHHas
MOZEINb MPE/ICTaBIeHa CUCTEMOW HEOJTHOPOIHBIX OOBIKHOBEH-
HBIX TuddepeHanpbHbpXx ypaBHeHuil. Ha ocHoBe paspabo-
TAQHHOTO MPOTPAMMHOTO OOECIIEUeHHSI SKCIEPHMEHTAIBHBIM
00pa3oM paccuMTaHbl HayaJbHBIE YCIOBHS U IapaMeTpbl MO-
JIeNT TUHAMHUKH (DUTOTUTAHKTOHA B A30BCKOM MOpE.
Mamepuanvr u memooul. PaccmarpuBaeTcs TpexmepHas MO-
JIeNb TUHAMUKY (UTOIUIAHKTOHA C y4eToM TpaHchopMmaiuu
coeanHeHNH (pocdopa, a30Ta U KPEeMHHsI, OCHOBaHHAsI Ha CH-
CTeMe YpaBHEHHMH TpaHCIOpTa OWOTeHHBIX BemlecTB. Jlis
YTOYHEHHSI IapaMeTPOB MOIENH, NPH KOTOPHIX HACTYMAIOT
CTal[MOHAPHBIC PEXKHMMBI, PACCMATPUBACTCS CIIy4ail IPOCTpaH-
CTBEHHO-OJTHOPOAHOTO pacmpeneneHus cyocraHnuii. B pe-
3yJIbTaTe€ YIPOIICHUS IIOMydeHa CHCTeMa OOBIKHOBEHHBIX
nuddepeHIanbHbIX ypaBHEHHH, KOTOpasl pelieHa MEeTOIOM
Pynre-KytTsI.

Pesynbmamul  uccieoosanus. Pa3paboTaHO HporpaMMHOE
obecriedeHre Uil YTOYHEHHS HaAdalbHBIX YCIOBHH W Iapa-
METPOB MOJIENN JAUHAMHUKU (DUTOIUIAHKTOHA C YIETOM TpaHC-
¢dopmanmu coenuHenui ¢pocdopa, azora U kpemuus. [Ipose-
JICHBI HECKOJIBKO YHCIIEHHBIX HKCIIEPIMEHTOB B MPEIIOJIONKE-
HUH, YTO PAa3BUTHUEC d)HTOl'[J'IaHKTOHa JIMMUTHUPYETCS €IUH-
CTBEHHBIM OHOTCHHBIM BEIIECTBOM. B pesynbrare BhMIHCIH-

* E-mail: yvbelova@yandex.ru, atayan24@yandex.ru, cheese 05@mail.ru, strajcko2@gmail.com

ok

Pa6ota Bemonaena npu noanepkke PH® (mpoext Ne 17-11-01286).


Maxim
Штамп


Belova Yu.V. et al. Study on stationary solutions to the problem of phytoplankton dynamics considering transformation

Benoea IO. B. u op. Hccnedosanue cmayuoHapHuix pewienuil 3a0a4u OUnamuku Gumonnankmona c yuenmom mpancgopmayuu
]

a single biogenic substance. As a result of the computational
experiment, it can be seen that with the obtained values of the
initial concentrations and parameters of the equations, station-
ary modes occur for the system of ordinary differential equa-
tions describing the case of the spatially uniform distribution
of substances.

Discussion and Conclusions. The mathematical model of the
transformation of phosphorus, nitrogen and silicon forms in
the problem of phytoplankton dynamics is studied. Stationary
modes for the system of ordinary differential equations are
obtained, for which the values of the system parameters and
initial conditions are determined. The results obtained can be
used in further simulation of the phytoplankton dynamics con-
sidering the transformation of phosphorus, nitrogen and silicon
compounds with account for convection-diffusion, salinity,

and temperature.

Keywords: phytoplankton, phosphorus, nitrogen, silicon, bio-
gen, chemical-biological source, convection-diffusion-
response equation, Cauchy problem for system of ordinary
differential equations, stationary mode.

For citation: Yu.V. Belova, et al. Study of stationary solutions
to the problem of phytoplankton dynamics considering trans-
formation of phosphorus, nitrogen and silicon compounds.
Vestnik of DSTU, 2019, vol. 19, no. 1, pp. 4-12.
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TEJILHOTO KCIIEPUMEHTa BHIHO, YTO MPU MOJYYECHHBIX 3HAYe-
HUSIX HAYaIbHBIX KOHIEHTPAIMH W MapaMeTpoB ypaBHEHHIA
HACTYMAIOT CTAIlMOHAPHBIC PEXHMMBI ISl CHCTEMBI OOBIKHO-
BEHHBIX JAU(QQEepeHINanbHbIX ypPaBHEHHH, OMUCHIBAIOIICH
cliydail  MPOCTPAaHCTBEHHO-PABHOMEPHOTO  PAaCIPECIICHUS
cyOCTaHIU.

Obcyscoenue u 3axnoyerus. B pabore nccnenoBaHa MaTeMa-
TUYecKas Mojeib Tpanchopmanuu dopm ocdopa, azora u
KpPEeMHUS B 33/1aue IMHAMUKH (DUTOIUIAHKTOHA.

[Mony4yeHsl CTaMOHAPHBIE PEKUMBI Ul CHCTEMBI OOBIKHO-
BEHHBIX MU()(EepeHIMAIBHBIX YPaBHEHHIA, JUTSI KOTOPBIX OIpe-
JICTICHBbI 3HAYCHHS apaMeTpOB CHCTEMbI U HadallbHBIC YCIIO-
Busl. IToydeHHBIC PE3yJbTaThl MOTYT OBITH HCIOJIb30BAHbI B
nporecce JalbHEHIIero MOJCIHPOBAHHS JUHAMHUKH (HTO-
IUTAaHKTOHA C YYEeTOM TpaHchopMaluu coeauHeHuit pocdopa,
a30Ta ¥ KPEMHHUSI C Y4ETOM KOHBEKIMH-AU((Y3HH, CONCHO-

CTH, TEMIIEPATYPHI.

KniwoueBsble ciioBa: puTomankroH, ¢ochop, a3oT, KpeMHHH,
O6uoTreH, XUMUKO-OHOJIOTHIECKHH UCTOYHUK, YpaBHEHHE KOH-
BeKIMU-TuGQy3un-peakiuy, 3amada Komm Uil CHCTEMBI
O0OBIKHOBEHHBIX AU(PEpEeHINANBHBIX YPAaBHEHHH, CTAIMOHAD-
HBIN PEKUM.

Oébpaszey ona yumuposanus. benosa, 10. B. Uccnenosanue
CTAllMOHAPHBIX PELICHHIT 3a1aul THHAMUKH (UTOILIAHKTOHA C
ygeToM TpaHcopmanuu coeauHeHU# ¢ochopa, azoTa U
kpemuns / YO. B. benosa [u ap.] / Bectauk [loHckoro roc.
TexH. yH-ta. — 2019. — T.19, Nel. — C. 4-12.
https://doi.org/10.23947/1992-5980-2019-19-1-4-12

Introduction. Because of the development of major cities on the coast of shallow water bodies and river systems

that flow into these water bodies, eutrophication has become more frequent. The growth of algae in reservoirs is caused
by an increase in the flow of nitrogen and phosphorus compounds from the adjacent land areas. Each water body is
unique and requires a thorough study. Field investigations [1] and mathematical modeling are used to explore water
bodies. Without downplaying the role of field experiments, we can say that mathematical modeling is less costly, and it
allows us to predict the behavior of the ecosystem.

To study the Sea of Azov, a three-dimensional model of hydrodynamics [2, 3] including the equations of motion
in three spatial directions was developed. In [4], this model was made for the case of dynamic rebuilding of the compu-
tational domain geometry due to the tidal effects. The investigation of this model accuracy is given in [5]. In [6-8], the
reconstruction of an ecological catastrophe that occurred in 2001 caused by an excessive concentration of algae in the
eastern part of the Sea of Azov is given. In [9], methods of controlling the suffocation phenomena arising in the Sea of
Azov were proposed. The [10-12] papers are devoted to studying the dynamics of phyto- and zooplankton.

The water condition in shallow water bodies is changing rapidly, and mathematical models need to be refined.
The parameters determination of the three-dimensional model of the phyto- and zooplankton dynamics is laborious;
therefore, it is proposed to use a simplified model to calculate these parameters.

The work objective is to improve the parameters of the model of the phytoplankton dynamics considering the
transformation of phosphorus, nitrogen and silicon compounds, under which stationary regimes occur with the assump-
tion of a spatially uniform distribution of substances.

Materials and Methods. The model is based on the system of equations for the transport of nutrients [15, 16],

the form of which for each F model block is

Mechanics
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_i+u_"+v%+w%:div(kgradql.)+R , (1)
o ox oy ez ’

where ¢, is concentration of the i-th component, [mg/l]; i eM, M={F,, F,, F3 PO, POP, DOP, NO;, NO,, NH,,
Si}; {u, v, w} are components of the velocity vector of the water flow, [m/s]; & is turbulent exchange coefficient, [m?/s];

R, is function-source of nutrients, [mg/l - s].

In equation (1), i index indicates the type of substance (Table 1).

Table 1
Biogenic substances in model of phytoplankton dynamics
No. Notation Name
1 F, Chlorella vulgaris green algae
2 F, Aphanizomenon flos-aquae green-blue algae
3 F; Sceletonema costatum diatom
4 PO, phosphates
5 POP suspended organic phosphor
6 DOP soluble organic phosphor
7 NO; nitrates
8 NO, nitrites
9 NH,4 ammonium
10 Si soluble inorganic silica (silicic acids)

Chemical and biological reactions are described by the following equations R, =C,. (1-K,,)q, — K, ,q, —K,.q; ,
i=13,

3
RDOP = ZSPKF,EqF, + KPDqI’OP _KDNQDOI’ ’
3
RPO4 = ZSPCF, (KER _l)qF, +KPNqP0P +KDNQD0P ’

r\(/2) (qmm ) 3 K Ie K
= ’ Sy (qNO Yo, > Du )QE +,Z:1:SN( w T F’E)qF’ ~ Rl »

-K

1390,

(1)
3 Sy o, 90,9, N
R 2 ZZSNCH (KF’R _1) N ( Noy» 1 No, NHA). qA\o2

9, tK
= Sy (QNOX 4o, » D wu, ) Do, T 4o,

29,

f}\(ll) (an3 9o, > D, ) ) 9o,
Iy (q,vq »Aro,» Dnn, ) 9o, T 4o,

RSi = ssrca (KF3R _1)qrJ +SSrKF3DqF3 .

3
R/voJ = ;SNCF, (KF,R _1) qr "'Kzsqzvo2 >

Here, K, is specific breathing rate of phytoplankton; K, ,is specific die-off rate of phytoplankton; K, is
specific excretion rate of phytoplankton; K, is specific rate of POP autolysis; K, is coefficient of POP phosphatifica-
tion; K, is coefficient of DOP phosphatification; K, is specific rate of ammonium oxidation to nitrites under nitrifica-
tion; K, is specific rate of nitrite oxidation to nitrates under nitrification; s,, s, , s, are normalization coefficients be-

tween the content of V, P, Si in organic matter.
Phytoplankton growth rate is determined by the following expressions:

CFL2 = KNF,_z min {fp (qP04 )’ fN (qn/o3 »Aro, 9 nm, )} ’

Cﬁ = KNE min {fp (qm4 )’ fN (qzvo1 Yo, Dnm, )’fs,' (qSi )} ’

where Ky is maximum specific phytoplankton growth rate.
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Fig. 1. Model scheme of biogeochemical transformation of phosphorus, nitrogen and silica forms

Functions describing nutrient content

qro,

— for phosphorus: = s
phosp AT —a
where K, is phosphates half saturation constant;

9

— for silica: f, (g, )=—""—,
foas) a5 + K,

where K is silica half saturation constant;

— for nitrogen: fN (qNo3 o, » D, ) = f;\(/]) (qzvo3 s o, > D, )+ 1\(12) (qNH4 ) ’

(Gro, + 9o, )eXP(—K ;G \.)
(1) _ Mwo, NO, psi ANH, (2) — ,
fN (qzvox ’ qlvoZ ’ qNH4 ) K,\,O} N (q,\,@ T qNO: ) ’ fN (qsz4 )

where K, is nitrates half saturation constant, K,, is ammonium half saturation constant, K, is ammonium inhibi-

tion ratio.

For the system (1), it is necessary to specify the vector field of the water flow velocities, as well as ¢, initial
values of the concentration functions
q,(x,,2,0)=q/ (x,5,2), (x,y,2) € G. t=0,ieM. 2)
Assume X boundary of G cylindrical region is piecewise smooth and~ =%, UX Uoc , where X, is surface of
the reservoir bottom, X is still water surface, o is lateral (cylindrical) surface. Suppose u, is vector component of the
water flow velocity normal to 2 , and » is outward normal vector to X . For ¢, concentrations, we assume:

— on side boundary:

q, =0, on o,if u <0,ieM; 3)
g, : .
i=0, %:O, ono,ifu 20,ieM;
on on
—on X there is reservoir surface:
%, _ o, jeM: (5)
oz
— on the bottom X, :
04,

6—281,,%’ ie{Fls F29 F3}s
z
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Zi =&, q,, ie {PO,, POP, DOP, NOs, NO,, NH,, Si}, (6)
z
where ¢, €,,are sedimentation rates of algae and nutrients to the bottom.

Stationary Mode. Consider the case of a spatially uniform distribution of substances (phytoplankton, forms of
phosphorus, nitrogen and silica); then each of the equations (1) is simplified; and as a result, we get the following sys-

tem of ordinary differential equations (ODE):

4 _ ¢ =13,
dt = /7( _KER)qE _KEDqE _Krrqr’ i=l, (7)

quOl’ S
Y, = ZISPKI-;I)qI-; - KPI)qPOP _KPNqPOP ’

dt
d 3
M = ZSPKFFqF +KPDqP0P _KDNqD()P ’
dt i-1 o
d
qPOA - ZS C ( l)qE +KPNqP0P +KDNqD()P >
(2)
q Yy, (NH,)
NH. _Zs Cr( rR—])f (NO NO N]—]) z]:s (KF,D+KEE)qF, _KAZqNH4’
N 1
d 3 Y(NO,, NO,, NH
& = ZS/\'CF (KI-'R - )fV ( 4)' T, qr +K4zq,vy _Kzquo >
dt = ' ' fyv(NO,,NO,,NH,) 9o, T 9o, ! B
Y o, f, NO,,NO,, Gro,
= _Z C ( FR ) ; ( ) - qE+K23QN02’

fw (N03 ’ NOz > 4 ) qNo2 + qNo3

%—s C

dt Si—F (KﬁR _1)q& +SSiKaqu; .

We solve the system of ordinary differential equations by the Runge — Kutta method [15—17]. We will conduct
several numerical experiments, assuming that the development of phytoplankton depends on a single limiting substance.

Research Results. For the ODE system (7), we calculate the initial conditions and parameters of the equations

at which the stationary regimes occur. Let us take the initial concentration values: g, (0) =2.5mg/l, q, (0) =2.6 mg/l,
4, (0)=0.91 mg/, q,,,(0)=0.07 mg/l, q,,,(0)=0.07 mg/l, q,, (0)=0.005 mg/, q,, (0)=0.11 mg/l, g, (0)
=0.0178 mg/l, q,, (0)=0.304 mg/l, q,,(0)= 0.4 mg/l; coefficients: K, =2.8 day”,K,, = 0.15 day o K,,=0.05 day”
!, K,,=0.15day ™, Kpp=0.015 day ', Kpy=0.02 day ', Kpy=0.1 day ', K= 0.9 day "', K»3=2.5 day ', K, = 1.46

day™, sp=0.01, sy = 0.016, 55 = 0.023, K,,, =0.024, K, =3.0, K, =2.0, K, =3.0.

The obtained stationary modes of the ODE system (7) on the assumption that the development of phytoplank-
ton is limited by a single nutrient (phosphorus, nitrogen or silica) are shown in Fig. 2—4, respectively. Fig. 2 describes
the effect of phosphorus on the development of various phytoplankton species; Fig. 3 describes the effect of nitrogen on

the development of various phytoplankton species; Fig. 4 describes the effect of nitrogen on diatom development.
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Fig. 2. Stationary mode of ODE system under assumption that phytoplankton development is limited by phosphorus:
a) green algae (ChV), b) green-blue algae (4F-A), ¢) diatom (SC), d) suspended organic phosphorus (POP), e) soluble

organic phosphorus (DOP), f) phosphates (PO,)
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Fig. 3. Stationary mode of ODE system under assumption that phytoplankton development is limited by nitrogen:
a) green algae (ChV), b) green-blue algae (4F-4), c¢) diatom (SC), d) ammonium (NH,), e) nitrites (NO,), f) nitrates (NO;).
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Fig.4. Stationary mode of ODE system under assumption that phytoplankton (diatoms) development is limited by silica:
a) diatom (SC), b) silica (S7).
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The result of the computational experiment shows that with the above values of the initial concentrations and
parameters of the equations, stationary modes occur for the ODE system (7), which describes the case of a spatially
uniform distribution of substances. The obtained values will be used in further simulation of the spatially inhomogene-
ous distribution of substances, saltiness and temperature considering the movement of the aquatic environment [18].

Conclusion. A mathematical model of the transformation of forms of phosphorus, nitrogen and silica in the
problem of phytoplankton dynamics is studied in the paper. The case of spatially uniform distribution of substances
(phytoplankton, forms of phosphorus, nitrogen and silica) is considered. The system is divided into three systems of
ordinary differential equations, each of which simulates the dependence of phytoplankton growth on a single nutrient.
These systems are solved by the Runge-Kutta method (Fig. 2—4); stationary modes are obtained, for which the values of
the system parameters and initial conditions are determined.

The results obtained will be used for the further simulation of the phytoplankton dynamics considering the
transformation of phosphorus, nitrogen and silica compounds, taking into account diffusion-convection, saltiness, and
temperature.

References

1. Yakushev, E.V., Sukhinov, A.IL, et al. Kompleksnye okeanologicheskie issledovaniya Azovskogo morya v
28-m reyse nauchno-issledovatel'skogo sudna «Akvanavt». [Comprehensive oceanological studies of the Azov Sea on
the 28th voyage of the “Aquanaut” research vessel.] Oceanology, 2003, vol. 43 no. 1, pp. 4453 (in Russian).

2. Sukhinov, A.IL, et al. Chislennoe modelirovanie ekologicheskogo sostoyaniya Azovskogo morya s prime-
neniem skhem povyshennogo poryadka tochnosti na mnogoprotsessornoy vychislitel'noy sisteme. [Numerical modeling
of ecologic situation of the Azov Sea with using schemes of increased order of accuracy on multiprocessor computer
system.] Computer Research and Modeling, 2016, vol. 8, no. 1, pp. 151-168 (in Russian).

3. Sukhinov, A.L., Sukhinov A.A. 3D model of diffusion-advection-aggregation suspensions in water basins
and its parallel realization. Parallel Computational Fluid Dynamics 2004: Multidisciplinary Applications — 2005, pp.
223-230. DOL: 10.1016/B978-044452024-1/50029-4.

4. Sukhinov, A.L., Chistyakov, A.E., Shishenya, A.V., Timofeeva, E.F. Mathematical model for calculating
coastal wave processes. Mathematical Models and Computer Simulations, 2013, vol. 5, no. 2, pp. 122-129. DOI:
10.1134/S2070048213020087.

5. Sukhinov, A.IL, et al. Predskazatel'noe modelirovanie pribrezhnykh gidrofizicheskikh protsessov na mnogo-
protsessornoy sisteme s ispol'zovaniem yavnykh skhem. [Predictive modeling of coastal hydrophysical processes in a
multiprocession system based on explicit schemes.] Mathematical Models and Computer Simulations, 2018, vol. 30,
no. 3, pp. 83—100 (in Russian).

6. Sukhinov, A.L., et al. Matematicheskoe modelirovanie usloviy formirovaniya zamorov v melkovodnykh
vodoemakh na mnogoprotsessornoy vychislitel'noy sisteme. [Mathematical modeling of the formation of suffocation
conditions in shallow basins using multiprocessor computing systems.] Numerical Methods and Programming, 2013,
vol. 14, no. 1, pp. 103—112 (in Russian).

7. Sukhinov, A.I., Sukhinov A.A. Reconstruction of 2001 ecological disaster in the Azov Sea on the basis of
precise hydrophysics models. Parallel Computational Fluid Dynamics 2004: Multidisciplinary Applications — 2005,
pp- 231-238. DOI: 10.1016/B978-044452024-1/50030-0.

8. Debolskaya, E.I., Yakushev, E.V., Sukhinov, A.I. Formation of fish kills and anaerobic conditions in the
Sea of Azov. Water Resources, 2005, vol. 32, no. 2, pp. 151-162. DOI: 10.1007/s11268-005-0020-5.

9. Nikitina, A.V., et al. Optimal'noe upravlenie ustoychivym razvitiem pri biologicheskoy reabilitatsii
Azovskogo moray. [Optimal control of sustainable development in biological rehabilitation of the Azov Sea.] Mathe-
matical Models and Computer Simulations, 2016, vol. 28, no. 7, pp. 96106 (in Russian).

10. Sukhinov, A.IL, Nikitina, A.V., Chistyakov, A.E. 1. Matematicheskoe modelirovanie protsessov evtrofikatsii v
melkovodnykh vodoemakh na mnogoprotsessornoy vychislitel'noy sisteme. [Mathematical modeling of eutrophication pro-
cesses in shallow waters on multiprocessor computing system.] Bulletin of the South Ural State University: Series “Computer
Technologies, Automatic Control & Radioelectronics™, 2016, vol. 5, no. 3, pp. 36 —53 (in Russian).

11. Nikitina, A.V., Puchkin, M.V., Semenov, L.S. Differentsial'no-igrovaya model' predotvrashcheniya zamo-
rov v melkovodnykh vodoemakh. [Differential game of fish kill prevention in shallow water bodies.] Large-scale Sys-
tems Control, 2015, iss. 55, pp. 343-361 (in Russian).

12. Sukhinov, A.I., Belova, Yu.V. Matematicheskaya model' transformatsii form fosfora, azota i kremniya v
dvizhushcheysya turbulentnoy vodnoy srede v zadachakh dinamiki planktonnykh populyatsiy. [Mathematical transform
model of phosphorus, nitrogen and silicon forms in moving turbulent aquatic environment in the problems of plankton
populations dynamics.] Engineering Journal of Don, 2015, vol. 37, no. 3, pp. 50 (in Russian).

Mechanics

11



http://vestnik.donstu.ru

Vestnik of Don State Technical University. 2019. Vol. 19, no. 1, pp. 4-12. ISSN 1992-5980 eISSN 1992-6006
Becmuux /lonckozo zocydapcmeennozo mexnuueckozo ynugepcumema. 2019. T. 19, Ne 1. C. 4-12. ISSN 1992-5980 eISSN 1992-6006

13. Degtyareva, E.E., Protsenko, E.A., Chistyakov, A.E. Programmnaya realizatsiya trekhmernoy ma-
tematicheskoy modeli transporta vzvesi v melkovodnykh akvatoriyakh. [Software implementation of a 3D mathemati-
cal model of suspension transport in shallow water areas.] Engineering Journal of Don, 2012, vol. 2, no. 4 — 2, 30 p.
Available at: ivdon.ru/ru/magazine/archive/n4p2y2012/1283 (accessed: 12.12.2018) (in Russian).

14. Samarskiy, A.A. Teoriya raznostnykh skhem. [Difference scheme theory.] Moscow: Nauka, 1989, 616 p.
(in Russian).

15. Sukhinov, A.L, Sidoryakina, V.V., Sukhinov, A.A. Dostatochnye usloviya skhodimosti polozhitel'nykh
resheniy linearizovannoy dvumernoy zadachi transporta nanosov. [Sufficient conditions for convergence of positive
solutions to linearized two-dimensional sediment transport problem.] Vestnik of DSTU, 2017, vol. 17, no. 1 (88), pp.
5-17 (in Russian).

16. Samarskiy, A.A., Nikolaev, E.S. Metody resheniya setochnykh uravneniy. [Methods of finite-difference
equation solution.] Moscow: Nauka, 1978, 532 p. (in Russian).

17. Marchuk, G.I. Matematicheskoe modelirovanie v probleme okruzhayushchey sredy. [Mathematical model-
ing in environmental problem.] Moscow: Nauka, 1982, 319 p. (in Russian).

18. Belova, Yu.V., Chistyakov, A.E., Protsenko, U.A. O chetyrekhsloynoy iteratsionnoy skheme. [On four-
layer iterative scheme.] Vestnik of DSTU, 2016, vol.16, no. 4 (87), pp. 146—149 (in Russian).

Received 20.11 .2018
Submitted 21.12.2018
Scheduled in the issue 11.01.2019

Authors:

Belova, Yuliya V.,

Junior research scholar, Research Institute for Mathemat-
ical Modeling and Forecasting of Complex Systems, Don
State Technical University (1, Gagarin sq., Rostov-on-
Don, 344000, RF),

ORCID: https://orcid.org/0000-0002-2639-7451
yvbelova@yandex.ru

Atayan, Asya M.,

teaching assistant of the Computer and Automated Sys-
tems Software Department, Don State Technical Univer-
sity (1, Gagarin sq., Rostov-on-Don, 344000, RF),
ORCID: https://orcid.org/0000-0003-4629-1002
atayan24(@yandex.ru

Chistyakov, Aleksandr E.,

professor of the Computer and Automated Systems
Software Department, Don State Technical University
(1, Gagarin sq., Rostov-on-Don, 344000, RF), Dr.Sci.
(Phys.-Math.), professor,

ORCID: https://orcid.org/0000-0002-8323-6005

cheese 05@mail.ru

Strazhko, Aleksandr V.,

student of the Computer and Automated Systems Soft-
ware Department, Don State Technical University

(1, Gagarin sq., Rostov-on-Don, 344000, RF),
ORCID: https://orcid.org/0000-0002-2449-8531
strajcko2@gmail.com




Vestnik of Don State Technical University. 2019. Vol. 19, no. 1, pp. 13-23. ISSN 1992-5980 eISSN 1992-6006
Becmnuk /lonckozo zocyoapcmeennozo mexnuueckozo ynueepcumema. 2019. T. 19, Ne 1. C. 13-23. ISSN 1992-5980 eISSN 1992-6006

MAIINHOCTPOEHUE N MAHINHOBEJAEHHUE
MACHINE BUILDING AND MACHINE SCIENCE

UDC 621.382

https://doi.org/10.23947/1992-5980-2019-19-1-13-23

Study on oil pilot circuit of adaptive hydraulic drive of tool advance in mobile drilling

machine
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HccnenoBanne rugpaBInyecKOro KOHTYpPa YNPaBJEeHHMS aJaNTHBHOIO THAPONPHBOAA IOJA4YH HHCTPYMEHTa

MOOH/ILHOI OypoBoii MammuHbl™

B. C. Cnuopenxol, B. U. Fpmuemcoz, C.B. PaKyJIemco3, M. C. Honeuucml“, H. . I[blMOqu-lS )

*

12345 TToHCKO# rOCYIapCTBEHHBIN TEXHIUECKHiT YHHBEPCHTET, . PocTos-Ha-J{ony, Poccuiickas denepamus

Introduction. An adaptive hydraulic drive of the tool advance
in a mobile drilling machine is studied on the example of the
URB-2.5 installation. A typical technological cycle of the
mobile drilling machine is considered; the performance
criteria are defined. An original design of the adaptive
hydraulic drive is proposed on the basis of the analysis.
Adaptation of the hydraulic drive of the tool advance is
carried out using an adjustable volumetric hydraulic motor
with a hydraulic control circuit under discontinuous loads on
the tool during the drilling process.

and  Methods.

computational experiment in the Matlab Simulink program,

Materials Through a  preliminary
the following parameters of the control loop devices were
determined: a hydromechanical sensor and a hydraulically
controlled valve, on the basis of which the experimental setup
was implemented. The performed multifactor experiment
allowed identifying the processes in the original hydraulic
control circuit of the hydraulic motor under various modes of
tool loading.

Research Results. The kinematic and power characteristics of
the hydromechanical system of a mobile drilling rig, the
hydraulic control effect on the settings of the hydraulic
control circuit devices were obtained and determined. The
results enabled to specify the rational ranges of the
hydromechanical system operation for a typical work cycle.
Discussion and Conclusions. The results obtained can be
used to create hydraulic systems of new drilling machines
with various characteristics. The application of the developed
techniques of research and processing of their results will
reduce the time and costs involved in designing adaptive
hydraulic systems for mobile technological machines,
creating prototypes and
procedures.

conducting commissioning

* The research is done within the frame of the independent R&D.

Beeoenue. Crarbs TOCBSIIEHA HCCIIEIOBAHHUIO AJAlITHBHOIO
THAPONIPUBOJA TIOJaYd WHCTPYMEHTa MOOWIBHOH OypoBO
MalluHbl Ha Inpumepe YycraHoBku YPB-2,5. Paccmorpen
TUMOBOM  TEXHOJOTMYECKHH MK~ MOOWJIBHOM — OypoBOM
MAIlMHBI, OMpeaeeHbl Kputepur (GyHKIHOHHpOBaHMs. [lo

pe3ysibraram aHaym3a MPEIIIOKEHO OpHUI'MHAIILHOE
CXEMOTEXHHYECKOE peIICHHE aJalTHBHOIO THAPOIPUBOJIA.
Ajanrrarym TUIPOTIPUBOA nogayu HWHCTpYMEHTA

OCYIIECTBISIETCS. TPH TOMOIIM PEryJIHPyeMOro 0ObEMHOro
THAPOABHTATENS C KOHTYPOM THIPABIMYECKOrO  YIIPABICHHS
NpY M3MEHSIOLICHCS Harpy3ke Ha HWHCTPYMEHTE B Ipolecce
OypeHwsI.

Mamepuaner u memoowi. IlpenBapUTEIIbHBIM BBIUUCIUTEIBHBIM
SKCIIEPUMEHTOM B mporpammve Matlab Simulink ompemenenbt
mapaMeTpbl KOHTYpa
THIPOMEXAHHYECKOTO JATIYHKa M THAPOYIPABISIMOTO KIIAIaHa,

YCTPOWCTB YHpaBIeHUS:
Ha OCHOBE KOTOPBIX pEaIM30BaHa OKCIEPUMEHTAIbHAs
YCTAQHOBKA. BBINOMHEHHBI MHOTO(AKTOPHBIH SKCHEPHMEHT
MO3BOJMJI MACHTH(UIPOBATh IIPOIECCHl B OPHTMHAIEHOM
TH/IPABIMYECKOM KOHTYpPE YHPAaBICHHS THAPOMOTOPOM IIpU
Pa3IUYHBIX PEKUMAX HarpyXeHUsI HHCTPYMEHTA.

Pesynomamut  uccnedosanus. IlomydeHsl ¥ OHpeENCHBI
KIHEMAaTHIECKHe u CHJIOBBIE XapaKTePUCTUKA
TH/IPOMEXaHHIECKOH CHCTEMBI MOOMIEHON OypOBO# yCTaHOBKHY,
BIMSHUE THUIPABIMYECKOIO YNpaBleHHA Ha IapaMeTpbl
HACTPOMKM YCTPOWCTB KOHTypa. Pe3ynbTaTsl MO3BOIMIN
OMPEENNTh PalOHAIBHBIE JUANA30HbBl (YHKIMOHHPOBAHHS
THAPOMEXaHWIECKOH CHCTEMBI JUTS TUTIOBOTO PAabOYEro IHKIIA.
Obcyacoenue u saxmouenus. T1oTydeHHbIe Pe3yJIbTaThl MOTYT
OBITH HCIIOJIB30BaHBl MPH CO3AHHM THUIPOCHUCTEM HOBBIX
OypOBBIX ~ MAllMH C  PA3MYHBIMH  XapaKTEPHCTHKAMH.
Hcnone3oBaHue pa3paOOTAaHHBIX METOIMK HCCIIEOBaHUS |
00pabOTKN WX pe3yNbTaToB IMO3BOJIMT COKPAaTUTh 3aTPaThl
BPEMEHH M CpPEICTB IPHU MPOSKTUPOBAHMH AJANTHBHBIX

TUAPOCUCTEM MOOMIIBHBIX TEXHOJOTHYECKHUX MalllH, CO3JaHnun

** E-mail: v.sidorenko1942@gmail.com, vig84@yandex.ru, rakulenko84@mail.com, poleshkin.maks@gmail.com., dydedmi 77 06 02@mail.ru
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Introduction. Dynamic development of natural resources requires the improvement of existing and the
creation of new automated complexes of processing equipment for drilling production with improved mechanical and
energy characteristics. Analysis of the known circuit design solutions of hydromechanical systems (HMS) of mobile
drilling machines (MDM) identified the key feature of their construction — a multi-engine system, in which it is
important to consider the effect of the tool feed drive and the main motion drive during the technological cycle [1-4].
At this, the quality, productivity and safety of operation depend much on how the kinematic and force parameters (V,
M, etc.) are matched under changing the tool loads [4, 5]. In view of the above, the work objective was to increase the
efficiency of the hydromechanical system of MDM working motions through developing and studying its hydraulic
control circuit.

Performance Criteria. In the drilling process, an important criterion is the fulfillment of the basic production
requirement — operation matching of the main motion and feed drive, which would ensure a stable tool advance
revolution [6].

Using the basic laws of similarity of various process cycles, it is easy to apply the above reasoning to the
technique of drilling various wells [7, 8].

The performance (I1p) is determined as follows:

o = 1/Ton (1)

Hen = Ho ky ky = Lex / Lon (2)

Tor = Tmam + Tee + Tz + Tosen + Trewm. (3)
Tavamr = Lou / Va3 Vo= Sy ny 4

ny = 1000 Viyp / 3,14-Dy;. (5)

Ton is reference cycle time; T is time of adjustment of the next reference operation cycle (increasing the tool
length); Tyam is machine time spent on the cutting operation (drilling) when moving the tool by the value of Loy with
V, speed.

When the condition (S, = const) is fulfilled, the tool life corresponds to Ty = [Tyy] standard with Dy diameter
and ny frequency of tool rotation. In this case, the number of tool changes throughout Lcx = Loy-k,, drilling depth is
reduced.

Tgc is time spent on installation, commissioning operations, and tool change. It is regulated by the equipment
type [7];

Toscn is scheduled time of change (replacement) of the tool after the development of its technological stability
(Tw);

Tpeym is time for eliminating failures, it is reduced with the increased reliability; Vgyp, S, are standards for

drilling soils of various categories by o; or from the practice of drilling in each region [5].
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The tool life and capacity depend directly on the stability of S,(t) value (working process flow per revolution)
[7, 9]. This is achieved in case, when S,(t) minute feed rate performed by the drive of the MDM dependent feed,
decreases synchronously with reducing the tool n(t) rotational speed. When the elastic deformations are not considered

in the kinematic tool feed chain, then the feed amount is determined as follows:

2mv(t)

Sa(8) = 22 (©)
Su(t) =2 (7)
w(t) =2m-n(t) (8)

where v(t) is linear tool advance speed, m/s; w(t) = 2w - n(t) are angular velocities of tool rotation, rad/s; n(t) is tool
rotation frequency, rev/s.

As is well known, the possibilities of rigid stabilization of each of the working motions under the conditions of
hydraulic drive application are limited. In the technological machines of this type, the task of adapting a volumetric
hydraulic drive is not solved automatically, but is done manually by the operator [3, 10].

Circuit Solution. On the basis of the previously proposed structural scheme [11], as well as the analysis of
typical MDM operation cycles, the MDM URB-2.5 schematic hybrid (Fig. 1) is proposed. It considers the behavior and
composition of its mechanical subsystem.

The machine power system consists of hydraulic fixed axial-piston pumps (H1, H4), installed on the chassis
transfer gear through power take-offs (PTO). The PTO control is electro-pneumatic and it is performed through
switches installed in the cab of the auto chassis [10, 12].

The hydraulic control circuit (HCC) of the installation receives hydraulic energy from H2 two-stage pump
driven by an electric motor. The electric motor receives power from the auto chassis generator. The first section of H2
directs the hydraulic energy to GMD1 sensor, the second one — to the hydraulically operated valve (HOV).

The operation of both HCC circuits occurs off-load, so overheating of H2 two-stage pump motor is excluded.
Each two-stage pump has a safety relief valve with electrical control (KP2, KP3). Pressure is controlled by MN3 and
MNS5 gauges respectively. HCC has its own closed hydraulic tank (B2) [13]. The main hydraulic tank is Bl tank
equipped with F1, F2, F3 drain filters, TO1 and TO2 heat exchangers.

The MDM hydraulic system (HS) is divided into two large circuits. The auxiliary circuit includes an outrigger
drive (I'TT1, I'12), a mast lift-lower drive (I'IT 3), and a winch drive (I'M 3). The main contour includes a drive of the

tool main motion (rotary table) and a feed drive (Fig. 1).
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Fig. 1. Hydraulic schematic diagram of MDM URB-2.5

The tool feed drive entering the main circuit receives hydraulic energy from the hydraulic pump (H1). The
pump is equipped with an electrically-controlled relief valve (KII1). Operating pressure is monitored by the pressure
gauge (MH2). Reverse movement, stop are provided by a three-position electrically-controlled valve (P2) with a closed
center. The hydromotor ('M1) of the feed drive, adjustable through mechanical transmission, provides a longitudinal
feed of the drilling tool. The heat exchanger (TO1) and filter (P1) provide filtration and conditioning of the working
fluid.

The pump (H4) is rotated in the same way as the pump (H1) (Fig. 1). The valve (P3) initiates start, stop of the
main drive or feed rate increase under the rapid traverse of the feed drive. In this case, the upper position of the valve is
turned on, and the flow of the pump (H4) enters the drive supply circuit through the check valve (KO1), and is summed
with the flow of the pump (H1) providing a quick lowering or lifting of the tool from the well. When the pump (H4)
operates on the main drive (P3 in the lower position), the check valve (KO1) prevents the working fluid from being
drained out of the supply circuit into the tank (B1) [13].
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A similar function is performed by the check valve (KO3) when the pump is operated on the feed drive. The
valve (P4) provides reverse of the drive main motion. Using the choke (/IP2), the tool rotation speed is adjusted (at
idle).

The heat exchanger (TO2) and the drain filter (D3) provide filtration and conditioning of the working fluid of
the rotational drive circuit.

The HCC circuit includes two original devices — a hydraulically controlled valve (HOV) (4) and a hydraulic
multiparameter sensor (HMS) (5) (Fig. 2) [14]. Under the rapid traverse of the feed drive described above, the pump
(H2) (Fig. 1) is automatically shut off by the control system (AIIM).

A 16
L. g Py
B 7
+ = ]
Qyn
) — al B!
- ©

Fig. 2. MDM general view: 1 is adjustable hydraulic motor; 2 is tool feed drive; 3 is uncontrolled hydraulic motor; 4 is
HOV valve; 5 is HMS sensor; 6 is gearbox; 7 is driveshaft; 8 is coupling; 9 is auto chassis; 10 is system of outriggers; 11 is tool; 12
is main motion drive; 13 is double drum winch; 14 is hydraulic cylinder of mast lifting (lowering); 15 is swivel; 16 is mast.

The HCC principle of operation (Fig. 2) as part of the MDM hydraulic system is as follows: the shaft (HMS)
(5) is mechanically connected to the shaft (’'M2) through the gearbox (6). Pressure fluctuation at the HMS input (5) is
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transmitted to the control input of the HOV (4) which is adjusted — by selecting springs — to the mode of operation
whereby, at its output, the average operating pressure proportional to the oscillation amplitude and, accordingly, to the
rotational speed of the hydromotor shaft (I'M1) is formed.

With resistance moment increment on the hydromotor shaft (I'M2), the shaft rotation speed and the oscillation
frequency at the HMD input decrease, and the pressure amplitude increases. As it increases, the average value of
opening the HOV valve, which supplies a greater amount of fluid from the H2 to the gearbox (I'M1) of the feed drive,
increases. The control pressure (Py) at the HOV input increases, which provides an increase in the hydraulic motor
capacity and reduces the feed speed. The mechanism of the HCC contour as a component of the HMS with a dependent
tool advance, as well as the operation principle of the (ATIM) unit, is considered in [15].

The accumulator (AK) smoothes the pressure control pulsation (Py) at the hydraulic motor (I'M1) input
control. Using the setting of the chokes (JIP1, /IP2) and the selection of the pressure valve (KO3), the limiting values of
the tool feed rate and rotation speed are adjusted, and the required functional relationship between the working motion
speeds is formed.

The original HOV differs in function of continuous regulation of the valve flow section. Therefore, it is
possible to control the performance of the hydromotor at all speeds.

Experimental Study. To identify the HMS parameters operating under the specified conditions, special bench
equipment and accessories are developed [13]. The hydromotor flow rate was determined using a turbine sensor-flow
meter connected through the converter board (LJAII-ALIIT). The adjustment ranges of the parameters under the study are
shown in Table 1.

Table 1
Parameter ranges under HMS study
. . Unit of .
No. Parameter Designation Range o Control device
measurement
Nozzle diameter den 0.5-1.2 mm Plug gauge
2 Choke flange dyp 0.8-2 mm Plug gauge
Gap between nozzle and .
3 modulator Vs 0.2-1 mm Dial gauge
Rotati loci
4 RPM s 5.60 rpm otation velocity
sensor
F1
5 Flow through HMS Qrn 0.5-20 I/min OW £age,
gage tank
6 Pressure in HMS Prux 0.5-5 MPa Pressure gauge
Characteristic design factor .
7 2-8 Slid
of HMS flow section *x i 1e gage

The traverse speed and acceleration of the shaft (I'M) (feed drive) was determined by sequential differentiation
of motion over time using the following formulas implemented by post-processing of data in the PowerGraph program
[8, 11, 16]:

w®) =2, ©
e(t) =22, (10)

where w is angular velocity, rad/s; € is angular acceleration of (TM), rad/s>.

The results of the obtained experimental data processing through the known methods [17, 18] are presented in Fig.
3-9.

The graph in Fig. 3 explains the pressure fluctuation amplitude response of the HMS under a change in the
hydromotor (I'M1) speed variation within the range of 45—125 rad/s. The data were obtained when testing nozzles with
the diameters: d., = 2, 4, 6 mm.

As a result, the dependence of the pressure change was almost linear in nature, and it fell as the speed
increased, which was associated with the non-stationary mode of the working fluid outflow through the flapper-nozzle
unit.
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Fig.3. Dependence of pressure fluctuation value (Py) on ® speed of rotation of hydromotor ('M1), approximation: 1 is
P;=0.140°-30+24.8; 2 is P;=0.360"-3.840+20.4; 3 is P;=0.210°-2.8w+16.6.

The results presented in Fig. 4 show that with an increase in the characteristic structural parameter of the flow
section (TMJ] Xj;) from 2 to 8 mm, the control pressure level changes from 1.9 to 1.4 MPa. This enables to make
recommendations for further optimization of the HMS flow path [19], in particular, for some increase in (X]).
However, its further increase is impractical because it increases the geometric dimensions of the modulator disk.

P, MPa

2 a 6 8 X,,, mm
Fig. 4. Dependence control pressure (Py) variation on effect of characteristic structural parameter of cross section of
flow part (TMJ] X)), approximation: Py=1.65X;+20.75

Fig. 5 shows the effect of the design features of (X)) on the maximum pressure amplitude (P, used for the
hydraulic control circuit during advance to the HOV.

P,, Max,
MPa

25

2 S

15 —

1

0.5

2 4 6 8 10 ¥ mm
3i1¢)

Fig.5. Dependence of change in maximum amplitude of control pressure (P vax) on effect of characteristic design parameter of flow
section of (TMJI Xj;), approximation: P pax=21 .46XH'0’372
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During identification, an important step was the determination in the HCC circuit: HMS — HOV, the degree of
impact of each control component setting. Thus, the HOV tuning property, under the control loop performance, is its
spring constant (C,,), the selection of which significantly affects the sensitivity of the control subsystem [20].

The characteristic built in Fig. 6 and approximated by the results of the experiment, is linear, and explains the

magnitude of the maximum control pressure drop from 1.7 to 1.4 MPa under changing the HOV spring force.

Py, Max,
MPa

1.8
1.6 —~——
1.4
1.2

1
0.8
0.6
0.4
0.2

0

2000 6000 10000 Cp, H/m

Fig. 6. Dependence of maximum control pressure (Pymax) variation on magnitude of HOV spring force, approximation:
PyMAXZI.SCp“Flg.S

The second tuning element in the circuit with the HOV is an adjustable choke in the shunt line (Fig. 1). Its
setting parameter is the flow area regulated within the range from 2.5 « 107 to 7.5 « 107 m” The results of the

experiment are shown in Fig. 7.

Py, Max,
MPa
7
6
5
4 N
3 S
2 —
--.__-
1
0
25 3.75 5 6.25 75 £,107,m?

Fig. 7. Dependence of maximum control pressure (Py max) variation on flow area of choke (JIP1), approximation:
Pyymax=1.56p"-27.6-f;+84.2

Four operation modes of the tool-drive motor (hydraulic motor (I'M 1)) under relay loading, and, accordingly,
under changing ® angular velocity by: 22 rad/s; 49 rad/s; 71 rad/s and 85 rad/s, are studied. The dependence obtained

from the experiment is shown in Fig. 8.
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ty,s

2.5

1.5

0.5

22 49 71 85 o, radls

Fig. 8. t, dependence of HCC response time on o angular rotation velocity of hydromotor (I'M1) shaft, approximation:
ty=-0.0020*-0.4>+0.83

Since HCC is a part of the MDM hydraulic system, its length has a special impact on the quality and time of
transient processes [16]. In order to determine the degree of impact on the above parameters, the pressure variation time
in the control line with varying of its volume was studied (Fig. 9).

ty,s

16
14
12 ~

1
0.8 /’
0.6
0.4
0.2

0

6 12 18 24 30 weiodm?®

Fig. 9. t, dependence of HCC response time on W volume in control flow line, approximation:
ty=-0.020’+0.10’+0.1200+0.5

The results enable to determine the critical value of the flow line volume: W = 24-10* M°, over which the HCC
response time does not exceed 1.5 s; that is due to wave processes taking place in the pipeline, as well as to the
parameters of the lines themselves [20].

Conclusions. As a result of the research, the requirements were developed, and the HMS generalized structure
of the MDM working motions was proposed, which made it possible to increase the efficiency of drilling production
through introducing an internal kinematic hydromechanical connection between the main motion and the tool feed
movement.

A hydraulic control circuit is developed and implemented on the basis of a multi-parameter sensor and a
hydraulically controlled valve, which ensures the coordination of working motions under the discontinuous process
duty. Considers the characteristic features of the drilling process, the configuration of the reference operating cycle,
which allowed for the development of an automated system for driving work motions, is proposed.
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Effect of organic acid concentration in lubricant on tribological characteristics of friction
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Bausinue KOHIHCHTpauuun opraaneCKoﬁ KHMCJIOTHI B COCTaB¢ CMa3KH Ha TpHﬁOJ’lOFPl‘IECKHe XapaKTEPUCTUKH

KoKk
napbl TPeHUs

B. 9. Bypaakosa', E. I. JIporan®**

!2 JToHCKO# TOCYIApCTBEHHbIN TEXHMUECKHI YHUBEPCHTET, T. PocTos-Ha-JloHy, Poccuiickas denepanus

Introduction. The possibility of using monocarboxylic acids as
a lubricant composition additive, and the effect of their
concentration in lubricant on the evolution of the friction
factor of a brass-steel couple, as well as the morphology of the
film surface under friction is considered. The work objective is
to study the effect of the concentration of carboxylic acids in
the lubricant composition on the evolution of the friction
factor of copper — steel alloy.

Materials and Methods. Tribological studies of a brass-steel
friction couple in aqueous solutions of monocarboxylic acids
with the concentrations of 0.025; 0.05; 0.1; 0.2; 0.5 mol/l are
carried out. Using scanning electron microscopy, we have
studied the morphology of the servovite film surface that is
formed on a steel disk after frictional interaction of a brass-
steel couple in aqueous solutions of acids with the
concentration of 0.1 mol/l.

Research Results. Tribological characteristics of the brass-
steel tribocoupling in aqueous solutions of carboxylic acids of
various concentrations are studied. The optimum acid
concentration in the lubricant composition is specified.
Herewith, a selective transfer and a wearless friction regime
are implemented under friction of the brass 59—steel 40X
couple. A decrease in the friction ratio to 0.009 and 0.007 is
found out under friction in aqueous solutions of valeric and
caproic acids, respectively. The formation of an anti-friction
film on the steel surface is identified through the scanning
electron microscopy. It is established that the film formed in

an aqueous solution of caproic acid has a denser structure in

" The research is done within the frame of the independent R&D.
** E-mail: vburlakova@donstu.ru, ekaterina.drogan@gmail.com
*** Pa6oTa BBINOJHEHA B PaMKaxX MHAMAaTHBHONH HUP.

Bseoenue. Ctarhsi IOCBSIEHA MCCIEIOBAHUIO BO3MOXHOCTH
WCIIOB30BaHUS B KAa4yeCcTBE MPUCAAKA K CMa30YHOM
KOMIIO3UIIUK  OJHOOCHOBHBIX  KapOOHOBBIX  KHCIOT H
N3YYEHHIO WX BIIMSHUS Ha SBOJIOLMIO KOd(dUINEHTa TPEHUS
mapsl JIaTyHb-CTallb, a Takke HW3y4YeHHI0 Mopdoimoruu
(hopMupYIOIIUXCS IPH TPSHUH TIOBEPXHOCTH TICHOK.

Llenpto pabOTHI SBISUIOCH U3YYEHHE BIMSHUS KOHIEHTpALUH
KapOOHOBBIX KHCJIOT B COCTaBE CMa304HON KOMIIO3HLHUH Ha
IBOJTIONNIO KO3((UIUECHTA TPEHHS Iaphl CIUIaB ME/Ib-CTallb.
Mamepuanet u memoowi. IlpoBeneHBI TPHOOIOTHIECKHE
WCCIEI0BAaHNUS TMAapbl TPEHHS JIATyHb-CTalb B BOJHBIX
pacTBopax  OJHOOCHOBHBIX  KapOOHOBBIX  KHCIOT  C
koHmeHtpamusmu  0,025; 0,05; 0,1; 0,2; 0,5 momp/n. C
MOMOIIIBIO PACTPOBOW JJIEKTPOHHON MHKPOCKOIIMHM H3y4eHa
Mopdoorust TIOBEPXHOCTH CEpPBOBHTHOM IUICHKH,
(hopmupyromIeiics Ha CTATEHOM IHUCKE Iocie (PUKIHOHHOTO
B3aHMOJICHCTBUSl Tapbl TPEHHS JAaTyHb-CTallb B BOJHBIX
pacTBopax KHCJIOT ¢ KoHIeHTparue 0,1 Monb/m.

Pesynomamul  uccneoosanus. VI3ydeHbl TpHOOIOTHUECKHE
XapaKTePHCTHKN TPHUOOCOIPSIKEHUSI JIATyHb-CTANb B BOJHBIX
pacTBopax KapOOHOBBIX KHCIOT Pa3IM4YHON KOHIICHTPALUH.
VYcraHoBieHa ONTHMajbHas KOHLEHTpPAIUs KHUCIOTHI B
COCTaBe CMa3KH, NPU KOTOPOI B pe3yibTaTe TPEHUS Iapbl
natyHb 59-crans 40X peanusyercsi W30MpaTeNbHBIH HEpeHOC
U JIOCTUTAETCSI PEeXHM Oe3bI3HOCHOTO TpeHms. OOHapyKeHO
cHkeHne koddduimenta tperus mo 0,009 u 0,007 npu
TPEHUH B BOJHBIX PacTBOpax BaJepHAHOBON M KapPOHOBOMH
KHCIOT ~ cooTBeTcTBeHHO. C  IOMONIBIO  PacTpoBOit
JJIEKTPOHHOW MHKPOCKOIHUH BBISIBICHO (OPMHUPOBAHHE Ha
CTaTPHOM  TIOBEPXHOCTH  AHTH()PHUKIMOHHON  IUICHKH.
VYcraHOBIEHO, YTO IUICHKA, (opMupyIOIascs B BOJHOM
pacTBope KalpOHOBOHW KHCIIOTBI, HMEET OoJjiee IUIOTHYIO
CTPYKTYpY, B CPaBHEHHUH C IUICHKOH, (OPMHUPYIOLMIEHCS TpH
TPEeHUH B BOJHBIX pPACTBOPAX MACISIHOM M KallpOHOBOH

KHUCIIOT.
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comparison with the film formed under friction in aqueous
solutions of butyric and caproic acids.

Discussion and Conclusions. Thus, the tribological studies of
a brass-steel friction couple in aqueous acid solutions show
that the optimum molar acid concentration in the lubricant
composition is 0.1 mol/l. At this acid concentration, the values
of the friction factor characteristic of the wearless mode are

attained.

Keywords: friction factor, wear, selective transfer, servovite
film, carboxylic acid, friction surface topography.
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Obcyscoenue u 3axmouenusi. B pesynbprate TpHOOIOTHYSCKAX
UCCIICJIOBAaHUI Tapbl TPEHHs JIATYyHb-CTalb B BOJAHBIX
pacTBOpax KUCIOT BBISABICHO, YTO ONTHMAJIBHON MOJISIPHOMN
KOHIICHTpAI[MEHl KHUCIOTBI B COCTABE CMAa3KH SIBJISETCSI
koHuentparust 0,1 Mosb/m. I[Ipy 3TOM KOHIEHTPALUH KHCIOTHI
JIOCTUTAIOTCS 3HAYECHUsI KOd(P(HUIIMEHTA TPEHHsI, XapaKTEPHBIE
UL pekuMa Oe3bI3HOCHOCTH. BBISBICHO, YTO H3MCHCHHE
KOHIICHTPAIUA KUCIOTHI IPUBOIUT JIUOO0 K YBEIHMYEHUIO
3HaYCHUH KOA(DPHIMEHTA TPEHHUIO, THOO0 K HE3HAUUTEIBHOMY
ero CHWKeHH0. [IpH 3TOM yBEIHYEHHE KOHICHTPAIUH
KHCJIOTBI COTIPOBOXKIAETCS KOPPO3HOHHBIMH IPOIIECCAMU Ha
MOBEPXHOCTH I1aphl TPEHUSL.

KnwueBsle caoBa:  kodhunueHT

n30HMpaTeNbHBIil IepeHOC, CEPBOBUTHAS IUICHKA, KapOOHOBas

TpeHus,  H3HOC,
KHCJIOTa, TONOrpad st HOBEPXHOCTH TPEHUSL.
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TPUOOJOTUYECKUE  XAPAKTEPHCTHKH  Mapel  TpeHHs /
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TexH. yH-Ta. — 2019. — T.19, Nel. — C. 24-30.

https://doi.org/10.23947/1992-5980-2019-19-1-24-30

Introduction. Modern high-developing machine-building industry advances new demands on lubricants. Most
conventional methods of the friction and wear control are based on the use of solid and liquid lubricants [1-4]. The
principal function of lubrication in friction units is to keep two contacting surfaces of machine parts from wear. To
perform the necessary functions, basic fluids need modification by functional additives that change the antiwear
properties of base oils through improving their lubricity among other. For this reason, additives are an integral part of
the design of modern lubricants. The studies [2—7] show that to reduce friction and wear, both nanoparticles of metals
and various organic components are used as additives to lubricant compositions. Some of them contribute to the
formation of protective antifriction films on the tribocontact surfaces due to the presence of metal powders with particle
sizes in the micro-range and nanoscale in the lubricant composition [7-9]; others — as a result of selective dissolution of
tribo-conjugated surfaces (in the case of copper-steel alloy friction pair) under friction [10-17]. As is known, the
lubricating medium plays a critical role in the selective transfer of copper to the steel surface under frictional
interaction. For example, during the copper alloy — steel friction, various polar compounds, including carboxylic acids,
are formed in the aqueous-glycerin medium. It was interesting to study the possibility of using them as additives to the
lubricant composition for implementing a selective transfer and wearless friction.

Materials and Methods. The evolution of the friction factor of the “brass 59-aqueous solution of carboxylic
acid — 40X steel” system was investigated on the AE-5 type face friction machine. Aqueous solutions of saturated
monobasic carboxylic acids with the general formula: R—~-COOH (R = C,H>,+,;), with the concentrations of 0.025-0.5
mol/l were used as a lubricant composition. Before the tribological studies, samples of steel 40X and brass 59 were
cleaned with abrasive paper, washed with distilled water, degreased with hexane, and air-dried. The friction assembly
consisted of a steel rigidly fixed disk and three movable brass fingers arranged in a circle at the angle of 120° relative
to each other. A friction couple of a ring steel specimen and brass fingers was placed in the lubricant composition into
the working part of the friction machine made in the form of a textolite bath. A PHYWE Cobra force sensor was
attached to the front face of the working part of the friction machine for continuous recording of the friction variation.
Tribological studies were carried out under the following modes: sliding speed of the specimen was 0.45 m/s; axial
load was 1.7 MPa; test time was 10 hours; temperature of the working environment was 37° C; slide path was 15,260
m.

The morphology of the servo film was studied using the scanning electron microscopy (SEM) on a Carl ZEISS
microscope in the Electron and Optical Microscopy Laboratory and the Center for Collective Use of Scientific
Equipment, REC “Materials” (http: //nano.donstu.ru). The studies were conducted under high vacuum conditions.
Accelerating voltage under the scanning mode was 1-3 kV.

Research Results. The dependence of the friction factor on the concentration of carboxylic acid for various
volume acid densities under the brass-steel couple friction is given in Fig. 1 and in Table 1. From the analysis of the
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data obtained, it follows that the dependence in Fig. 1 is nonmonotonic, with a minimum concentration of acid in the
solution of 0.1 mol/L.

Table 1
Dependence of friction factor on acid concentration in lubricant
comlfjgls)irtli(;?lrjtaci d Acid chemical formula: R- 0035 (),l(()\?d concent(r)e.lilon, moll 03 03

solution COOH, where K friction factor, p
Formic -H 0.307 0.348 0.274 0.391 0.545
Acetic -CH; 0.285 0.312 0.258 0.367 0.462

Propionic -CH,CH; 0.195 0.129 0.087 0.239 0.335
Butyric -CH,CH,CH; 0.112 0.083 0.037 0.184 0.307
Valeric -CH,CH,CH,CH; 0.071 0.031 0.009 0.045 0.154
Caproic -CH,CH,CH,CH,CH; 0.054 0.016 0.007 0.028 0.126

Studying the effect of acid concentration on the friction factor variation in the solution shows that strengthening of
formic and acetic acids in the lubricant composition from 0.025 mol/l to 0.05 mol/l leads to the increase in the acidity of
the medium and, consequently, to an increase of the values of the friction factor from 0.3 to 0.35.

As a result of frictional interaction, tribocorrosion occurs on the metal surface in the tribosystem. A further
increase in the acid concentration to 0.1 mol/l causes a decrease in the friction factor, and then it is accompanied by its
sharp increase and strong wear of friction couple materials as a result of the adhesion-mechanical interaction of the
protrusions of the surface microrelief (Fig. 1, 2).

0.6
0.5 it
0.4
03 it
02 '

0.1

01 02 03 04 05
C, mol/l

Fig. 1. Dependence of friction factor (i) on acid concentration (C) in lubricant composition under friction of brass-steel couple: 1 is
formic acid, 2 is acetic acid, 3 is propionic acid, 4 is butyric acid, 5 is valeric acid, 6 is caproic acid

04 [ 3 | |
—0.025
0.3 ——0.05
3.
o —
02
0.1 —05

0.72 1.44 2.16 2.88 3.60
) x10*
Time, s

Fig. 2. Evolution of friction factor (i) on concentration (C) in “brass-aqueous solution of acetic acid-steel” system
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A similar dependence of the friction factor on the acid concentration in the lubricant composition is also
observed under friction of a brass-steel couple in aqueous solutions of propionic and butyric acids (Fig. 3).
0.5

C, mol/l

—0.025
—10.05

[ —0.1
—10.2
—0.5

0.72 1.44 2.16 2.88 3.60
. x10*
- Time,s
Fig. 3. Evolution of friction factor (i) on concentration (C) in “brass-aqueous solution of butyric acid-steel” system

At this, the friction factor decreases significantly at the acid concentration of 0.1 mol/l and does not exceed 0.1.
A further increase in the acid concentration in the lubricant composition, as well as in the case of formic and acetic
acids, is accompanied by its sharp increase (Fig. 1). As a result, wear products are formed in the lubricating fluid
volume. In this case, the friction surface is subjected to corrosion-mechanical wear, and the friction factor has rather
high values from 0.15 to 0.35 (Fig. 3).

Analysis of the friction factor variation of a brass-steel couple in aqueous solutions of valeric and caproic acids
with the concentrations of 0.025 and 0.05 mol/l determines rather low value to 0.07 (Fig. 1, 4).

Application of valeric and caproic acids in a lubricant composition with the concentration of 0.1 mol/l enables
to obtain the lowest values of the friction factor to 0.007; optimal conditions for self-organization on the steel surface;
the formation of a visually detectable servovite film [13, 18]; and the establishment of a wear-free mode in the
tribological system. At this, reduction of the friction factor in the copper-steel alloy couple is associated with the best
damping of tribo-film stresses caused by friction.

04
C, mol/l
0.3
—0.025
——0.05
L 02
—0.1
0.1 —02
—0.5

0 0.72 1.44 2.16 2.88 3.60

4
Time, s x10

Fig. 4. Evolution of friction factor (i) on concentration (C) in “brass-aqueous solution of caproic acid-steel” system

Triboelectrochemical reactions occurring in the frictional contact zone in aqueous solutions of valeric and
caproic acids not only initiate the formation of a servovite film, which helps to reduce the friction factor, to heal surface
microdefects, but intensify the chemosorption which enhances the ordering effect of the substrate on the orientation of
molecules under the formation of adsorption acid molecule layer.

Active —COOH polar groups in a carboxylic acid molecule lead to its interaction with metal surfaces with the
formation of chemically adsorbed compounds of the bidentate-ligand type [12]. Aliphatic monocarboxylic acids (R —
COOH) form layers in which the hydrocarbon radicals of the molecules form a closely-packed structure. The adsorbed
carboxylic acid molecules on the metal surface not only reduce the friction factor, as compared to a clean friction
surface, as it follows from the results obtained, but also increase it. At very low acid concentrations in the solution — to
0.05 mol/l, the degree of filling the adsorption layer is very small; the molecules do not form a continuous film and
move freely along the metal surface. Aside from the acid molecules, water molecules can adsorb on the metal surface;
however, they do not have an effective shade action, therefore, the friction factor is almost the same as for clean
surfaces. As the acid concentration in the solution rises to 0.1 mol/l, the occupancy of the adsorbed friction surface layer
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increases, while the acid molecules run parallel to the surface reducing the friction factor as compared to the values for
clean friction surfaces. The generated boundary layers at low acid concentrations reduce the friction factor. With further
raise of the acid concentration, molecules are arranged perpendicular to the surface; the adsorbed layer increases the
surface roughness; and the friction factor grows. The closedness of intermolecular bindings inside the adsorption layer
leads to low surface energy and virtual absence of secondary adsorption of acids or other components [19-21].

Analysis of the results obtained through the scanning electron microscopy (SEM) indicates drastic structural
changes in the friction surface in acid aqueous solutions when moving from formic to caproic acid (Fig. 4). As can be
seen from the SEM visualization of the results obtained, with the relative movement of two surfaces in an aqueous
solution of acetic and butyric acids, the surface of the tribocontact has a heterogeneous structure with a large number of
pores and irregularities resulting from mechanochemical corrosion; as well as the occurrence of wear particles on the
friction surface which causes abrasive wear of rubbing metals. At this, cracks and scratches appear on the friction
surface, which significantly reduces wear resistance of the material. Micrographs of the sample surface after friction in
aqueous solutions of acetic and butyric acids show major roughness of the friction track, which leads to an increase in
the friction factor (Fig. 4a, b). The friction force growth also provokes an increase in temperature in the friction unit,
and, as a result, thermal stress of the metal, which is also one of the causes of the crack formation, both on the material
surface and in its volume.

Fig. 5. SEM results of servovite film obtained under friction in “brass-aqueous solution of acid-steel” system:
(a) is acetic acid, (b) is butyric acid, (c) is caproic acid

When an aqueous solution of caproic acid is used as a lubricant composition under friction of a copper alloy
over steel, the formation of a copper non-oxidizing layer on the surface of a steel disk is observed (Fig. 4c) [22]. This
effect is explained by the catalytic effect of copper, which converts the lubricant monomers into polymers, ensuring that
copper remains in an unoxidized state [12]. Copper film, which is formed through friction in an aqueous solution of
caproic acid, has a dense structure with a minimum number of pores, ensuring wearless friction.

Conclusion. As a result of the tribological studies of a brass-steel friction couple in acid aqueous solutions, the
optimum acid concentration in the lubricant composition was found. It is established that a change in the acid
concentration causes a change in its adsorption on the friction surface, leading to a change in the morphology of the
tribo-conjugated surfaces.
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Introduction. The electrodeposition of composite electrochem-
ical coatings from electrolyte-colloid nickel plating containing
ultradisperse zirconium boride powder is studied. The work
objectives are as follows: to study mechanical-and-physical
properties of the composites based on nickel and nanostruc-
tured zirconium boride, and to determine optimal conditions
for the application of such electrochemical coatings.

Materials and Methods. Microhardness of composite electro-
chemical coatings was measured using PMT-3 microhardness
tester on samples with the layer thickness of 30 um under the
indentation load of 100 g. A three-ball machine was used to
determine wear resistance of the coatings. Sample tests were
carried out under dry friction modes and with the use of 3%
RV coolant. WSD values were measured by MIR-3 TU 3-
3.1954-86 microscope. To determine the internal stresses in
the coating, we used a flexible cathode method up to GOST
9.302-88.

Research Results. The electrolyte-colloid composition and
modes of electrodeposition of composite nickel - nanostruc-
tured zirconium boride coatings are developed. Mechanical-
and-physical properties (microhardness, wear resistance and
internal stresses) of the obtained composite electrochemical
coatings are analyzed. Recommendations for use of the devel-
oped electrolyte and the application of a composite coating on
machine parts for their surface hardening are formulated.

Discussion and Conclusions. Ni—ZrB, CEC (composite elec-
trochemical coating) has high microhardness (10—11 hPa at the
indentation load of 100 g), which exceeds the microhardness
of pure nickel by 1.5-2 times. As the microhardness increases,
the internal stresses of Ni—ZrB, CEC decrease. The proposed
coatings were compared to chromium ones deposited from the
environmentally hazardous electrolytes. The wear resistance of

" The research is done within the frame of the independent R&D.
“E-mail: degtiar@yandex.ru, i.ivanina96@mail.ru, iyuzh@mail.ru
**"PaboTa BHINOJIHEHA B pAMKaxX HHULMATUBHON HUP.

Beseoenue. VccnenoBaH IpoIecc 3MEKTPOOCAKACHUS KOMITO-
3UTHBIX 3JIEKTPOXUMHUYECKHX IIOKPBITHH M3 3JIEKTPOINTA-
KOJUIOW/Ia HUKEJIUPOBAHMUS, COJIEPIKAIET0 YIbTPa uCIepPCHBII
MOPOIIOK TUOOPHIa INPKOHUS.

Lemn paboTel: uccnenoBanne HU3NKO-MEXaHHYECKUX CBOICTB
KOMITO3UTOB HAa OCHOBE HHKEJISl 1 HAHOCTPYKTYPHOTO ANOOpH-
Ja DUPKOHHSA, a TaKXKe ONpPEAeNeHHe ONTUMANBHBIX yCIOBUI
HaHECEHMs TAKOTO IEKTPOXUMHUIECKOTO MOKPBITHSL.
Mamepuanet u memoosi. MUKPOTBEPIOCTh KOMIO3UTHBIX
JNEKTPOXUMHUUECKHAX TOKPBITHH H3MEpSIIN C HOMOIIBI0 MUK-
potBepaomepa [IMT-3 Ha obpa3uax ¢ TonumHoM ciost 30 MKM
npu Harpy3ke Ha uagertop 100 r. {is ompeneneHus n3HOCO-
CTOMKOCTH TIOKPBITHH HCIIOIb30BaJIM TPEXLIAPUKOBYIO MaIllU-
Hy TpeHms. VcneITanns oOpasmoB MPOBOIAWMIN B PEXHMAx
CyXoro TpeHHs U ¢ IpuMeHeHueM 3 %
oxjaxaaromen xuakoctd PB. 3HaueHus numamerpa mnsTHa
H3HOCA M3MEpHiIH o1 MukpockoroMm MUP-3 TV 3-3.1954-86.
Jnst ompeneneHHss BHYTPEHHHUX HANpsOKEHUH B ITOKPBITHH

CMa304HO-

BOCIOJIB30BAICH METOZOM THOKOTO KaTOa B COOTBETCTBHH C
I'OCT 9.302-88.

Pesynomamor uccnedosanus. Pa3paboraH cocTaB 3JIEKTPOJIH-
Ta-KOJUIOMJA M PEXUMBI 3JIEKTPOOCAKICHHS KOMITO3UTHBIX
HOKPBITHI HUKEIb — HAHOCTPYKTYPHBIH AUOOPH] LIMPKOHUSI.
[IpoBenen aHamm3 (GHU3UKO-MEXAaHHYECKHX CBOWCTB (MHKpO-
TBEPAOCTh, HW3HOCOCTOMKOCTh W BHYTPEHHHME HAaNpSHKEHH)
TIOTYYSHHBIX KOMIIO3UTHBIX JJIEKTPOXHMHUYECKUX IMOKPBHITHH.
CdopMynmupoBaHbl PEKOMEHAAIMU MO UCIIOIb30BAHHUIO pa3pa-
0OTaHHOTO JICKTPOJIHUTA U HAHECEHHIO KOMIIO3UTHOTO TTOKPBI-
THSI Ha AETaIU MAIllMH JUIS UX TIOBEPXHOCTHOTO YIPOYHEHNSL.
Obcyarcoenue u 3axmoyenue. KOII Ni—ZrB, umeeT BBICOKYIO
mukpoTBeprocts (10-11 rlla mpu Harpyske Ha HWHIEHTOD
100 T), 9TO NpEBBHIIAET MUKPOTBEPAOCTh YHCTOTO HHKENS B
1,5-2 paza. IIpu Bo3pacTaHWU MHUKPOTBEPIOCTH CHUKAIOTCS
BHyTpeHHHe HampspkeHuss KOII Ni—ZrB,. Ilpennaraemsle mo-
KPBITHSI CPAaBHUBAINCH C XPOMOBBIMH, OCAXKJAEMBIMU M3 DKO-
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Ni—ZrB, CEC is 2-5 times higher than that of chromium coat-
ings. Thus, instead of chromic coatings, it is recommended to
use the proposed composition for surface hardening of parts of
the specialty machinery and industrial equipment.

Keywords: eclectrolyte, composite electrochemical coating,
nickel, zirconium boride, microhardness, wear resistance,
internal stresses.
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boride coatings. Vestnik of DSTU, 2019, vol. 19, no. 1, pp.
31-37. https://doi.org/10.23947/1992-5980-2019-19-1-31-37

JIOTUYECKU OMACHBIX 3JIEKTPOIUTOB. M3HOCOCTOMKOCTE KOII
Ni—ZrB, B 2-5 pa3 Goible, 9eM y XpOMOBBIX HOKpHITHH. Ta-
KHM 00pa3oM, peKOMEHIYeTCs] BMECTO XPOMOBBIX MOKPBITHI
HCTIONB30BaTh MpeIaraeéMblii COCTaB ISl MOBEPXHOCTHOTO
YIPOYHEHHs JeTajell CIeHaIbHOH TeXHUKH M IPOMBIILICH-
HOT'O 00OPYIOBaHUS.

KiroueBble €10Ba: JIEKTPOIUT, KOMIIO3UTHOE IIEKTPOXUMHU-
YecKoe MOKPBITHE, HUKENb, AUOOPUI IUPKOHUS, MUKPOTBEP-
JIOCTh, U3HOCOCTONKOCTD, BHYTPCHHUE HAIIPSKECHUSL.

Oépazey ona yumuposanus: OcoOEHHOCTH (HOPMHPOBAHUSL
KOMITO3UTHBIX 9JIEKTPOXUMUYECKUX IOKPBITHII Ha OCHOBE
HUKeII W  HAHOCTPYKTypHOTO  aubopuma  IUPKOHUS /
JI. A. Jlertsips [u np.] // Bectnuk JloH. roc. TeXH. yH-Ta. —

2019. —T.19,Ne1. — C.31-37 https://doi.org/10.23947/
1992-5980-2019-19-1-31-37

Introduction. Composite materials are widely used to strengthen the surface of typical nodes and parts of the
petroleum-gas field, processing and other industrial equipment. As a result of a combination (composition) of dissimilar
substances, a new material appears whose characteristics differ from the properties of its components [1].

To improve the performance properties of electroplating, particulate fillers are introduced into the solution.
Thus, a composite electrochemical plating (CEP) with a matrix of the base metal is obtained. Precisely the creation of
the CEP is one of the current areas of modern electroplating. To obtain the CEP, dispersed particles of various sizes and
types from electrolytes codeposit simultaneously with metals. These particles are included in the coating; they improve
drastically the operational properties (hardness, wear resistance, corrosion resistance) of the coatings, and give them
new qualities (anti-friction, magnetic, catalytic).

Various technologies of producing nickel-based CEP [2-5] are known. The selection of technique is deter-
mined by the operating conditions of the composite coating (CC). At this, wealth of fillers for obtaining coatings with
specific performance properties complicates the choice of dispersed particles [3, 5-9]. In [2, 3, 6-8, 10], the physicome-
chanical properties of various nickel-based CC with particulate fillers (for example, nanocarbon material taunite, alumi-
num oxide, silicon carbide, graphite, etc.) are considered. In the mentioned works, in particular, it was noted what de-
termines the structural and morphological characteristics of the CEP [7-9], their resistance to corrosion [7, 11], the co-
efficient of sliding friction [8], heat resistance, microhardness, and other properties [11] . Conditions and modes of CC
deposition, composition of electrolytes, nature and degree of fineness of powder or other additive materials are men-
tioned as determining factors. The use of micropowders with a grain size of more than 1 pm and ultrafine powders or
suspensions can change the nature of the codeposition of particles with the excreted metal, and, therefore, the character-
istics of the CEP [9].

The use of micropowders with a grain size of more than 1 pum and ultra-disperse powders or suspensions can
change the nature of the codeposition of particles with the excreted metal, and, consequently, the characteristics of the
CEP [9]. During the dispersion phase, the properties of electrolytes and coatings from them gain a number of ad-
vantages [12, 13, 14] critical from the point of view of the applicability.

Nickel CC obtained from electrolytes with additives based on zirconium dioxide to improve surface morpholo-
gy, microhardness, heat resistance and other properties [5, 15] are of interest. Zirconium boride (ZrB,) as an additive to
electrolytes for obtaining CC was not studied. However, it is known that zirconium and boron compounds improve
drastically the mechanical and processing properties of electroplating [16]. . This work objective is to study the physi-
comechanical properties of the CEP based on nickel and nanostructured ZrB,, as well as to determine the optimal condi-
tions for its deposition.

Materials and Methods. Reagents of Aldrich Company and distilled water were used for the fabrication of
electrolytes. The content of ZrB, in the coating was determined by the weight (gravimetric) method. The CEP micro-
hardness was measured with PMT-3 microhardness tester. For this purpose, samples with the layer thickness of 30 um
were used under the indentation load of 100 g.

The current output of the coatings was obtained using a copper coulometer. The wear resistance of the coatings
was determined on a three-ball friction machine. Samples were tested under dry friction modes and with the use of 3%
RV coolant [17]. The wear resistance of the CEP was investigated as follows. The balls of steel ShKh 15 with the area
of 0.05 dm? were covered with 30 pum thickness coating. Washers of St 45 steel served as a counterbody. The wear scat
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diameter was measured using MIR-3 TU3-3.1954-86 microscope. To determine the internal stresses in the coating, we
used the flexible cathode method in accordance with GOST 9.302-88.

Research Results. The electroplating process and some features of the CEC with ultradisperse powder (UDP)
ZrB; (0.04-0.06 um) are studied. The creation of nickel-based CEC with certain physical and mechanical characteristics
requires consideration of several factors. In this case, first and foremost, the challenge of the interaction of the dispersed
phase, introduced earlier into the electrolyte, and colloid particles formed in the solution under the electrolysis or in the
preparation of electrolyte is considered [12, 13].

For the studies, sulfate-chloride nickel plating electrolyte-colloid of the following composition was used, g/l:
nickel sulfate — 250, nickel chloride — 60, a-aminoacetic acid — 20. ZrB, concentration varied from 1 to 60 g/l.

The optimal electrolysis conditions in the presence of ZrB, UDP are specified. For this purpose, ranges of the
cathode current density and the electrolyte pH, in which the CEC of good quality is formed, are determined. In the elec-
trolyte composition under study, a-aminoacetic acid was present as an additive agent. Its maximum buffer properties
were shown at pH 2-2.5: in this case, light matte coatings of good quality were formed. The presence of an effective
additive agent in the electrolyte allows for electrolysis at the high cathode current density.

If ZrB,, is absent in the electrolyte, then the limiting value of the cathode current density is 2 A/dm®. When this
value is exceeded, a dark contour is formed on the test samples. This indicates alkalization in the cathode layer, the
formation of nickel hydroxide in a coarsely dispersed form, and its inclusion in the coating [12]. In this case, the physi-
comechanical properties of the precipitation deteriorate, their fragility increases, and the coating cracks along the edges
of the cathode.

The introduction of ZrB, UDP in the electrolyte affects drastically the limiting value of the current density.
Good precipitates are formed above the permissible current density characteristic of the electrolyte under study without
adding ZrB,. In the experiments, coatings without a dark contour were obtained at 3; 4; 6 and 8 A/dm®. At the current
density above 4 A/dm’, dendrites were formed at the corners of the cathode. Their appearance means that the delivery
of nickel ions is the limiting stage of the process [12]. The concentration polarization is eliminated under increasing the
concentration of nickel salts in the electrolyte. At the nickel sulfate concentration of 300 g/l and high current densities,
dendrites were not formed at the cathode.

The change in the current efficiency of the coating depending on the cathode current density is due to the ap-
pearance of dendrites at the cathode. With increasing current density, the current efficiency increases, reaches the max-
imum value at 3 A/dm’, and then decreases sharply (Fig. 1).

W.%

80 +

70 T

1.0 2.0 3.0 4.0 50 j, A/dm’

Fig. 1. Dependence of current efficiency of CEC Ni—ZrB, on cathode current density. Powder concentration in electrolyte is 40 g/1;
electrolyte temperature is 50 °C; pH 2

When washing the samples, the dendrites are partially lost; as a result, the current output values of the coating
decrease at the current density above 4 A/dm’. The effect of increasing the upper value of the current density in the
presence of ZrB, can be explained by the high degree of its dispersion. The particle size of the powder is comparable
with the thickness of the electrical double layer, therefore, when particles move near the cathode surface, they can fall
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into the double layer zone. In this case, colloidal nickel compounds are involved in the cathode layer. They are formed
in the electrolyte under the preparation and electrodeposition, and they prevent sudden alkalization in the process of
electrolysis.

The buffer capacity of the electrolyte remains almost unchanged with the addition of ZrB,. pH in the cathode
layer seems to decrease due to the addition of new portions of ZrB, from the electrolyte volume. The probability of this
phenomenon is confirmed by the fact that the upper value of the operating current density does not increase in the pres-
ence of ZrB, micropowders (5 pm) in the electrolyte of similar composition.

The optimal concentration of ZrB, in the electrolyte was determined from its content in the coating and from
the microhardness values of the CEC. It was established that in the CEC under study, the content of ZrB, reached max-
imum (1.1 wt.%) when its concentration in the electrolyte was 40—-60 g/I. With an increase in the cathode current densi-
ty at all the studied concentrations of ZrB, additive into the electrolyte, the content of ZrB2 in the CEC increases to the
maximum limit (1.1 wt.%). CEC with stable microhardness characteristics is formed when ZrB, concentration in elec-
trolyte is 30—40 g/1.

For production and cost reasons, the powder concentration should not exceed 40 kg/m®. Otherwise:

- mixing efficiency of the electrolyte decreases;

- it is difficult to exclude the presence of particles in the workpiece surface areas which are hard-to-reach for
the electrolyte circulation;

- quality of coatings deteriorates.

The dependence of the ZrB, content in the CEC on its concentration in the electrolyte is considered. It is shown
that when the concentration of ZrB, particles is 10 g/l with the grain size of 2-9 um, the distance between the ZrB, par-
ticles in the coating is approximately 1/3 of the distance between the particles in the electrolyte. As the ZrB, concentra-
tion increases by 10-20 times, the distance between the particles in the electrolyte decreases, and the coating remains
almost unchanged. The concentration of ZrB, in the electrolyte can be significantly reduced, and the content of particles
in the coating will not decrease. Thus, the use of electrolytes with a high concentration of ZrB, is impractical, since the
maximum content of ZrB, in the coating is reached at its lower concentration in the electrolyte.

The microhardness of the CEC with ZrB, rises with increasing the powder concentration in the electrolyte. It
reaches its highest value (11 GPa) at the ZrB, UDP concentration of 50-60 g/l and the current density of 5-6 A/dm’. At
low current densities (0.5 A/dm® and 1 A/dm?), the microhardness gradually grows with increasing the concentration of
the second phase. At the current densities above 2 A/dm?, the microhardness of the CEC increases sharply, and already
at the ZrB, concentration of 1 g/l it exceeds the microhardness of pure nickel by 1.5-2 times.

The increase in the CEC microhardness in the presence of the ultradisperse second phase is explained not only
by the inclusion of solid and colloidal nickel particles in the coating, but also by a decrease in the crystalline grain at
high current densities, as well as by the dispersion hardening of the nickel matrix. There is an opinion that a necessary
condition for the dispersion hardening of the coating is the occurrence of ultrafine particles in it, which prevent recrys-
tallization and the formation of coarse grains [18]. On the one hand, submicrometer-sized particles inhibit the growth of
crystal grains; on the other hand, they form agglomerates in the electrolyte and cannot penetrate into in the coating as
separate particles. Evidently, some part of the second phase is included in the sediment (CEC) in the form of individual
particles and stimulates the formation of a finely-crystalline structure of a nickel matrix with high hardness. The proba-
bility of this phenomenon cannot be denied if for no reason than because particles of the same nature, differing in the
dispersion degree, exhibit different ability to increase the microhardness of the CEC.

The possibility of obtaining CEC with a low content of the second phase and high hardness takes on particular
importance for increasing the wear resistance of the surface, since, in this case, the matrix must have specific elasticity.
A significant increase in the volumetric content of solid particles causes the fragility of materials. Thus, the use of UDP
to obtain wear-resistant coatings is based on the practice. Equally important is the reduction of the consumption of the
second phase, and, consequently, the process efficiency.

It is known that the hardness of coatings allows for indirect assertions about some physical and mechanical
properties of the CEC. In some cases, it correlates adequately with wear resistance [4]. However, maximum microhard-
ness does not always correspond to high wear resistance. The latter depends on the interaction of various factors of the
process, as well as on the specific friction conditions. Hence, the wear resistance of the CEC with ZrB, was compared to
chrome galvanic coatings traditionally used as wear resistant [19]. At this, both lubricated and unlubricated friction
modes were considered. According to the results obtained, the service lifetime of the parts with Ni — ZrB, coating is 2—-5
times longer than that of the parts with hard chrome plating.
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Internal stresses of the Ni—ZrB, composite coatings decrease with an increase in the ZrB, concentration in the
electrolyte and the coating thickness. Differences in the internal stress values of nickel CEC grow with increasing the
sediment thickness (Fig. 2).

P, GPa
400 3
300
200
2
1
pm

Fig. 2. Dependence of internal stresses on coating thickness and zirconium boride concentration in electrolyte, g/l:
1 — 30; 2 — 5; 3 — without second phase. Cathodic current density is 2 A/dm?; electrolyte temperature is 50°C; pH 2

For galvanic coatings, the following regularity is peculiar: the finer the crystal grain and the higher the hard-
ness, the greater the value of the internal stresses. In the presence of ZrB,, the microhardness of the coatings increases
sharply, and the internal stresses decrease. To explain this common pattern mismatch, it is necessary to consider the
effect of the second-phase particles (particles of ZrB, UDP and colloidal particles formed in the electrolyte) on the pre-
cipitation hydrogenization ratio. The discharge of the hydrogen ions (and, consequently, a more complete removal of
the molecular hydrogen) occurs faster on the second-phase particles than on the surface of nickel. So, the degree of pre-
cipitation hydrogenization decreases, which leads to a reduction of the internal voltage of the coating.

Discussion and Conclusions. In summary, the authors of the paper propose the following composition of
nickel sulfate-chloride electrolyte-colloid for deposition of the nickel-based CEC and nanostructured ZrB,, g/l: nickel
sulfate - 250; nickel chloride - 60; a-aminoacetic acid - 20; ZrB, UDP - 30—40. The electrolysis mode is as follows:
cathode current density is 2—4 A/dm?; electrolyte pH is 2—2.6; temperature is 50° C; it is necessary to mix the electrolyte
during the electrolysis process.

The electrolyte composition is developed; and the process condition for the application of the nickel-based
CEC with the addition of ZrB, is established. The physical and mechanical properties of the obtained Ni — ZrB, CEC are
studied: microhardness, wear resistance, and internal stresses.

CEC has high microhardness (10—11 GPa with the indentation load of 100 g), which is 1.5-2 times higher than
the microhardness of pure nickel. The wear resistance is 2—5 times more than that of chrome coatings. As microhard-
ness increases, the internal stresses of the Ni — ZrB, CEC decrease.

Considering the listed parameters, the proposed method can be used for surface hardening of parts for specialty machin-
ery and industrial equipment.
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Dynamic damping under introduction of additional couplings and external actions’

S. V. Eliseev', A. S. Mironov’, Quang Truc Vuongw
123 Irkutsk State Transport University, Irkutsk, Russian Federation
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ﬂl/lHalel‘leCKOC rameHue KoJedaHui IpH BBEACHHUH NO0MOJHUTEJbHBIX CBfI3€U M BHCIIHUX BO3ACHCTBUH

C. B. Enncees', A. C. Mupouog?, K. U. Beionr®

123 PIpKyTcKuii rocyapCcTBeHHbII yHUBEPCUTET MmyTeii coobmenns, r. Mpkyrck, Poccuiickas denepartus

Introduction. The dynamic interaction features in mechanical
oscillating systems, whose structure includes additional
couplings, are considered. In practice, such cases occur when
using various optional mechanisms and motion translation
devices under the formation of technical objects. The study
objective is to develop a method for constructing mathematical
models in the problems of dynamics of the mechanical
oscillating systems with optional devices and features in the
system of external disturbing factors.

Materials and Methods. The techniques used to study
properties of the systems and the dynamic effects are based on
the ideas of structural mathematical modeling. It is believed
that the mechanical oscillating system, considered as a design
model of a technical object, can be compared to the
dynamically equivalent automatic control system. The
mathematical apparatus of the automatic control theory is
used.

Research Results. A method for constructing mathematical
models is developed. The essential analytical relations for
plotting oscillating systems are obtained, which enable to form
a methodological basis for the integral estimation and
comparative analysis of the initial system properties in various
dynamic states. Dynamic properties of the two-degree-of-
freedom systems within the framework of the computer
simulation are investigated. The implementability of dynamic
oscillation damping mode simultaneously in two coordinates
with the joint action of two in-phase kinematic perturbations in
the mechanical oscillating systems is shown.

Discussion and Conclusions. The possibilities of new dynamic

effects, which are associated with the change in the system

" The research is done within the frame of independent R&D.

Beeoenue. PaccMaTpuBalOTCS OCOOCHHOCTH JIUHAMUYECKUX
B3aMMOJICHCTBHI B MEXaHHYECKUX KOJIEOATEIBHBIX CHCTEMAX,
B CTPYKTYypE€ KOTOPBIX HMEIOTCS JIOTOJHUTEIbHBIE CBS3H.
[lpakTH4yeckd  Takue  CHTYalldd  BO3HHUKAIOT  [PH
UCIONB30BAHMH B (POPMUPOBAHMU TEXHUYECKUX OOBEKTOB

Pa3JIMYHBIX NOMNOJHUTCIbHBIX MEXaHHU3MOB U yCTpOﬁCTB JUIsL

npeoOpa3oBaHus JIBYOKCHHS. Ilens HCCIIEOBAHUS
3aKJTI0YACTCS B paspaboTke MeToaa TOCTPOCHUS
MaTeMaTHYECKHUX MoJeIIei B 3a7auax MHAMHKA

MEXaHUYECKUX KOIeOaTeNbHBIX CHCTEM C JIOMOIHHTEIbHBIMH
YCTpOWCTBAMM M OCOOCHHOCTSIMH B CHCTEME BHEIIHHX
BO3MYIIAIOMIKX (HAKTOPOB.

Memoobi, ncionb3yeMble ISl NCCIEAO0BAHHS CBOWCTB CHCTEM
1 U3YYCHHS AUHAMHYECKHX 3((EKTOB, OCHOBAHBI HA HIEAX
CTPYKTYpPHOTO MaTeMaTHIEeCKOTO MOJIETTMPOBAHHSI.
[Nonaraercs, 4yTo MexXaHMYECKOW KoieOaTenbHOU CcHCTEME,
paccmatpuBaeMO B KaueCTBE  pacueTHOM  CXEMbI
TEXHUYECKOTO 00BEKTa, MOKHO CONOCTABUThH IKBHBAICHTHYIO
B JMHAMHUYECKOM OTHOUIEHHH CHCTEMY aBTOMAaTHIECKOTO
ynpasnenus. Mcnone3yeTcs MaTeMaTHYECKUi anmapar Teopuu
ABTOMAaTHUYECKOTO YIPaBICHUSL.

Pesynomamer ucciedosanus. PazpaboTaH METOA HMOCTPOEHHS
MaTeMaTHYeCKHX  MOJIEIIeH. HEO0OXO0IMMBbIe
AQHAINTUYECKHE COOTHOIICHUS OIS IOCTPOEHHS YacTOTHBIX
JHarpamMm KoJIe0aTeIbHBIX MO3BOJISIONINE
chopMUpOBaTh OCHOBY JUTSt

WHTETpaJIbHOW OLIEHKM M CPABHUTEIHHOTO aHalIM3a CBOMCTB

[omyueHst

CHUCTEM,
METOI0JIOTMIECKYIO

HCXOJHBIX CHCTEM B PA3JIMYHBIX JMHAMUYCCKHUX COCTOSHUSIX.
IIpoBemeHbI UCCIENOBAHMS IMHAMUYECKUX CBOWCTB CHCTEM C
IBYMs CTENEHsSMH CBOOOABI B paMKaX BBIYHCIUTEILHOTO
MojienupoBadus. JlOKa3aHbl BO3MOXKHOCTH pealH3alid B
MEXaHHYECKUX KosebaTeIbHbIX CHCTEMax  PEKHMOB
JMHAMHYECKOTO TalleHNs] KoJeOaHUH OTHOBPEMEHHO I10 IBYM
KOOpJMHATaM IPU COBMECTHOM EHCTBHH IBYX CHH(A3HBIX
KMHEMaTHYECKUX BO3MYICHHIH.
Obcysicoenue U 3aKMOUEHUs.. OTMedYeHbEl BO3MOXKHOCTH
NPOSIBICHUST HOBBIX JTHHAMHYECKHX 3((EKTOB, KOTOpHIE
CTPYKTYPBI
OTpeIeieHHBIX  (opMax TUHAMHUYECKHX B3aWMOJIEHCTBHIA.

CBsI3aHbI C HU3MCHCHUEM CHCTCMBI npu

" E-mail: eliseev_s@inbox.ru, art.s.mironov@mail.ru, trucvq1990@gmail.com
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structure under certain forms of dynamic interactions, are
noted. The study is of interest to experts in machine dynamics,

robotics, mechatronics, nano and mesomechanics.

Keywords: structure diagrams, transfer functions,frequency
plots, dynamic damping, additional couplings, joint
interactions
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Introduction. Dynamic oscillation damping (DOD) is widely used in practice to change the state of technical
objects and the local action on the forms of component interaction of mechanical oscillatory systems. In the papers [1—
3], the features of the approaches to the implementation of the dynamic oscillation damping modes were considered,
options of the design and engineering solutions and calculation technique of the system parameters were proposed.

A variety of dynamic tasks predetermines a wide variability of the proposed solutions, within the framework of
which the dynamic features of the protected objects, the conditions of external disturbances of the original system and
the design and engineering modes of the dynamic oscillation damping are considered [4-8].

DOD is used in the tasks of protecting instrumentation systems and tooling [9, 10]. However, some aspects of
evaluating the dynamic properties of vibration protection systems have not obtained a proper level and detail of
representations in the formulation of research tasks and parameter analysis for dynamic absorbers. This may be due to
the introduction and use of additional links, considering the characteristics of external influences, as well as the effect of
the simultaneous joint action of several external disturbing factors.

In this paper, we develop a method of constructing mathematical models and the formation of dynamic
oscillation damping effects in the chain mechanical oscillating two-degrees-of-freedom systems.

I. Background. The original system is shown in Fig. 1. It represents two inertia members (m, and m,), which
are interconnected by the elastic elements with rigidities (k;, k», k3) and additional links in the form of motion
translation devices (MTD) with reduced masses (L;, L,, L3). The system performs small oscillations under the action of
external in-phase harmonic effects. Resistant forces are not considered.

" ) Yo ™
'.
m, k2 m,
Q @) Q Q

Fig. 1. Flowsheet of technical object in form of two-degrees-of-freedom lumped system
To describe the motion, the coordinate system (yy, y») is used in a fixed basis. Suppose that the kinetic and
potential energies of the system are determined by the following expressions:

1 ., 1 ., 1 . 1 .. 1 ..
T :Emlyf +Em2y22 +EL|(y1 _Zl)2 +5L2(y2 _yl)2 +§L3(y2 _Zz)z > (1)

1 1 1
H:Ekl(yl_Zl)z+Ekz(yz_y1)2+5k3(yz_zz)z' (2)

The set of differential equations of the system motion in the time domain is obtained on the basis of the
formalism of the Lagrange equations of second kind, and it has the form:

(m +L +L)y, +yk+k)-y,L —ky =Lz +kz +0, 3)

(m,+L,+L)y,+y,(k, +k)-V L, —ky =LZ +kz,+0,. 4)
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After the Laplace transformations under zero-initial conditions [11], the equation set (3)—(4) can be represented
by a structural mathematical model in the form of a circuit that is dynamically equivalent to the automatic control
system [12, 13] shown in Fig.2.

L,p* +k,
0, Ql
1 3 1
T\(m,+LI+L2)pz+k,+k2 L.p +k T\(m2+L2+L3)pz+k2+k3 7,
L1p2+k1<—fl i L3p2+k3<—22

Fig. 2. Structural mathematical model of mechanical system shown in Fig. 1

II. Mathematical Models Development. The type of transfer functions depends on the nature of external

disturbances, that is, on whether the disturbances are force (Q and QZ) or kinematic ( z, and z, ). Further on, suppose

that the force external actions (Ql and Qz ) have connectivity determined by the ratio
Qz =a- Q] ) (5 )
where a is coefficient of connectivity of external in-phase harmonic actions.
For kinematic effects ( z, and z,), it is assumed that
Ez = B ' El > (6)
where B is coefficient of connectivity of kinematic disturbances.

The connectivity coefficients (o and ) can have positive, negative, and zero values. Special cases of the effect
of external disturbances can be considered through zeroing o and B properly.

1. The case of joint force perturbation at § # 0 (Q =0 and QZ =0) is considered. The transfer functions of the

system in this case take the form:
Y _(Lp +k)(m, + L+ L)p" +k, +k]+B(Lp* +k)(L,p* +k,)

W1 = —-— 7
=z ) @
y Lp* +k)(m +L +L)p* +k +k]1+(Lp° +k)L,p* +k,
V[/zgp):¥=ﬁ( LD+ K)I( )P I+ (Lp +k)Lp" +k) )
0-00  Z, A(p)
where
A(p)=[(m +L +L)p* +k +k,]-[(m,+L,+L)p" +k,+k]-(L,p* +k,)’ )

is a system frequency standard equation.

When considering the transfer functions (7), (8), it is assumed that the dynamic mode of oscillation damping is
determined by the conditions for zeroing numerators (7), (8). Coordinate may cause two frequencies of dynamic
oscillation damping. Along the coordinate (,), the occurrence of two DOD frequencies is possible. Along the

coordinate (3, ), it is also possible to implement two DOD modes due to the virtual existence of roots of the biquadratic

frequency equation.
Assuming that the variable factor is f (coefficient of connectivity), a frequency diagram can be developed
considering the following frequencies:

1. partial frequencies:

k +k
n=——2 (10)
m+L+L,
k,+k
n=—>=———: (11)
m,+L,+L,
2. critical frequency of interpartial communication:
k
W=7 (12)

3. DOD frequencies determined from the solution of equations in ¥, coordinate:
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p4[L1(m2 +L2 +L3)+BL2L3]+p2[L1(k2 +k3)+k1(m2 +L2 +L3)+B(k3L2 +k2L3)]+ (13)
+k (k, + k,)+PBk,k, =0;

and in y, coordinate:
pA[BLz(ml +L1 +Lz)+L|L2]+pZ[ﬁL3(kl +kz)+ﬁk3(m1 +L1 +Lz)+k1Lz +kzL1]+ (14)
+Bk,(k + k) +kk, =0.
To construct a frequency diagram, the following parameters of the model problem are accepted: m; = 10 kg; m,
=10 kg; k; = 5000 N/m; k, = 10000 N/m; k3 = 15000 N/m; L, =5 kg; L, = 10 kg; L; = 10 kg.
The modes of dynamic oscillation damping in ¥, and ¥, coordinates are determined not only by the parameters

of elastic inertia members, but also by the specificities of the external actions formation, in particular, by the
connectivity value.

From the equations (13), (14), corresponding DOD frequencies can be found showing that two dynamic
oscillation damping frequencies can be found in each of y, and Y, coordinates. The frequencies values, as it follows
from (13) - (14), depend on the connectivity coefficient of kinematic disturbances (). Fig. 3 shows the system
frequency diagram.

o'(P)1 1/sec?

o @ 1200/ —

tf  tE)_~

)
)
e,

o, .(B) / N . (B) ' (B)

0 ] 2

(]
=
»

Fig.3. System frequency diagram shown in Fig. 1

In the diagram, the solid line ( ) corresponds to ;. (B) dependency graph. Since the frequency equations

(13) - (14) are biquadratic, each of the equations has two roots. This is displayed in two graphs. For @ . (B) graph of
dependences, the solid line is marked with special symbols (xxx), and for the second root, respectively (coo°); @/ .. (B)

dependency graphs are touching in t. (E). Again, ;. (B) dependency graphs are represented by dashed lines (———).

2
2 qmn

©; ..(B) dependency graph consists of two non-contiguous blocks. Mutual intersections of ®; . (B)and®;, (B)

dependency diagrams occur in tt. (1), (2), (3). Each of the considered points determines the amplitude-frequency
characteristics associated with the DOD modes features.

In the usual formulation of studying the dynamic oscillation damping, that is, under the action of a single
perturbing factor correlated with a certain coordinate, one DOD frequency is determined in the two-degrees-of-freedom
system. Such a frequency is determined by the partial frequency values of that system block, the movement of which
demonstrates the dynamic oscillation damping (that is, “zeroing” the value of the corresponding coordinate).

Under the action of several simultaneous disturbances, it becomes possible to implement two DOD modes in
each of the coordinates for the system as a whole. When additional links are introduced into the system, in particular, on
the basis of the MTD, specific properties occur when the dynamic oscillation damping becomes possible simultaneously
in two coordinates.

II1. Comparative analysis of dynamic properties of the systems in the DOD modes.

1. Fig. 4 shows frequency-response characteristics (FRC) of the system, which manifest themselves under the

conditions corresponding to the intersection of @ (B)and . (B)graphs in t. (1) in Fig. 3. The intersection

1 wn 2 un
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) in Fig. 4 corresponds to %(m) dependency graph; the dotted

Z

corresponds to the case when § = 0. The solid line (

line (v++-+ ) corresponds to %(m) graph. The parameters of the system as a whole are also shown in Fig. 4.

1

b (®). 2 (®)

Fig. 4. Frequency-response characteristics of the system for parameters determined by t. in Fig.3

In t. (1) in Fig. 4, the frequency of the DOD mode is determined when y, and Yy,coordinate values are

simultaneously “zeroed out”.

It is possible to implement another DOD mode in y, coordinate corresponding to %(0)) graph in t. (2) (Fig. 4). At

Z

this, the FRC reflect the properties of two-degrees-of-freedom systems. As follows from the FRC, it is possible to
implement two DOD modes in tt. (1) and (2) in y, coordinate. For the FRC corresponding to y, coordinate, it is also

possible to create two DOD modes at the double intersection of %(0)) graph by the abscissa line after ]
zZ

1
eigenfrequency. Thus, with non-degenerate FRC for each of y and y, coordinates, two DOD modes can be

implemented; while at one of the frequencies, there is simultaneous DOD in two coordinates.

. 1 Lo . .
2. Fig. 5 shows the system FRC atf} = —3 from which it follows that it becomes possible to restructure the

system when one degree of freedom degrades at certain parameter ratios. In this case, in each of y and ¥, coordinates
(points (1) and (2) in Fig. 5), it is possible to implement the DOD modes, but this occurs when the system “degrades”;
under the conditions when FRC ® — o acquire limiting properties.

Rk (), 2 ()

1
Fig. 5. Frequency-response characteristics of the system at 3 = —5 corresponding to t. (3) in Fig.3

. 1 . - .
3. Fig. 6 shows the system FRC atf3 = Y] which corresponds to t. (2) in Fig. 3. For the given state of the system

determined by the parameter values, a structural transformation of the system is also characteristic; the system
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“degrades” to the status of a one-degree-of-freedom system. For the system on a whole, in each of the coordinates, the
DOD implementation is possible, which corresponds to t. (1) and t. (2) in the graphs shown in Fig. 6.

; y,
ol (®), ()

M1c06

1
Fig. 6. Frequency-response characteristics of the system at 3 = 3—4 corresponding to t. (2) in Fig. 3
In the high frequency area (0 — ), the system acquires limiting properties; at this, in comparison with the
. 1 o . L . . 1
previous example, when 3 = 5 the oscillation amplitudes ratio will have a different sign at = Eve Consequently,

changes in system parameters under the simultaneous action of two forces can change drastically the dynamic
properties of the mechanical oscillatory systems.

Conclusion. The simultaneous action of external disturbances in the presence of additional links in the system,
implemented by the MTD under the kinematic disturbance, can have a great impact on the change in the dynamic
properties of the mechanical oscillatory systems with several degrees of freedom. So, the authors in this paper have
obtained the following research results:

1. A technique of constructing mathematical models based on the use of methods of structural mathematical
simulation, in which the mechanical oscillatory system is compared to the dynamically equivalent automatic control
system, is proposed;

2. A technique for constructing frequency diagrams that allows for the integral estimation of the
interdependence of frequency characteristics is proposed for the case when the system parameters and their perturbation
conditions for various power factors change;

3. The analytical conditions for the implementation of the DOD modes simultaneously in two coordinates
under the action of two interlinked disturbing factors are obtained;

4. The possibilities to control the structural states when the original mechanical oscillatory system can change
the number of degrees of freedom and the system of its dynamic properties are proposed.
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Pa3zpaborka nuudposoro nBoiinuka cranka ¢ UIIY Ha ocHOBe MeT010B MAIIIUHHOIO 00y4YeHHUSs
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1:2.3-4 Hykeroposickuii rocyiapcTBeHHbII TeXHUUeCKuit yHuBepcuTeT, r. Hinkuuit Hosropos, Poccuiickas deneparus

Introduction. 1t is shown that the digital twin (electronic pass-
port) of a CNC machine is developed as a cyber-physical sys-
tem. The work objective is to create neural network models to
determine the operation of a CNC machine, its performance
and dynamic stability under cutting.

Materials and Methods. The development of mathematical
models of machining processes using a sensor system and the
Industrial Internet of Things is considered. Machine learning
methods valid for the implementation of the above tasks are
evaluated. A neural network model of dynamic stability of the
cutting process is proposed, which enables to optimize the
machining process at the stage of work preparation. On the
basis of nonlinear dynamics approaches, the attractors of the
dynamic cutting system are reconstructed, and their fractal
dimensions are determined. Optimal characteristics of the
equipment are selected by input parameters and debugging of
the planned process based on digital twins.

Research Results. Using machine learning methods allowed us
to create and explore neural network models of technological
systems for cutting, and the software for their implementation.
The possibility of applying decision trees for the problem of
diagnosing and classifying malfunctions of CNC machines is
shown.

Discussion and Conclusions. In real production, the technolo-
gy of digital twins enables to optimize processing conditions
considering the technical and dynamic state of CNC machines.
This provides a highly accurate assessment of the production
capacity of the enterprise under the development of the pro-
duction program. In addition, equipment failures can be identi-
fied in real time on the basis of the intelligent analysis of the

distributed sensor system data.

" The research is done within the frame of independent R&D.

Beeoenue. B cTatbe mokazaHo, 4To H(pPOBOI JBOWHHK (dIIEK-
TpOHHBIH macropt) cranka ¢ UITY paspabareiBacTcs Kak KU-
Oepdusnueckas cucTema.

Llenp paGoTEl — co3maHne HEHPOCETEeBBIX Moeeil, onpese-
nsromux GyHKIHOHUpoBaHUe ctaHka ¢ UI1Y, ero mpoussoau-
TEJILHOCTh U TMHAMUYECKYIO YCTOHYMBOCTD IIPH PE3aHUH.
Mamepuanet u memoowi. PaccMaTpuBaroTCsi BOIIPOCH CO3/1a-
HUS MaTeMaTHYeCKUX MOJeNell MpoLecCOB MEXaHWYECKOU
00pabOTKH C HCIOJIB30BAaHUEM CHCTEMBI CEHCOPOB M IIPO-
MBIIUICHHOTO HHTepHeTa Bemiel. OIeHeHb MEeTO/bl MAallHH-
HOTO OOy4YeHWs, MOAXOMSAINNE Ul peajn3allii Ha3BaHHBIX
3anau. IlpennosxeHa HeipocereBas MoJenb AWHAMUYECKOU
YCTOHYMBOCTH MpOIEcCa Pe3aHMsi, MO3BOJIIONIAS ONTHMHU3H-
pOBaTh MPOIECC MEXaHMYEeCKOH 00pabOTKU Ha JTare TeXHOJIO-
TUYECKON MOArOTOBKU Mpou3BozacTBa. Ha ocHoBe moaxomoB
HEJIMHEWHOI AMHAMHKH PEKOHCTPYHPOBAHBI aTTPAKTOPHI M-
HAMHIYECKOH CHCTEMBI PE3aHMSI U ONpEIeNIeHB UX (hpaKTaib-
HBIE pa3MepHOCTH. BBIOpaHbI oNTHMalbHBIE XapaKTEPUCTUKH
000pyIOBaHUs 1O BXOTHBIM MapaMeTpaM M OTJIAJIKe ITaHUpPY-
€MOT0 TEXHOJIOTHIECKOTO MPOIlecca Ha OCHOBE NH(POBBIX
JIBOMHUKOB.

Pesynomamer uccredosanuii. Mcnons3oBaHne METOJOB Ma-
MIMHHOTO OOy4eHWs II03BOJIMJIO CO3JaTh M HCCIIENOBAThH
HEWpPOCeTeBbIE MOJIENH TEXHOIOTHYECKUX CHCTEM 00pabOTKH
pe3aHueM M MPOrpaMMHOE OOeCTIeueHHE ISl X Peai3aliu.
[TokazaHa BO3MOYKHOCTb IPUMEHEHHUS JIEPEBbEB PEIICHUH U1
3aJa4d JUATHOCTUKH M KIacCH(UKAMH HEHCIPaBHOCTEH
crankos ¢ YITY.

Obcyaicoenue u 3axnoyenus. B peaTbHOM MPOM3BOJICTBE TEX-

HOJIOTHS IM(POBBIX ABOWHHUKOB MO3BOJSET ONTHMH3MPOBATH
PEeXKHUMBI 00PaOOTKH C YIETOM TEXHUYECKOTO M IMHAMHYECKO-
ro cocrossHUs cTaHkoB ¢ YITY. D10 obecreumBaeT BBICOKO-
TOYHYIO OLICHKY MPOM3BOACTBEHHBIX MOIIHOCTEHl Mpearnpus-
THS TIPU COCTaBJIEHUH POM3BOJCTBEHHOI NporpamMmel. Kpome
TOTO, HA OCHOBE MHTEIUICKTYaJbHOTO aHAIN3a JaHHBIX CHUCTE-
MBI PacIIpe/IeJICHHBIX CEHCOPOB MOXHO BBISIBUTH HEHCIIPABHO-

CTHU 060py[1013aH1/m B pEKUME PC€aJIbHOI'O BPpEMCHU.

Ot
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Introduction. The single core control platform proposed in [1] serves as the basis for the development of a
new generation of the processing equipment control systems, and it also provides improvement of the numerical control
systems (CNC) for digital productions. Open CNC systems of machines with long-lived computational resources and
high speed processing of a large database (DB), embedded neural processor modules and communication modules with
industrial Internet can be such a platform. In the latter case, we are talking about the applicability of cloud technologies
for processing large amounts of data on enterprise servers (local networks) and providers. All this will create the basis
of intelligent control for a wide range of the CNC process equipment.

Since the nineties of the 20th century [2], the authors of the presented research have been developing software
products for intelligent control of the processing equipment. In particular, the criteria were proposed for evaluating the
dynamic stability of the cutting process, based on the methods of nonlinear dynamics and fractal analysis of the vi-
broacoustic emission (VAE) signals. The authors have created a single platform for enhancing various technological
equipment with CNC systems. It is implemented through embedding high-performance computing modules and deep
learning of artificial neural networks into the CNC systems using CUDA nVidia technologies. In the framework of this
work, the CNC process equipment accomplished with sensors is studied. It applies cloud technologies for collecting
and processing information using the developed techniques. Such systems will be considered as cyber-physical ones [3].

It is assumed that the platform developed by the authors will become the basis for digitalization at all levels of
the enterprise. To this end, it should not only analyze the data of equipment, systems, and devices, but also use the in-
formation obtained in this way to reduce time on market launch of new products, to increase production flexibility,
product quality and efficiency of production processes.

Digital twin is a new word in the modeling of equipment, processes and production planning [3]. This is a set
of mathematical models that describe reliably the processes and interrelationships on a single object and within an entire
production enterprise using big data analysis and machine learning.

The leader in the application of digital twins is Siemens [3]. According to its definition, a digital twin is an en-
semble of mathematical models. They characterize various equipment conditions, production and business processes
over time, in accordance with current production conditions. Neural network circuits hold a specific place among such
mathematical models; i.e. a neural network model of a process or product is its digital twin [2].

The base unit of the digital production is a cyber-physical system (CPS) [1]. Its high adaptive and intellectual
capabilities are due to the following features:

- associated perception of information,

- ongoing training

- assessment of the current condition and forecasting of the future one.

CPS is able to analyze multidimensional data considering even hidden factors of the real production. Based on
this data, it can autonomously solve optimization problems and make right decisions. Therefore, CPS is the key element
in creating a digital twin. In this case, the following is meant by the digital twin:

- a set of mathematical models that characterize various equipment conditions, production processes over time,
according to the current production conditions;

- detailed 3D assembly object models, reflecting connections and interactions between nodes.

From this point of view, a digital twin can be considered as a digital identity of the CPS, an electronic passport,

which records all the data on the materials being processed, the performed technological operations, and testing.
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Currently, digital twins are mainly created for commercial purposes. They operate successfully in the oil and
gas industry. At the same time, there is no data on the twins of the equipment of machining industries based on CPS in
the literature.

Digital twins based on CPS can be obtained through the following:

- traditional analytical approaches based on the mathematical description of physical processes;

- modern statistical methods including machine learning.

Materials and Methods. Machine learning methods used to build statistical models can be divided into three

groups: regression analysis models, classification models, and outlier detection models [4-6] (Table 1).

Table 1
Basic Machine Learning Methods
Regression analysis Classification Outlier detection
Linear regression Logistic regression Support vector method
Bayesian regression Decision Trees Forest Principal component analysis
Decision Trees Forest Decision Jungles K-means
Decision Trees Decision Trees Neural networks
Quantile Fast Forest Regression Support vector method Kohonen self-organizing maps
Neural networks Bayes point machine
Poisson regression One-vs-All
Ordinal regression Neural networks

The selection of the machine learning method depends on the size, quality and nature of the data, as well as on
the type of tasks to be solved. The existing methods require different computational performance, and they have varying
degrees of accuracy. Mostly, they are evaluated by the possibility to achieve accurate approximation of the data and to
identify the boundaries in the data space. The method of artificial neural networks (ANN) is the most universal and ac-
curate one, it enables to operate a large amount of data and to build non-linear dependences. Neural networks use a
large number of settings, which opens up possibilities for creating highly accurate models of processes operating in the
regression analysis, classification, and outlier detection modes.

The basic method for analyzing model quality is cross-validation. It allows for evaluating the statistical quality
of the source data through constructing and comparing several models obtained from different training and verification
samples. When building models of complex objects and systems, it is required to reduce the data dimensionality and
eliminate the effect of multicollinearity of variables. The solution to such problems is possible due to the application of
the principal component method, which represents multidimensional data in the form of a limited number of compo-
nents. Such a generalized approach can be applied to eliminate retraining of models. The basic methods of machine
learning are presented in Table 1.

To improve the quality of the model, bagging and boosting algorithms are used. It is about building not one
model, but a set of models solving the same task. The result of this work is a kind of integral assessment of the probabil-
ity of some event. This assessment can be presented as a synergistic result of a set of models, each of which individually
performs poorly. Thus, a digital twin can be a set of statistical models that use various combinations of the machine
learning methods and have passed through various stages of verification and improvement.

So, in general, a digital twin based on the CPS is a multifactor model of the equipment [1], which includes an
ensemble of electronic (i.e., neural network) models. In this case, the following neural networks will be decisive: those
of dynamic stability of the cutting process, of cutting forces, and of the machined surface roughness. Cutting forces
cause elastic pressing in the “tool - workpiece” system, which specifies errors in shape and size.

To solve this problem, a complex of statistical models was developed using machine learning methods. The re-
sulting models are the basis for the digital twin of the CNC lathes. They provide solving the regression analysis prob-
lems to predict the dynamics of the cutting process under various machining conditions, roughness of the machined
surface, and cutting forces. In addition, these models help to solve the classification problems for evaluating the ma-

chine current condition. A process diagram of creating a digital twin is shown in Fig. 1.
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Development of equipment digital twin using machine
learning methods and cloud technologies

CNC lathes Industrial Internet of Things ; "\
/" 4

v

.
1)

\  Sensor system \. Edge preprocessor

Fig.1. Process diagram of creating a digital twin of CNC machine

Consider in more detail the neural network model of the cutting process dynamics. The training set was ob-
tained on the basis of telemetry data collected under machining through the distributed sensor system of the VAE sig-
nal, dynamometer, and Industrial Internet of Things technology (IloT). The number of sensors, their type and spatial
orientation were determined in accordance with the equipment layout. The presence of a large number of sensors with
different spatial orientation in the system is explained by the heterogeneity of materials and structures, the signal propa-
gation features, as well as the possibility of restructuring the oscillatory system under operation. Hence, the application
of a heterogeneous sensor system could obtain the most complete dynamic picture of the processes in the n-dimensional
“state — time” space. The standard TCP/IP protocol and JSON (JavaScript Object Notation) were used as the data trans-
ceiving protocol within the IIoT network.

Analog and digital band pass filters, as well as wavelet filters, were used for the signal preprocessing. The ap-
plication of wavelet filters provided:

- elimination of the noise term impact in the VAE signals;

- identification of periodic and chaotic components based on the entropy factors.

Data pre-processing has been performed on an “edge” device (Edge), which calculates the values of the VAE
signal parameters and forms data packets for pushing them to the virtual cloud storage. The development of mathemati-
cal models based on the machine learning methods requires structuring and data separation. However, considering the
IIoT technology aspects, the construction of relational DB is not always possible; therefore, an approach based on
NoSQL technologies was applied. For this, data storage and processing were implemented on a virtual server that simu-
lates the operation of a computing cluster. A special distributed, scalable file system was deployed on this server.

Freeware utilities, libraries and the Hadoop project frameworks (one of the most successful and common big
data technologies) were used as a basis. In particular, the Hadoop Common software shell manages the HDFS distribut-
ed file system and the HBase database [4]. To perform the distributed computing and processing of large volumes of
data, MapReduce was used, which provides automatic parallelization and distribution of tasks on a cluster. nVidia
CUDA graphics processors were used to speed up the training of neural network models.

Research Results. A recurrent INS with the sigmoidal neuron activation function was selected to create a sta-
tistical model of the cutting dynamics. The data obtained under the industrial equipment operation was used as a train-
ing set. During training, the backpropagation algorithm was used. At the end of the learning process, the model obtained
was verified on the basis of the mean square derivation values. Fig. 2 shows the monotonous decrease of error. Moreo-

ver, its distribution is normal, and it is near zero value, which implies good quality of the model obtained.
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Fig. 2. Assessment of model quality obtained: diagram of training error distribution (a); dependence of root-mean-square

error on learning iteration (b)

The ANN obtained (Fig. 3) consists of 17 input neurons that acquire information on processing conditions and
on the previous dynamic condition.
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Fractal dimension (n-1)

Upper Lyapunov exponent (n-1)
Frequency spectrum (n-1)

Fig. 3. Neural network model of dynamic stability of cutting process

The output layer of neurons gives information on the dynamic state of the cutting system. The hidden layer is
formed by 38 neurons. This ANN is able to simulate the cutting system dynamics for various machining conditions at

given instants.
To assess the adequacy of the neural network model, a simulation of the machining process was carried out at a

CNC turning center. A shaft of stainless 12X18H10T steel fixed on both sides in the center, as shown in Fig. 4, a, was
used as the workpiece.
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Fig. 4. Neural network simulation results:
treatment scheme (a), prototype cutting process (b), real-world cutting process (c), cutting process after optimization (d)

The modes were defined in accordance with the production standards for machining parts of this type on a
CNC lathe. The simulation of the tool motion relative to the workpiece was provided by a variable on the ANN input
layer responsible for the machine support position along Z axis. This variable spacing was 0.01 mm at the distance from
0 to 350 mm. Thus, the dynamic state of the cutting system was obtained for 35 thousand tool positions on Z axis. The
recorded dynamic states are reflected in the corresponding spectrogram (see Fig. 4, b): there are two dominant self-
oscillation frequencies (3.5 kHz and 6.5 kHz) and two phase transitions.

To confirm the simulation results, a full-scale experiment was carried out with similar processing conditions
and recording of the VAE signal. According to the experimental data obtained, a spectrogram of the machining process
was constructed (see Fig. 4, ¢). It also shows two dominant frequencies in the 3.5 kHz and 6.5 kHz areas and two phase
transitions. As a result, the simulation error in different machining areas was from 3% to 7%. As can be seen from Fig.
4, the proposed production standards do not allow obtaining a product of a given quality. This may be the cause of de-
fects, and, considering the workpiece runout, — of tool breakage.

The use of the above-mentioned norms leads to an inadequate assessment of the plant capacity and, according-
ly, to a poor-quality formation of the production program. Removal of this disadvantage at the design-engineering stage
is fraught with additional time and financial expenditures. Therefore, the modes factored in the norms of production are
adjusted. For this, the optimal values of the technological conditions vector are calculated using the ANN and the gradi-
ent descent method. Objective optimization functions were the VAE signal amplitudes, fractal dimension and infor-
mation entropy, which should tend to a minimum. The processing speed and the bevel value on the face surface were
selected as optimization parameters. Upon completion of the optimization process, new treatment modes were obtained:
V=90 m/min; S = 0.1 mm/rev; fy = 0.2 mm.

These modes were also evaluated according to the results of a full-scale experiment with recording and pro-
cessing the VAE signal. As can be seen from Fig. 4, d, optimization of the processing conditions made it possible to
increase the dynamic stability of the cutting process through reducing the amplitude of self-oscillations by half, and the
fractal dimension (Df'= 1.1). Hence, the dynamic machining quality was improved without loss of productivity.

In a similar way, models were obtained for predicting the roughness values of the machined surface and cutting
forces. Cutting forces determine the processing accuracy, causing an elastic pressing of the part and tool, and, conse-
quently, the part shape error. These neural network models are multilayered artificial neural feedforward networks (Fig.
5).
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Fig. 5. Distribution of amplitude values of sensor signal: As 1 (a), As_2 (b), As_3 (¢)

Neural network models as part of the digital twin are applicable not only under real production conditions, but
also when choosing and justifying the purchase of equipment. At this stage, it is possible to select the optimal character-
istics of the equipment and debug the planned process on digital twins.

To assess the current condition of the equipment, a classification model was developed using decision trees [5].
Values of the VAE signal amplitude at different points of time from three sensors located on the tool (As 1), at the
front spindle support (As_3) and at the rear center (As_2) were selected as attributes for decision-making. Three condi-
tions were used as classes: Normal, Tool wear, and Abnormal. Any condition, when the quality of the treated surface
and the operation of the equipment were unsatisfactory, was implied as abnormal. The criterion for tool wear was con-
sidered bevel on the rear surface (2 = 0.15 mm). Upon receiving the learning sample, an exploratory data analysis was
performed.

Fig. 5 shows the correspondence of the distribution of the VAE signal amplitude values of the As 1 sensor to
the three groups of conditions. The data obtained from this sensor differentiates well the normal condition and tool
wear. However, the values corresponding to the abnormal condition have intersections with data from the other groups.
Therefore, the information from the As_1 sensor cannot be used with high accuracy to classify conditions.

Fig. 5, b, characterizes the distribution of signal amplitude values from the As 2 sensor. The data obtained

have low information value due to two shortcomings:
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- intersections of the values of the abnormal condition group with other classes;

- weak differentiation of the normal condition and tool wear (this is due to their close location).

Fig. 5, ¢, shows the distribution of signal amplitude values from the As 3 sensor. The information from this
sensor identifies well the values of the abnormal condition, while there are no intersections of the values of all classes of
conditions. Thus, the exploratory data analysis enables to draw a conclusion on the possibility of obtaining a statistical
model for the classification of the CNC machine condition.

The CART algorithm was used to train the model [3]. It divides the data into specific subsets at different lev-
els. The objective minimization function of informational entropy is used as a separation criterion. Hence, each new
level has a more specific content of attributes. A set of all levels obtained is represented as a hierarchical tree structure
consisting of nodes and branches, and the branching conforms to the standard logical rules.

From the entire set of attributes, a value of the division condition for the root node is chosen, which better min-
imizes the informational entropy values. Then, branches are built from each node received, and a similar division into
new nodes takes place. Such branching may continue until all values of the training sample are classified. In general,
such a tree will represent a complex branched structure that ideally classifies the current sample. However, it may show
very low accuracy when working with new data. Therefore, it is necessary to optimize the tree size. It can be carried out
using a cross-validation, on the basis of which several candidate trees are built, and, in total, the tree that showed the
best result is selected. Alongside with this, pruning is performed until this procedure increases dramatically the error.

Fig. 6 shows the model obtained for classifying the equipment condition based on the readings of the VAE

sensors using a decision tree.

Abnormal
34 32 33
100%

Tool wear
00 49 51
66%

Fig. 6. Decision tree for classifying equipment condition

The first condition chosen is the VAE signal amplitude readings from the As 3 sensor. If the VAE amplitude is
greater than or equal to 2.3, then the condition is uniquely abnormal. This judgment is supported by the exploratory data
analysis. In the contrary case, the subsequent splitting occurs, and the data from the As_1 sensor determines the classifi-
cation. If the VAE amplitude of the As_1 sensor is less than 2.1, the condition is considered normal; if it is more, then
we are talking about the tool wear.

As can be seen from Fig. 6, the decision-making does not take into account readings of the As 2 sensor. Low

information content of the signal from this sensor was also detected under the exploratory analysis.

Machine building and machine science

9]
(O8]



http://vestnik.donstu.ru

Vestnik of Don State Technical University. 2019. Vol. 19, no. 1, pp. 45-55. ISSN 1992-5980 eISSN 1992-6006
Becmuux /lonckozo 2ocyoapcmeennozo mexuuueckozo ynugepcumema. 2019. T. 19, Ne 1. C. 45-55. ISSN 1992-5980 eISSN 1992-6006

High accuracy of the determination of the abnormal operation mode based on the analysis of the signal from
the As 3 sensor may be related to the place of its installation (front spindle support). Most likely, the dynamic processes
in the spindle assembly caused this condition, which also affected the machining quality. On considering the nonlinear
processes of oscillations dispersion in the elastic machine system, this information reached other sensors in already
heavily distorted form.

At this, the As_1 sensor mounted on the tool specifies its wear with high accuracy. This can be explained by
the dominant role of the cutter in the general oscillatory system.

The As 2 sensor mounted on the rear center records information for classifying the condition with the least ef-
ficiency. This can be explained by the distance of As_2 from the main dynamic processes.

Hence, the described method can be applied not only to the task of classifying the equipment condition, but to
the determination of the optimal number of sensors and their locations. However, it is necessary to consider the possi-
bility of restructuring dynamic processes in the cutting system when changing processing conditions and natural tear
wear of machine parts.

Discussion and Conclusions. The use of digital equipment twins under manufacturing planning reveals bot-
tlenecks in the technological operations, improves product quality, and reduces tool breakage and equipment failure
risks. Digital twins can optimize the processing modes taking into account the technical and dynamic condition of each
production unit. This approach provides a highly accurate assessment of the production facilities under the development
of the production program. Besides that, real-time equipment faults are detected through the intelligent data analysis of

the distributed sensor system.
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Risk-based approach in “personnel-machinery-production environment” system at the

facilities running tower cranes’
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Puck-opueHTHPOBaHHBII MOX0/1 B CHCTEME «IIePCOHAI-MeXaHU3MbI-IPOM3BOICTBEHHAS CPe/ia» Ha 00beKTax,

sk sk
SKCILTYaTHPYIOLIUX OallleHHbIe KPaHbI

E. B. EFeJ‘IbCKaﬁ], A. A. Koponmﬁz, 9. A. Handmnona3, A. A. Kunxuoaiaos®”
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Introduction. The paper discusses the applicability of a risk-
based approach in the “personnel-machinery-production
environment” system at the facilities running tower cranes
through the introduction of IT-technologies that provide open
communication of the staff, management team of the operating
organizations, and the National Supervisory Authority, to
reduce the accident rate.

Materials and Methods. An example of a hazardous
production facility running tower cranes is given. Materials on
the analysis of operational status of tower cranes within the
framework of the current legislation in the field of industrial
safety are used. The necessity for innovations and
transformations, one of whose methods is the risk-based
approach allowing for the implementation of all required
levels of control, is identified.

Research Results. The stages of introduction of the risk-
oriented approach for tower crane operators implemented
through IT-technologies using Web-applications on safety
management under the tower crane operation based on the
hazard analysis and risk assessment in gamut, algorithmically
associated with the electronic block key of its local security
system, are determined.

Discussion and Conclusions. The application of a risk-based
approach in the “personnel-machinery-production
environment” system at the facilities running tower cranes
through the introduction of IT-technologies will ensure the
proper operation of all departments and each participant of the
operation, as well as provide Supervisory bodies with an
opportunity to access information on the operation for the

implementation of control and supervision functions remotely.

" The research is done within the frame of the independent R&D.

JIOHCKOI rocyJapCTBEHHBIN TEXHUYECKHI YHUBEPCHUTET, I'. PocToB-Ha-JloHy, Poccuiickas denepauus

Bseoenue. B cratbe paccmarpuBaeTcsi  BO3MOXKHOCTB
NPUMEHEHHsI PHUCK-OPUCHTHPOBAHHOTO MOAXOAA B CHCTEME
«I1€pPCOHANI-MEXaHNU3MBI-IIPOU3BOICTBEHHAS cpena» Ha
00BeKTaX, HCHONB3YIOMUX OalleHHbIE KpaHbI ITOCPEACTBOM
BHenpeHust [T-texHomoruii, oOecreYnBAIOMNX OTKPHITOE
PYKOBOJSIIETO  COCTaBa
TOCYapCTBEHHBIX

B3aMMOJICHCTBHE  IIEpCOHAIA,
SKCIUTyaTHPYIOIIMX  OpraHu3aluid |
HaJ30PHBIX OPTaHOB B LEJISIX CHIKEHHS YPOBHS aBapUIHHOCTH.
Mamepuanst u memoovi. IlpuBeeH mpHUMEp OIACHOTO
MIPOM3BOJCTBEHHOTO 00BEKTA, SKCILTYaTHPYIOIIETo OanIeHHbIe
KpaHbl. lIcrosip30BaHbl MaTepHalbl aHAIW3a COCTOSIHUS
SKCILTyaTaI[X OAIIEHHBIX KPAHOB B YCIOBHAX AEHCTBYIOIIETO
3aKOHOJIATENILCTBA B 00JIACTH MPOMBIIUICHHOH 0€30MacHOCTH,
BBIABJICHA HEOOXOIMMOCTh WHHOBALIMN W TpeoOpa3oBaHHIA,
OJHHM W3 COCTABISIOIINX METOMOB KOTOPBIX SIBISIETCSI PHCK-
OpPHEHTHUPOBAHHBIN MOIXO/, MMO3BOJIIONIMI pealn3oBaTh BCE
HEOOXOJMMBIE YPOBHH KOHTPOJIS.

Pesynomamor uccneoosanusi. OnpesieNieHbl 3Tanbl BHEIPSHUS
PHCK-OpDHEHTHPOBAHHOTO  TOAXOJa MO  MAIIMHHUCTOB
0allICHHOTO KpaHa, pealu30BaHHOro mnocpeactsom IT-
TEXHOJIOTMH C HCIOJb30BaHUEM Web-IpHIoKeHni 1o
YIpaBIeHHIO 0€30MaCHOCTHIO MPH dKCIUTyaTalud OalIeHHOTO
KpaHa Ha OCHOBE aHalW3a ONACHOCTEH M OICHKH PHCKa B
CBSI3aHHOH €

IIBETOBOM ramme, AIITOPUTMUYECCKA

DJICKTPOHHBIM KIIFOYOM 6HOKI/IPOBKH €ro JIOKaJbHOW CHCTEMBI

6€30IacHOCTH.

Obcyoscoenue  u  3axmouenus.  IlpuMeHeHWe — pHUCK-
OPHEHTHUPOBAHHOTO  MOJXOJa B CHUCTEME  «IIepPCOHAI-
MEXaHM3MBI-IPOM3BOJICTBEHHAs. ~ Cpela» Ha  OObeKTax,
IKCIUTyaTHPYIOIIMX  OallleHHble  KpaHbl  MOCPEICTBOM

BHeZpeHust | T-TeXHOIOTHiA, TO3BOIHUT 00ECIIEUNTh HalIEKHOE
(YHKIMOHMPOBaHUE BCEX IMOJAPA3JENeHHH W KaXIOTOo
y4acTHHKa paboT MO SKCIUTyaTalluH, a TaKkXkKe MPEeIOCTaBHUT
BO3MOXKHOCTh HAJ30PHBIM OpraHaM IIOJIydaTb MJOCTYI K
uHGOpPMAIMK 10  JKCIUIyaTalldd Ul OCYLIECTBJICHHS
KOHTPOJBbHO-HAI30PHBIX (QYHKINH JUCTaHIUOHHO.
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Introduction. The first decades of the XXI century were marked by serious achievements in science and
technology, modernization and improvement of digital technologies, production processes and engineering capacities of
the production potential of Russia, which serves to strengthen the economy of the state and to improve the living
standards of the citizens.

Against the background of the above achievements and prospects, issues of the operational safety and the
professional competence of personnel at the production facilities, as well as supervision of the safe operation of
hazardous production facilities (HPF), are challenge problems.

The HPF condition as a whole is estimated by such indicators as accident rate and injury. The level of safety of
the HPF is under the state control and is supported by Federal Law No. 116 [1]. Since its adoption in 1997, there has
been a transition from the deterministic to probabilistic risk assessment. New techniques for analyzing technically
challenging and hazardous objects are introduced [2]; it is supposed to evaluate them by the parameters of risk,
survivability and safety (Fig. 1).
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Fig. 1. History of development of methods for calculating HPF

Research Results. Consider HPF running lifting devices, in particular, tower cranes. At present, such an object
is ranged in the fourth hazard class (low hazard). In this regard, it is exempted from periodic inspections by the federal
executive authority in the field of industrial safety, and the responsibility for complying with the industrial safety
requirements rests in full with the owner or operator. The discussion of adequacy of the internal control over
compliance with industrial safety requirements without the participation of supervisory authorities was held at different
levels.

The recent rise in accidents and injuries at the facilities running tower cranes, has led to the tightening of
administrative measures, namely:

- Order of Rostekhnadzor No. 146 of April 12, 2016, changes the Federal norms and rules for lifting devices
under the operation of tower cranes. Article No. 141 assigned for the participation of an inspector of
Rostechnadzor in the commission for decision-making on the possibility of bringing tower cranes in
operation[3];

- Instruction of the Government of the Russian Federation No. AX-I19-682 of February 8, 2017, “On the
organization and conduct of unscheduled inspections of the enterprises running tower cranes from 2017 to
2019” regulates the procedure of random checks.
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Additionally, the draft law proposes to classify enterprises using tower cranes to the third hazard class. This
will allow for scheduled oversight activities against these facilities every three years. The operating organizations
themselves also consider this measure appropriate.

The need for transformation and innovation in the field of industrial safety has come to a head. Significant
measures are as follows: the introduction of a risk-based approach during the organization and implementation of all
types of state control (supervision) from 2018 (introduced by Federal Law No. 246-FZ of July 13, 2015) [4]; using the
information and communication technologies to perform the duties in an electronic form during the implementation of
state control (supervision). The regulating document is the Decree of the Government of the Russian Federation No.
482 of April 21, 2018, “On the State Information System of “Typical Cloud Solution to Automation of Control
(supervisory) Activities” [5].

The following tasks of the state policy in the field of industrial safety are formulated, among other documents,
by the Decree of President of the Russian Federation “On the Fundamentals of the State Policy of the Russian
Federation in the Field of Industrial Safety for the Period to 2025 and for the Future” of May 06, 2018: introduction of a
risk-oriented approach under organizing the federal state control (supervision) in the field of industrial safety;
annulment of obsolete, redundant and duplicate industrial safety requirements [6].

The operation of tower cranes is carried out, as a rule, at construction sites geographically distant from the
workplaces of managers and experts, which allows the crane operator to make autonomous decision on the work
commencement and performance. Periodic on-site visits of specialists responsible for the operable state do not allow for
an objective situation assessment, which leads to numerous emergencies and injuries.

The functions of a tower crane driver, indicated in the production instruction, presuppose a certain algorithm of
his actions before work starting, related to the determination of the technical readiness of the crane for safe operation.

The statistics of most accidents with tower cranes and the results of their investigations reflect the failed state
of cranes (nonoperable condition of separate units), which is not recorded in the duty log during the inspection of the
crane operator. Consequently, a specialist responsible for the operational condition of the lifting device has no
information of it because of non-compliance with the instructions by a crane operator. The enterprise management
learns about the incidents that have already happened as fait accompli — during the investigation of the causes of
accidents (injuries).

Multi-level control and interaction of all participants engaged in the industrial safety under the operation of
tower cranes (Fig. 2) can be considered the only solution to safety problems.

specialist responsible for
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(crane operator); devices
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Fig. 2. Personnel and managers interaction algorithm
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The application of a risk-based approach provides the methods of organization and implementation of all levels
of control, including measures of preventive control of the compliance with safety requirements concerning facilities
operating tower cranes. This approach can be implemented through IT technology using Web applications. These
applications help to manage safety when operating a technical facility based on hazard analysis and risk assessment in
color gamut. An algorithmic connection with the electronic block key of the local safety system is made. Thus, the
compliance with the standards established by law in the field of HPF industrial safety is ensured through the remote
technologies.

One of the steps of introducing a risk-based approach will be the implementation of electronic checklists for
meeting industrial safety requirements through individual mobile devices. At this, information on the fulfillment of the
security requirements is sent in real-time via the Internet to individual mobile devices to the manager, specialists and
service personnel (Fig. 3).

-
T
g

»--ai‘.s«).! .

Fig. 3. Electronic checklists in the form of mobile applications

The next step involves monitoring and confirming the fulfillment of security requirements, determined by the
duty and working instructions through individual mobile devices, where prompts in the form of tables on the controlled
action and its scheduled time should popup (Fig. 4.)

Fig. 4. Mobile screen with popup checklists

The next step includes processing of the language data from managers, specialists and service personnel, as
well as digital information obtained from the coordinate protection of the crane in the cloud space using a risk
assessment algorithm based on the theory of fuzzy sets of L. A. Zade.

The software to assess risk under the crane operation is displayed as a color gamut, for example, of three colors
according to the scheme:

e red - “work prohibited”;
o yellow - “work permissive, actions required”;
e green - “work permissive .
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Fig. 5. Risk assessment under crane operation in color gamut

Crucially, the access to information on existing violations should be implemented using an appropriate login
and password, which is confidential information. This will enable to establish causes of the unfavorable cases (accident,
incident), as well as a concrete employee who has failed to fulfill his duty or working instructions (Fig. 6).
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Fig. 6. Steps of displaying risk-based approach algorithm on mobile devices

One of the stages of the implementation of the risk-based approach is to monitor the crane operation by the
video surveillance signal through a remote CCTV camera — a “black-box™ recorder. Its signal is transmitted via the
Internet to the cloud space where the video information is stored (Fig. 7).
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Fig. 7. Displaying panorama of object on mobile device using video surveillance

Conclusion. The application of the risk-based approach in the “personnel-machinery-production environment”
system at the facilities running tower cranes through the introduction of IT-technologies will ensure reliable operation
of all departments and each participant of the operation. This will provide supervisors with the ability to remotely
access to operating information for the implementation of the control and supervisory functions. Reducing the number
of accidents and injuries during the tower cranes operation can be achieved only under the condition of open interaction
of the personnel, management and supervisory authorities.
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Deep convolution neural network model in problem of crack segmentation on asphalt images’
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Mopess ri1y0okoii cBepTOYHOl HeHPOHHOII ceTH B 3a/laye CerMEHTAIIMU TPELIMH HA H300paskeHUsX acdaabTa

T***

B. B. Co6oub’, A. H. CoaoBbes?, I1. B. Bacuibes’, JI. A. Iloakomnsuna®™

1,2,3,4

Introduction. Early defect illumination (cracks, chips, etc.) in
the high traffic load sections enables to reduce the risk under
emergency conditions. Various photographic and video moni-
toring techniques are used in the pavement managing system.
Manual evaluation and analysis of the data obtained may take
unacceptably long time. Thus, it is necessary to improve the
conditional assessment schemes of the monitor objects through
the autovision.

Materials and Methods. The authors have proposed a model of
a deep convolution neural network for identifying defects on
the road pavement images. The model is implemented as an
optimized version of the most popular, at this time, fully con-
volution neural networks (FCNN). The teaching selection
design and a two-stage network learning process considering
the specifics of the problem being solved are shown. Keras
and TensorFlow frameworks were used for the software im-
plementation of the proposed architecture.

Research Results. The application of the proposed architecture
is effective even under the conditions of a limited amount of
the source data. Fine precision is observed. The model can be
used in various segmentation tasks. According to the metrics,
FCNN shows the following defect identification results: IoU -
0.3488, Dice - 0.738]1.

Discussion and Conclusions. The results can be used in the
monitoring, modeling and forecasting process of the road

pavement wear.

Keywords: artificial neural networks, defect identification,
segmentation, road pavement, cracks, loU, Dice.

JIOHCKOI1 rocyJapCTBEHHBIN TEXHUYECKHI YHUBEPCHUTET, I'. PocToB-Ha-JloHy, Poccuiickas denepauus

Beeoenue. CoeBpeMeHHOE ycTpaHeHHE Ae()EKTOB (TpEeIluH,
CKOJIOB M IIP.) HA Y9acTKaX MOBBIIICHHON HAarpy3KH JOPOXKHO-
TO TIOJIOTHA TIO3BOJISIET CHHU3HMTh PHUCK BO3HMKHOBEHHUS aBa-
puifHBIX cuTyanuil. B HacTosee Bpems Juis KOHTPOJIS COCTO-
SIHUSI OPOXKHOTO TIOKPBITHS IPHMEHSIOTCS Pa3NIHbIE METO-
1l GoTo- u BuneoHaOmoneHus. OueHKa M aHaJIu3 MOIy4YeH-
HBIX JaHHBIX B PYYHOM PEXHME MOTYT 3aHSTh HEJOIYCTHMO
MHOTO BpeMeHH. TakuMm o0pa3oM, HEOOXOIMMO COBEpIICH-
CTBOBAThH MPOLIEITYPHI OCMOTPA M OLIEHKU COCTOSHUSI 0OBEKTOB
KOHTPOJIS C HOMOIIBIO TEXHUUECKOTO 3PSHUSL.

Mamepuanst u MmemoOvl. ABTOpaMu TIPETIOKEHA MOJICITb TITy-
OOKOW CBEpTOYHOM HEHPOHHON CeTH I HMICHTHU(HUKAIUK
neeKTOB Ha M300pakeHHUAX JOPOKHOTO IOKpPHITHSA. Mojens
peanu3oBaHa Kak ONTHMH3UPOBAHHBIN BapuaHT Hauboiee
MOMYJISIPHBIX Ha JaHHBI MOMEHT IIOJHOCTBIO CBEPTOYHBIX
HeliponHbix cereil (FCNN). IMToka3zano nocrpoenue o0ydaro-
1ieit BEIOOPKY M IBYXATAITHBII MTpoliecc 00yUeHHUs CEeTH C yue-
TOM Crenu(uKN pemaeMoit 3amayn. s mporpamMmHOl pea-
JMHU3alMU  TIPEIJIOKEHHOW — apXHUTEKTypbl  HCIIOJIb30BAJIHCh
¢dpetimBopku Keras u TensorFlow.

Pesynomamor  uccneoosanusi. IlpuMeHeHUe TPET0KEHHON
apXUTEKTYpPHI 2G(HEKTUBHO Jake B yCIOBUSIX OTPAHHYECHHOTO
00beMa MCXOMHBIX AaHHBIX. OTMedeHa BBICOKasl CTEIEHb IMO-
BTOPSIEMOCTH PE3yJIbTaTOB.

Mopens MOXeT OBITh HCHONB30BaHA B PA3IMYHBIX 3a7adax
cermentanuu. CornacHo merpukaM, FCNN moka3biBaer cie-
IyIoIyie pe3yiabTaThl HAeHTHOUKamu nedexros: loU —
0,3488, Dice — 0,7381.

Obcyarcoenue u 3axmoyenusi. TlodydeHHbIE pPe3yIbTaThl MOTYT

OBITH MCITOJIb30BaHBI B Mpouecce MOHUTOPUHIA, MOJACINPOBA-
HUA U MPOTHO3UPOBAHUA IIPOLECCOB HM3HOCA HNOPOKHBIX IIO-

KPBITHH.

KiiioueBbie €10Ba: UCKYCCTBEHHBIE HEHPOHHBIE CETH, WJICH-
TU(UKAIUSA eEKTOB, CErMEHTAIMs, JOPOKHOE MOKPBITHE,
tpeumunsl, loU, Dice.
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Introduction. The road pavement wear requires regular monitoring. Efficient monitoring strategies allow for
the timely detection of problem areas. This approach improves significantly the efficiency of road maintenance, reduces
maintenance costs and provides continuous operation. Technologies for identifying critical features of the condition of
the road surface have developed from the manual photofixation methods to the high-speed digital technology [1].

Russia is one of the five countries with the longest automobile roads. To provide photo- and video monitoring
of such a large-scale infrastructure special systems are required. They should be reliable and easy-to-use on-line sys-
tems. It seems clear that in this case it is not about solutions that involve the data analysis in manual mode. Such an
approach is unacceptable due to the considerable time spent on information processing and low quality of the analysis.

The authors of the paper propose a new technological solution in the field of machine learning. Its implementa-
tion enables to automate the process of road surface quality assessment. To this end, the convolution neural network is
trained on the data marked up manually. The system learns to recognize and evaluate the basic failure modes of the
monitor objects by this means.

Research Digest. Many papers describe the improvement of algorithms for detecting defects in the structural
components and infrastructure facilities. To solve this problem, computer vision capabilities are widely used. Their con-
tinuous improvement is supported by the development of sensing technologies, hardware and software. However, it
should be recognized that at present, computer vision is used sparingly. This is due to many factors, including:

- heterogeneity of defects,

- variety of types of surfaces,

- complexity of the background,

- junctions.

The authors of a number of publications investigate automated methods for detecting cracks in images and
propose their own solutions [2-9]. Some works consider the specifics of monitoring objects of road transportation infra-
structure [10, 11], as well as bridges and structural systems [12, 13].

Until recently, mostly manual monitoring techniques were used to solve these problems, such as:

- morphological operations [13],

- analysis of geometric features [6],

- application of Gabor filters [14],

- wavelet transforms [15],

- building of histograms of oriented gradients (HOG) [16],

- texture analysis,

- machine learning [4].

However, currently, the listed tool is used more and more seldom. It is replaced by a global spread of neural net-
work technologies and machine learning supported by the computational capabilities of graphic processors.

A convolution neural network (CNN) is a multi-layered artificial neural network architecture designed specifi-
cally for imaging [17]. In this case, a subsampling layer (pooling layer) allows local capable fields to be realized
through convolution layers and invariance with respect to small geometric strains.

This architecture demonstrates outstanding results in solving the following recognition problems:

- handwritten numbers [18],

- house numbers based on the Google Street View house number (SVHN) dataset [19],

- road signs [20].

The computation power rise of graphics processors allows for the use of deeper architectures of machine learn-
ing models [21]. Now it is possible to avoid retraining [22]. This is facilitated by the development of such modern tech-

niques as data augmentation, regularization, etc.
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Improving convolution neural networks opens up the possibility of more efficient study and generalization of
the features of images (for example, image classification [23], object search [24], vehicle detection [25]).

The flexibility and prospects of deep learning for the tasks of automatic detection of pavement cracks is shown
in [26, 27].

In [28], the application of neural networks for the automatic detection and classification of cracks in asphalt is
considered. The authors propose to use the universe mean and dispersion of the grayscale values. With consideration to
these indicators, the image is divided into fragments, and then each cell is classified as a crack. Motivation for using the
fall weight deflectometers (FWD) to assess asphalt cracks was shown. In 98% of cases, the system detects effectively a
crack in the image.

In [29], the use of a neural network for the detection of defects was investigated. The advantages of the method
of clustering pixels as objects were clarified. It enables to increase identification accuracy and reduce noise.

In [30], the authors used a deep learning architecture that includes the VGG-16 model. It was previously
trained to identify features that allow distinguishing between classes of images. The model demonstrated excellent
recognition quality even under working with images from the areas unknown to it. CNN VGG-16 was used as a deep
feature generator of pavement images. The authors taught only the last layer of the classifier. They experimented with
different models of machine learning, and showed their strengths and weaknesses.

In [31], the use of CNN in an applied robotics problem is shown. It is referred to the autonomous detection and
assessment of cracks and damages in the sewer pipe. CNN filters the data and localizes the cracks, which provides ob-
taining a characteristic of their geometrics.

The objective of [32] is to automate the sequential detection of chips and to give numeric representation of
damage in metro networks. For that, an integrated model that implements a hybrid algorithm and an interactive 3D rep-
resentation is created. Chipping depth prediction is supported by regression analysis.

The paper [33] provides an overview and assessment of promising approaches that automatically detect cracks
and corrosion in the civil infrastructure systems.

In [34], an effective CNN-based architecture for detecting pavement cracks on a three-dimensional asphalt sur-
face is described. The CrackNet architecture provides high precision of the data processing through an ingenious meth-
od of representing the road surface geometry. CrackNet consists of five layers and includes more than a million of
trainable parameters. The experiments using 200 test 3D-images have shown that the CrackNet accuracy can reach
90.13%.

Offered Method. To identify defects in pavement images, it is necessary to determine what a defect is and
what is not. In other words, the image segmentation should be carried out, and the appropriate classes should be identi-
fied. Recently, this type of problem has been effectively solved through purposely developed architectures of the convo-
lution neural networks, such as SegNet [35] and U-Net [36].

The specifics of pavement images involve a small range of gray shades and a minor difference between the
background and the target object. Also, the task is complicated by noise, defects and the occurrence of foreign objects
in the image.

Various data sets are used to learn neural networks [7, 37]. These sets include original pavement images and
their corresponding mask images with or without defects. Images with defects on the road surface are specific, so the
authors offer their own simplified model of a deep convolution neural network. For image segmentation, a fully convo-
Iution neural network (FCNN) [38] with an encoder-decoder structure is proposed. The image of the road surface is fed
to the system input, and the output is a binary image. A segmented image showing the presence or absence of defects is
resulted.

Architecture of Deep Convolution Neural Network. Fig. 1 shows the architecture of the proposed deep con-

volution neural network.
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Convolution network Deconvolution network

64x64x1  64x64x256 64x64x256  64x64x1

32x32x128 32x32x128
/ 16x16x64 16x16x64 /
Input picture Subsampling layer (MaxPooling)
[] Convolution layer + BN + ReLU [ Resolution increase layer (UpSampling)

:l Convolution layer + Sigmoid

Fig. 1. Architecture of proposed network

The neural network consists of two parts, convolution and deconvolution. The convolution part converts the
input image into a multi-dimensional representation of features. In other words, it performs the function of extracting
features. The deconvolution network serves as a generator, which creates a segmented image based on the characteris-
tics obtained from the convolution network. The last convolution network layer with a sigmoid activation function gen-
erates a segmented image — a map of probabilities of the defect of the same size as that in the input picture.

The first part of the network consists of five convolution layers with filter sets (256, 128, 64, 64, 64). The
“batch normalization” (BN) tool [39] is used. ReLU, rectified linear unit, is used as the activation functions. Then, of
subsampling (pooling) layers with a 2x2 window follow. In passing through this layer, the image is decreased by half.
The second part of the network is a mirror image of the first. The image size needs to be restored to the original one and
to form a probability map based on the input image features. To this end, upsampling layers are used in combination
with the convolution layers. The proposed neural network has 10 convolution layers and 929665 trainable parameters.

Dataset Generation. The CrackForest data set [7] is used for training the constructed model. Its augmentation
(artificial increase of the dataset) is carried out, since the training and operation of the neural network is based on the
path-based approach, which involves the use of randomly clipping elements of the original images.

So, the data set consists of 117 images. It is divided into training, test and validation samples. Fragments of
64x64 are randomly selected for each image of the training and test samples. The studies have shown that gamma cor-
rection of images improves the neural network quality within the framework of the task. Each image fragment under-
goes rotation, reflection, and deformation. The optimal ratio of fragments with and without defect was established as
95% to 5%. At this, defects that occupy at least 5% of the image area are considered. The sample size affects the learn-
ing process and the network quality. The optimal ratio was established as follows: 15 200 fragments of the training
sample and 3 968 — of the test one. Fig. 2 shows the images and the corresponding masks used for training the neural
network.

Fig. 2. Images and binary masks obtained from data augmentation
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Neural Network Training. Intersection metrics between two detections (intersection over union, loU, Jaccard
index) and an equivalent binary similarity measure (Sorensen-Dice coefficient) are used to train and evaluate the neural
network. The function 1 — J is used as cost:

J(A,B) =

|ANB|
|AuB|’

2|AnB|
|Al+|B|

S(A,B) =

The initialization of weights in the layers of the neural network is carried out through the Glorot method [40].
To reduce the internal covariance shift, the batch is normalized through normalizing the input distributions of each lay-
er. Adam-algorithm (stochastic optimization method) is used for learning [41].

At the first stage, the neural network is trained on a small amount of data (30% of the core set) during 5
epochs. At the second stage, the network is trained on the full amount of data during the required number of epochs.

The learning rate varies with each epoch according to the established dependence (Fig. 3).

0.0010 ~

0.0008

0.0006

0.0004

0.0002

0.0000 -

0 2 4 6 8
Epoch

Fig. 3. Variation of network learning rate depending on epoch

As part of the task, it was established that the optimal number of training epochs is 25 (5 epochs at the first
stage of training, and 20 — at the second one). With more epochs, the neural network accuracy did not change crucially.

Keras and TensorFlow frameworks were used for the implementation of the developed architecture of deep
CNN.

Research Results. After training the neural network, it is validated on test data. Each image fragment is fed to
the network input, and the output is a generated map of the defect probabilities. Fig. 4 shows the results of the trained

network performance and their comparison with the true values from the test sample.
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Fig. 4. Results of trained neural network performance

In Fig. 4, the data is produced in four columns:

1) image under study,

2) neural network output,

3) manually identified defect,

4) difference between 2) and 3).

Assume that the networks are compared with the true values. The values of IoU and Dice metrics are condi-
tioned by the specific ratios of the following factors:

- area of the defect and area of the whole image,
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- binary (one-bit) mask and real (4-byte) generated image.
It should be noted that when using IoU for defectless fragments, the metric values are 0 (Fig. 5).

Network predict accuracy histogram
Average accuracy (Dice): 73.81%, (loU): 34.88%

700 4
600 1
500 4
400 +4
300 4
200 4

100 1 | -

T

OA'2 0.'4 0.6 0.18 1.0

Accuracy, %
Fig. 5. Number of images identified with specified degree of accuracy

The prepared data set quality affects drastically the learning and the neural network output. In some cases, the
neural network indicates a defect, although the true image does not have it, or vice versa. This affects the overall as-
sessment of the model quality. In general, the accuracy evaluation of the neural network according to the proposed met-
rics can be subjective, so you should not take the data from Fig. 4 as absolute.

Some models of FCN networks are evaluated in the framework of the presented paper. The results are shown
in Table 1.

Table 1
Accuracy of some neural networks
Network Architecture Accuracy
10 layers (256, 128, 64, 64, 64, ...), 929 665 parameters Dice: 73.81 %, IoU: 34.88 %
16 layers (32, 32, 16, 16, 16, 8, 8, 8, ...), 43 441 parameters Dice: 70.40 %, IoU: 33.24 %
12 layers (32, 32, 16, 16, 8, 8, ...), 37 537 parameters Dice: 67.57 %, IoU: 32.12 %

Here, the number of filters on the first part of the network is indicated in brackets. The number of filters on the
second part of the network is flipped (see Fig. 1).

A sliding window method with a specified step that regulates the processing speed and detailing is used to pro-
cess high-resolution images. This is how the resulting defect probability map for the whole image is developed. Several
images from the validation set and the result of their processing by the neural network are shown in Fig. 6.
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Fig. 6. Validation images processed by trained FCN

Discussion and Conclusions. A model of deep convolution neural network is proposed for identifying defects
in pavement images. The model is implemented as a simplified and optimized version of the most popular on-the-day
FCN networks. The techniques for constructing a training set and a two-stage network learning process considering the
specifics of the current problem are described. The work done shows that the use of such architectures is successful
with a small amount of the input data. Fine precision is registered. The described model can be used in various segmen-
tation tasks. According to the metrics, FCNN shows the following results: IoU - 0.3488, Dice - 0.7381.
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JIOHCKOI rOCyIapCTBEHHBIN TEXHUYECKUN YHUBEPCHUTET, I'. PoctoB-Ha-/lony, Poccuiickas ®eneparnys

4 10sxHO-PoccHiicKuii TocyIapCTBeHHbIH oNMTeXHIUecknil yansepeuter (HITM) umenn M. U. TTnatosa, r. HoBouepkacck, Poccuiickas denepanus

Introduction. Digital data and analytics transform the role of
the production equipment maintenance. Analytical information
of sensors placed on the product allows continuous monitoring
of the production machines operation and their timely servic-
ing. Thus, defects in technical equipment are identified, the
analysis of which enables to develop algorithms for monitor-
ing and forecasting, and to prevent equipment from overshoot-
ing the limits of the safe operation.

Materials and Methods. Basic digitalization principles and the
digital images structure are presented. A mathematical method
is used to describe the digital image vector and the control
system algorithm.

Research Results. The achievements of the known systems of
maintenance and digitalization of various machines are sum-
marized. The application of a dynamic digital image made it
possible to determine the desired levels of the production facil-
ities maintenance. An optional version of monitoring the
equipment state within the framework of the production digi-
talization concept is shown. It is based on the proposed algo-
rithm for an autonomous control of the process state.
Discussion and Conclusions. The construction of machine
digital images in accordance with the main stages of its life
cycle is described. The task of automated maintenance of ma-

chine tools based on digitalization is considered.

Keywords: monitoring, digitalization, autonomous control,
maintenance, digital image.

* The research is done within the frame of the independent R&D.

Beéeoenue. 1ludpoBrle MaHHBIE W aHAJIUTHKA MPE0oOpaszyroT
POJIb TEXHHYECKOTO 00CITY)KHBAaHHS [IPOU3BOJICTBEHHOTO 000-
pynoBaHHsA. AHamMTHYECKas WHGOPMAIMs IaT4YUKOB, pasMe-
[ICHHBIX Ha H3/ICNIMH, II03BOJISET HENpPEpHIBHO HAGIIFOIATh
(YHKIMOHHPOBAaHWE TEXHOJOTHYCCKHX MAIIMH M CBOEBpE-
MEHHO 00CITyKMBaTh HX. Tak, BBIABIAIOTCA Ne(EKThl TEXHHU-
YECKOTO OCHAIICHHS, aHAIIM3 KOTOPHIX MO3BOJLSIET pa3pabaThl-
BaTh AJITOPUTMBI MOHUTOPHHTA, NMPOTHO3HUPOBAHUS U IIPEIy-
[Pk IaTh BBIXOJ 000PYI0BaHHUSI 3@ IPEICIbI HaICKHOM
paboTHI.

Mamepuanvt u memoowi. TIpencTaBieHbl OCHOBHBIC PHHIIUIIBI
r(POBH3AIMH U CTPYKTYpa MOCTPOCHHUS LH(PPOBBIX 0Opa30B.
Hcnonb3yercs MareMaTHYECKUN METOJ ONMCaHUS BEKTOpa
(POBBIX 00PA30B U AITOPUTMU3ALNN CHCTEMbI YIIPABIICHHS.
Peszynomamut  uccreooganus. OOOOIMIEHBI TOCTIKEHHS W3-
BECTHBIX CHCTEM TEXHHYECKOro OOCITY)KHBaHHUS U LH(POBU3a-
UK Pa3MYHBIX MamuH. VCronp30BaHHE IHHAMHYECKOTO
nudpoBoro o0pasza MO3BOJMWIO ONPENETUTh HEO00XOANMBIE
YPOBHH ISl TIOJIAEPKaHHsI PabOTOCIIOCOOHOCTH TEXHOIOTHYe-
CKHMX 00beKTOB. [I0Ka3aH BOSMOXKHBIN BapHaHT MOHHTOPHHTA
COCTOSIHUSI 000pPY/IOBaHHUS B paMKaX KOHLECIIINH [H(pPOBH3a-
1uH 1pon3Bo/icTBa. OH OCHOBAaH Ha MPEIOKECHHOM alrOpUT-
Me aBTOHOMHOT'O YIPaBJICHUS TEXHOJIOTHYECKHM COCTOSHUEM.
Obcyscoenue u 3axnouerue. OMUCAHO TIOCTPOCHHE
u(GpPOBBIX 00pa3oB CTaHKA B COOTBETCTBHHM C OCHOBHBIMH
CTaJIMSIMH €T0 )KHU3HEHHOTO KA. PaccMoTpeHa

3aaya aBTOMATH3HPOBAHHOTO MOICPKAHUS PabOTOCIOCO0-

HOCTH CTaHKOB Ha 0a3e uu(ppoBHU3aLH.

KioueBbie €10Ba: MOHWUTOPHHT, [H(PPOBH3AIHUS, ABTOHOM-
HOE yrpaBiieHHe, 00CTy)knBaHue, LUGppoBoii 0Opa3.
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Introduction. At the present stage of development of engineering and technology, issues of the production
digitalization, in particular, the life-cycle management of production machines, the independent management of their
operation and maintenance, are particularly sensitive. According to K. Schwab, Head of the World Economic Forum,
digital data and analytics transform the role of servicing [1]. We are talking about the analytical information of sensors
placed on the product. It helps to conduct continuous monitoring, and to study equipment operation and its mainte-
nance. Thus, defects in the equipment are identified, the analysis of which enables to develop monitoring algorithms, to
make forecasts, and to prevent equipment from going beyond the limits of reliable operation. This approach generally
improves the efficiency of production processes. Description of the product operation based on digitalization allows for
the creation of digital twins of machines for various purposes. The concept of “digital twin” includes a temporal infor-
mation copy of an object, artificial intelligence, information technologies, and software. All these components are in-
volved in the creation and support of intelligent digital models (DM) of complex technical products.

Publications devoted to this topic represent research in the field of intellectual monitoring and control of the
technical condition of machines and machine tool systems [2—14].

Metal-cutting machines are provided with new properties that allow them to meet the growing demands for
speed and accuracy of cutting, reliability and safety of operation under the conditions of fast-speed processes. As in
mechatronics in general, in machine tools, a number of organizational and technology principles related to digitalization
is implemented. Some of them are listed below.

Openness and controllability. A machine is an open, self-controlled system connected with the outdoor envi-
ronment. Information on the state of the equipment, the outdoor environment is used for control, and the object behavior
is simulated.

Originality of properties of the entire machine system. The characteristic of a system object extends further
than a sum of features of its components. The system obtains properties that none of its components possesses. In other
words, the functions of the components can synthesize new properties of the system.

Self-sufficiency of the system. The system and its elements can function independently of external systems.

Intelligent management. Procedures for controlling an object (machine) are based on an analysis of its states
and manufacturing situations using information technologies and knowledge processing mechanisms.

Information and intellectual support of the machine operation includes procedures for maintenance and repair.
The development of digital automated diagnostic and control systems involves the creation of specific software for in-
formation processing integrated with an external network communication environment.

Main Part. In the presented paper, the digital embodiment of an object will be called its digital image (DI).

The machine DI corresponds to various methods of constructing digital models (Digital model). The model se-
lection is determined by the object life cycle stage — from design to disposal (Fig. 1).

initial D;
> situation D,
-~ . .
Z perfectioning D,
> during succeeding operational period Dy

Fig. 1. Stages of representation of machine digital images

According to the notation of Fig. 1 and considering the sequence of transformations, an ordered set of digital
models of the machine state during the life cycle is as follows:
Dm = (Dia Dsa Dp’ Ds+)'
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According to the standard rules and test methods, the work on creating D; includes the formation of an initial
database for assessing the machine quality. These include the following: performance accuracy factors, dynamic charac-
teristics, thermal deformations, reliability rating estimates. The database (DB) of the initial state of the machine forms
the basis of the temporal machine DI built on the principles of the e-Mind Machine (e-MM) [10, 11].

If we are talking about the machine in use, its state is considered under processing typical test parts or on test
modes subject to the technical requirements and a test program. The structure of the machine DI in the operation pro-
cesses (Dy), considering the e-MM, is shown in Fig. 2.

MODULE D, S
T e-Mind Machine [ 5 Machine state ]

\ management
\ 4. Monitoring

3. Diagnosis

2. Observation and

. Control KS
1. Machine state
monitoring | BLOCKS

Fig. 2. Structure of machine dynamic DI at service stage (D)

The DI state specificity is determined by the alternation of the operation, maintenance and repair processes.
The DI intelligence depends on the knowledge system (KS) located in the blocks of the machine temporal DI.

Solutions based on the embedded expert systems (ES) and information obtained from the diagnostic and moni-
toring units are synthesized in the modules for controlling the machine technical state. They identify the measured pa-
rameters of the machine, the process and its result, which enables to diagnose and evaluate the state of processes and
devices. In this case, a situational assessment of the system state, which is necessary for the management, adequate to
the current situation, is performed, and the results are predicted. Based on the decisions made, control actions are gener-
ated corresponding to the block assignments. Considering the huge amounts of stored data, optimizing analysis tech-
niques can be used under the system operation — for example, online diagnostics with the aid of Mel-frequency
cepstral coefficients [12].

At this, it is important to apply not quantitative, but qualitative assessments and concepts based on fuzzy pro-
cedures of processing, accumulating and applying knowledge and meta-knowledge. It is advisable to use temporal ES.
First, they work in real time. Secondly, training and adaptation algorithms are built into such ES, and they are able to
improve the performance of the machine subsystems.

Under the intelligent control with the KS units during the machine operation period, complete information on
the DI state can be represented as an ordered set (vector) of possible states of the machine system and control:

S =(SW,S,,S‘,_,SZ,S“).
Here, §,,S.S,.S.,S, are, respectively, sets of states of the machining process, the tool, the technical state of the
machine components, the state of the product (workpiece - part) and control. The set of admissible vectors (§) is
called the admissible set of DI states, and we denote it as S . KS synthesizes sets of time-ordered regulated actions:
U, e U . They provide transformation of the vector of the DI initial condition $*eS froma hypothetically identi-
fied admissible set of states ( S ) to the specified goal state S, e S . This search is based on the analysis of knowledge
about the functionality of a specific machine tool system. Actually, KS should realize A indication:
A :8xS>U|U, =A(S",S,].

which, out of the set of admissible controls (U ), finds such control (U, e U ) that corresponds to the of the initial state
vector (S* € 5) and to the specified goal state (S, € S). In this case, U, e U control enables the transition of the ma-

chine from S* e S state to S, € S state. The management apparatus (U , € U ) is based on the formalisms of fuzzy alge-
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bra and fuzzy sets. This approach allows for the formulation of a plausible hypothesis about the organization of the ap-
propriate behavior of the machine tool system. In this case, a coherent transition from one state to another is observed,
and at each transition, information about changes in the machine DI is generated [15]:

S, —(S,.1,].
Here, S, is DI state at the beginning of j-th transition; S, is DI state obtained as a result of j-th transition; [, are
changes to be made in the descriptions of DI state obtained as a result of j-th transition; U, is control ensuring the tran-
sition from S, state to S, state.
The current state (S, ) obtained as a result of the j-th transition is determined by the state of:
- product (workpiece - part) (S,),
- tool subsystems ('S, ),
- object (S,).
That is
S, =(S,.5,.5,)

y

Models of technical condition management, built on this KS base, are the framework for building a digital sys-
tem for autonomous control of machine tools.

Developers and researchers pay serious attention to the automated maintenance of machine operability, espe-
cially, under the conditions of computerization of production and improvement of information support [1].

The digitalization systems developed for the technological machines maintenance require the application of in-
tegrated and/or remote software and hardware support components. These systems are created to fulfill the following
tasks:

- to obtain information on the equipment state in real time,

- to forecast the development of the state of various devices/units (D/U),

- to give the personnel warning of emergency and other dangerous equipment conditions,

- to carry out self-maintenance and troubleshooting,

- to conduct maintenance or updating of the control programs in the process of equipment operation.

Within the framework of the e-MM concept, an automated autonomous control of the technical state of ma-
chine tools (AUTS) was created [16]. AUTS means independent automated control. Special tools and informational
links allow it to assess the state and role of the machine. Based on these estimates, the AUTS provides certain signals or
acts on a specific machine device to maintain or restore its operability.

The AUTS features are listed below.

First, the system should be equipped with a sufficient number of sensors that transmit reliable information on
the status of units and devices.

Secondly, when recognizing the obtained data, it is necessary to exclude noise and determine the parameters
informatively describing the state of the equipment.

Thirdly, the forecasting systems should flexibly adjust the indicators in real time, focusing on the information
obtained from the diagnostic unit.

Fourthly, the decision should include the possibility of reducing the risk from the machinery breakdown or
wear reduction of the equipment components, and it should comply with the selected treatment program with minimal
departure from the optimal process.

In view of the above, the structure of the system and the autonomous control of the machines technical state is
developed [15]. The algorithm of the state monitoring system is presented in Fig. 3.
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Fig. 3. Flowchart of state monitoring system (AUTS)

The algorithm provides the following actions.
I. 1. Search for information on the D/U inheriting states (i.e., at the preceding stage — n - 1) in the
knowledge system, and basing the n stage states into the monitoring unit DB.

2. Obtaining current operational data of diagnostics of the D/U state at n stage.

3. Creation (change) of the current image of the D/U state in the working memory of the knowledge system of
n—KS, stage of the machine condition monitoring unit.

4. Determination of the ES belonging to the KS of the monitoring unit, and tendencies of changes in the D/U

state.
5. Comparison of the obtained state estimates with the parameters of the fuzzy boundaries of the D/U operabil-

ity state extracted from the database.
6. Predictable assessment of the preservation of permissible state parameters within the limits of the D/I opera-
bility under the condition of work on the input control program of the CNC device.
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7. Estimation of the accessibility of fail-safety under the condition of correction of the processing program
components.

8. Decision-making on the accessibility of fail-safety.

9. Decision-making on technical condition management.

10. Correction of the D/I state without processing interrupt.

11. Part process shutdown for the correction (restoration) of the state.

12. Selection of the offline means to prevent (eliminate) malfunction of the D/U or external services.

13. Conducting off-line servicing.

14. Support call to the external services for troubleshooting of the technical condition.

15. Diagnosis and assessment of the D/I status after maintenance.

16. Logging and input of the list of the operations performed and the resulting assessments of the D/I state to

the KS. Accumulation of experience in assessing the technical condition and autonomous state control in the

KS.

In this case, the decision-making and autonomous control of actions to maintain working capacity is made on
the basis of the presented approach to the digitalization of machine tools, and this is the key feature of the unit for moni-
toring the object state and of the algorithm for monitoring the AUTS state.

Conclusion. The construction of machine digital images in accordance with the main stages of its life cycle is
proposed. The automated maintenance of machine tools based on digitalization through the creation of autonomous
technical condition control systems is considered. These systems transmit information on the equipment state in real
time, signalize purposefully about the equipment state, and maintain (restore) its performance.
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Introduction. The estimation of efficiency of methods and
algorithms for solving optimization problems with a vector
criterion and a set of nonlinear constraints is considered. The
approach that allows proceeding to an optimization problem
with a single objective function (i.e., an unconditional optimi-
zation problem) after equivalent transformations is described.
However, the objective function obtained in this way has
properties (nonlinearity, multimodality, ravine, high dimen-
sion) that do not allow classical methods to be used to solve it.
The presented work objective is to develop hybrid methods,
based on combinations of the algorithms inspired by wildlife
with other approaches (gravitational and gradient) for the solu-
tion to this problem.

Materials and Methods. New methods to solve the specified
problem are developed. A computer experiment was conduct-
ed on a number of test functions; its analysis was performed,
showing the efficiency of various combinations on various
functions.

Research Results. The efficiency of hybrid algorithms that
combine the following approaches is evaluated: genetic and
immune; methods of swarm intelligence and genetic and im-
mune; immune and swarm with gravity and gradient.
Discussion and Conclusions. The hybrid algorithms in optimi-
zation problems are studied. In particular, decisions can be
made on their basis under the management of compound ob-
jects in the military and industrial sectors, in the creation of
innovative projects related to the digital economy. It is estab-
lished that the type of the objective function affects the result

much more than the combination of algorithms.

Beeoenue. CtaTbs NOCBSIIEHA OLEHKE dPPEKTUBHOCTH METO-
JIOB U aITOPUTMOB PEUICHHs ONTUMHU3ANNOHHBIX 33714 C BEK-
TOPHBIM KPUTEPHUEM U CHCTEMOH HENMHEHHBIX OrpaHHYCHHH.
OmnucaH MOAXOM, TMO3BOJISIOIIUN TOCTE MPOBEICHUS SKBHBA-
JICHTHBIX TIpeoOpa3OBaHUil IEpeHTH K ONTHMH3AI[OHHON
3ajaye ¢ OMHOM HeneBod QyHKuuei (T. e. kK 3amade O6e3ycIoB-
HOM onruMuzanyuu). OIHAKO HONydeHHash TaKHM CII0COO0M
neneBass (QYHKIHA o00JagaeT CBOWCTBAMH (HEIHHEHHOCTS,
MYJIBTUMOIAIBHOCTb, OBPAKHOCTH, OOJNBIIAst Pa3MEPHOCTH),
HE MMO3BOJIIONIMMH HCIIOJIb30BaTh IS €€ PeIIeHHs KiIaccuyie-
CKHE METO/BL.

Llenp mpencTaBIeHHOTO HCCIEIOBaHUS — pa3paboTaTh Uit
pelIeHus JaHHOH 3a71a4n THOPUIHBIE METObI, OCHOBAaHHBIC Ha
KOMOWHAIMAX alTOPUTMOB, MHCIHMPHUPOBAHHBIX >KHBOH IpH-
pOmOiA, C IPYyrMMH NMOAXOAaMH (TPaBUTALMOHHBIM W Tpaju-
CHTHBIM).

Mamepuanvr u memoousl. Co3iaHbl HOBbIE METOIBI JUIS Pellie-
HUSl yKa3aHHOW 3aaauu. [IpoBeneH KOMIBIOTEPHBIH dKCIIEpU-
MEHT Ha psA€ TECTOBBIX (YHKIMI{, BBINOJIHEH €ro aHalus,
MOKa3bIBAIOINIT 3P PEKTHBHOCTE Pa3NNYHBIX KOMOMHAIMI Ha
Pa3THYHBIX (QYHKIUX.

Pesynomamor uccnedosanus. OueHeHa 3GQGEKTUBHOCTh T'H-
OpHIHBIX aJITOPUTMOB, KOTOpbIE KOMOWHHPYIOT CIIEIYIOIIUe
IoaXoabI: TEHETUYECKUH C UMMYHHBIM; METObI POE€BOTO HNH-
TEJJICKTa C TIC€HETHUYCCKMMU U HMMYHHBIMHU; UMMYHHBIE U
POEBBIE C TPABUTAI[MOHHBIM U T'PaHEeHTHBIM.

Obcyarcoenue u 3axmovenue. VI3ydeHbl BOSMOXKHOCTH THOpU-
HBIX aJITOPUTMOB B ONITHMH3AIMOHHBIX 3aa4ax. B wactHOCTH,
Ha UX OCHOBE MOT'YT IIPUHUMATBHCS PCIICHUS IPU YIIPABJICHUN
CJIOXHBIMH 00BEKTaMHU B BOGHHOHN M IIPOMBIIIICHHOH ciepax,
IIPU CO3aHWH MHHOBAIMOHHBIX IIPOEKTOB, CBSI3aHHBIX C IH(-
POBOH 3KOHOMHUKOH. YCTaHOBIIEHO, 4TO BUJ LieJIeBOIl (YHK-
I[X BIUSIET HA Pe3yJbTaT ropas3o Ooyiee CyIIECTBEHHO, UYeM
KOMOMHAIIHS aITOPUTMOB.

O
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Introduction. A general optimization problem is multicriteria with a number of restrictions in the form of
equations and inequalities. To solve a multicriteria task, the following types of algorithms are used:

- a posteriori (sequential assignment algorithms);

- aprior;

- sensing;

- adaptive;

- approximation algorithms based on estimated accuracy of Pareto frontier.

The listed approaches enable to narrow down the initial set of feasible solutions to one or several points [1, 2].

Let us identify the features of the methods mentioned above. The use of a posteriori, aprior, and adaptive algo-
rithms reduces the initial problem with a vector criterion to the problem with a single objective function, which can be
solved through bioinspired algorithms or their combinations. The sensing method requires a lot of computational re-
sources. The approximation approach is characterized by high efficiency, which is due to the possibility of parallelizing
the computational process [2].

The solution to the unconditional optimization problem is based on one of two algorithms: penalty functions and
(or) sliding tolerance. Both of these approaches are well represented in [2] and [3]. The task is to find the global opti-
mum of the unconstrained function.

Note features of the objective function which helps to describe a large class of technical and economic problems.
The objective function is often non-linear, in most cases it is not differentiable, not unimodal, and it has a complex to-
pology of the tolerance region. Therefore, to find the global optimum of the presented problem, the authors of this paper
have created hybrid algorithms. At this, pairs can combine:

- two bioinspired algorithms;
- a bioinspired and a classical algorithms;
- a bioinspired algorithm and one based on physical laws.

Thus, a hybrid based on Fourier series and a firefly algorithm was proposed in [4]. In [5], gradient and immune al-
gorithms are combined, and in [6], swarm and gravity algorithms are paired. The combination of genetic and swarm
approaches [7, 8, 9] was also considered for solving various optimization problems with an objective function (includ-
ing the problems of learning neural networks of various topology).

The efficiency criterion of the bioinspired algorithm should be considered the number of iterations (steps) at
which:

- the algorithm finds a result close enough to the optimum,

- the number of steps (time) is acceptable,

- the required accuracy of the algorithm is provided.

Materials and Methods. The combinations of bioinspired algorithms developed by the authors [4—10] were
tested on Rosenbrock, Rastrigin, Griewank, and Schwefel [2] functions. It should be noted that the combinations rein-
forced the advantages of each algorithm of the pair and leveled their shortcomings. For each function, the hybrid
showed the best performance and accuracy compared to single algorithms. However, the hybrids that produced the most
effective result on one test function work much more poorly with other test functions. This observation leads to the fol-
lowing conclusion: the efficiency of bioinspired algorithms and their combinations with other algorithms depends much
more on the objective function than on the features of the combination of algorithms. The same conclusion can be
drawn from the NFL theorem (short for “no free lunch”) [11].

Consider that it is necessary to find the global optimum of some function that has the properties described
above. There is a bank of bioinspired algorithms and (or) their combinations. And there is a bank with an objective
function that does not have the unimodality property, with a large number of variables and parameters. What algorithm
can solve the optimization problem for this function as smoothly as possible? For what types of functions will this algo-
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rithm show the best result, and for which of them will it be inappropriate? It is obvious that it is impossible to develop
such an algorithm. Algorithms may perform well on one function and be completely unacceptable for other functions.

Concerning the structure of bioinspired algorithms, it should be noted that a large number of empirical parame-
ters used by them does not enable to evaluate the efficiency of such algorithms and their combinations in advance. (The
opposite example is deterministic algorithms that successfully solve problems with linear, quadratic, strictly convex,
unimodal functions).

For alternative estimates of bioinspired algorithms, public libraries with test problems are used, which allow
comparing the known and new algorithms and their combinations [11, 12]. Sobolev Institute of Mathematics is one of
the largest collections of test problems [12]. It presents various approaches to solving complex NP-complete optimiza-
tion problems considering estimates of computational complexity. Among other libraries, narrow-focus ones can be
noted: an open-source library for GAlib genetic algorithms [13]; libraries for building EAlib [14], Perl [15] evolutionary
algorithms, and Java frameworks [16].

Research Results. The study on the features of genetic and population algorithms, performed by the authors,
makes it possible to define the following advantages and disadvantages.

Genetic algorithms (GA) are based on the identity of the behavior principles of biological and technical sys-
tems. The GA use the principle of choosing the best decisions from the population available, which allows us to find the
optimal solution to the problem. These algorithms give good diversity, as far as the information on solution point sets is
processed in parallel. In these points, the optimum is based on the application of the objective function, and not on its
various increments.

Ant colony optimizations simulate the principles of vital activity of the ant colony. There, the principle of au-
tonomous functioning of each agent is combined with the activities of the colony as a whole, which allows solving ra-
ther complex optimization problems. The combination of ant colony algorithms with local search algorithms enables to
quickly find the starting points of the optimum search. Such algorithms give the best results for large-scale problems. In
terms of efficiency, they are very close to the problem-oriented and metaheuristic algorithms. This approach has shown
good results in solving various practical tasks, for example, problems of traveling salesman, of optimal design of elec-
tronics, etc. Due to the possibility of using adjustable parameters, ant colony algorithms are applied in solving distribu-
tion and transport problems.

The following positive features of ant colony algorithms should be noted:

- for some tasks, they provide a more efficient solution than genetic ones or algorithms based on neural net-
works;

- the genetic algorithm stores information only about the previous generation, whereas ant algorithms store in-
formation about the entire colony, which is more efficient;

- random routing in the ant colony algorithm enables to exclude non-optimal initial solutions;

- the selection of parameters responsible for changing the optimization step enables to successfully use this al-
gorithm in dynamic applications.

The disadvantages of ant colony algorithms include the following:

- theoretical analysis is difficult due to a sequence of random decisions, which is caused by changes in proba-
bility distributions during iterations;

- the algorithm convergence time cannot be predetermined, and to solve this problem, the ant algorithm is sup-
plemented by local search methods;

- free parameters for work adjustment under solving a specific task are determined only experimentally.

When identifying extremes for composite multidimensional nonmonotonic functions, the swarm algorithms
with equal probability determine the optimal element (an element with given properties) at any iteration. These algo-
rithms are effectively used to optimize nonmonotonic functions in NP-complete problems, including distribution and
transport ones. They are searching the only optimal element that determines the extremum (or sets of such elements).
The swarm algorithm implements a search in the neighborhood of the best and selected sites in parallel. At this, it does
not have any of the drawbacks of evolutionary methods, for example, it does not require a significant amount of
memory to store a population of solutions.

Discussion and Conclusion. Analysis of the known hybrid algorithms has shown the following. One combina-
tion can give a good result on some test function (for example, Rosenbrock), but this hybrid will be significantly less
efficient than other combinations on the other function. Hence, it is fair to say that the type of the objective function has
much more significant impact on the result than a combination of algorithms. Therefore, the study of the form and type
of the objective function enables to select the best combination.
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Introduction. The fast program algorithm of arithmetic coding Bgedenue. TlpemyiokeHHBIA B CTaTbe OBICTPBIA MPOTPAMMHBIA

proposed in the paper is for the compression of digital images. It is aNropUTM  apH(METHYECKOrO  KOAMPOBAHMS TPC/HASHAYCH st
shown how the complexity of the arithmetic coder algorithm de- CxaTHi WAppoBbX msobpaxernti. Ilokasato, kaxuM 0OpasoM
. . .. . CJIO’KHOCTb aJITOPUTMA apU(METHUECKOrO KOJIepa 3aBUCHT OT KpHU-
pends on the complexity measures (the input size is not consid-

TEpUEB CJIOKHOCTH (IIPU 3TOM pa3Mep BXOJa HE ydHThiBaercs). B

ered). In the course of work, the most computationally complex TpotIecce paGoThI OMPEEHBI HAHOOMEE BEMHCTHTENHHO CIOK-

parts of the arithmetic coder algorithm are determined. Perfor- HBIe YacTH aIropuTMa apu(pMeTHdecKoro Kkoziepa. BrimonmmeHa
mance optimization of their software implementation is carried ONTUMM3ALS IPOU3BOAUTENIBHOCTA HMX IPOrPaMMHOHN peausa-
out. Codecs with the new algorithm compress photo and video uH.

records obtained through the remote probing of water bodies oEner © s AR IR 25 SR M esns

PasHULIbL d)OTO- 1 BUACOMATCpHAIbl, TOJTYYCHHBIC IIPU AUCTAHIIN-

without frame-to-frame difference.
OHHOM 30HIMPOBAHNH BOJHBIX OOBEKTOB.

Materials and Methods. In the presented paper, a selection of Mamepuanst u memodvl. B peacTaBICHHON HayqHO# paboTe Hc-
satellite images of the Azov Sea area was used. At this, the soft- TOJTb30BaHa TI0J00PKA CITyTHUKOBEIX CHMMKOB aKBaTOPMH A30B-
ware algorithm of the arithmetic coder was optimized; a theoreti- ckoro mMopst. IIpu 3TOM ONTHMM3HMPOBAH MPOrPAMMHBIA AITOPUTM

cal study was conducted; and a computational experiment was ApUPMETHHECKOTO KOJIEpa, MPOBE/ICHO TEOPETHHECKOS HCCTIEI0BA-
HIIE, BHITOTHEH BEIYHCIMTEIBHBIA SKCIIEPHMEHT.
performed.

Pesymomamst  uccnedosanus. YBEIMUeHA TPOU3BOTHTETBHOCTD

Research Results. The performance of the software implementa- .
MPOrPaMMHOI peanu3aiiy apuhMETHIECKOro Koziepa Ha puMepe

tion of the arithmetic coder is increased by the example of the BueoKozicka VP9, JUist M3MepeH s BPeMEHH BBITIONHEHHS! TIPOH3-
VP9 video codec. Numerous launches of reference and modified BEJICHBI MHOTOYKCIICHHBIC 3aIyCKH 3TAIOHHOTO W MOTH(MHIMPO-
codecs were made to measure the runtime. Comparison of the BAHHOTO KO/EKOB. CpaBHEHHE CPEIHEr0 BPEMEHH HX HMCTIONHEHHUS

TOKa3aJI0, YTO MPOHU3BOUTENHHOCTD MOU(UIIMPOBAHHOTO KOJEKa

average time of their execution showed that the modified codec
. . . Ha 521 % Benue. IIpupoct oOLIEH IPOU3BOAUTENLHOCTH
performance is 5.21% higher. The overall performance improve- ’ pip H P A e

apudMeTHIecKoro IeKOIMPOBaHus cocTaBmiI 7,33 Y.

. . . o
ment for arithmetic decoding was 7.33%. Obcyoicoenue u 3axmoueHusi. YBEIIMUYEHHE CKOPOCTH pabOThI HO-

- Discussion and Conclusions. Increase in the speed of the latest BEHIIINX alrOPHTMOB CXATHS IH(MPOBHIX (HOTO- I BHICOM300paKe-

3 digital photo and video image compression algorithms allows HUIA TI03BOJISIET MPHUMEHSTh UX Ha MOOWIBHBIX BBIYHCIMTEIBHBIX

g them to be used on mobile computing platforms, also as part of TaThopMax, B TOM YHCIEC B COCTABE GOPTOBON MEKTPOHMKH Gec-

_8 the onboard electronics of unmanned aerial vehicles. The theoreti- OHTOTHEIX JICTATEILAEIX. AMEPATOB, TEOpETHHECKHE: Pe3yILTATEI
f . . JAHHOH PabOTBI PACIIMPSIOT METOAB! aHAIN3a CJIOXHOCTH ajro-

] cal results of this work extend tools of the average-case complexi-

= putMa B cpefHeM cirydae. OHHM MOTYT HCTIOJIb30BAThCS B CUTYALHH,

% ty analysis of the algorithm. They can be used in case where the KOIJIA KOJHHECTRO [IATOB AFOPHTMA 3ABHCHT HE TOIHKO OT pasMe-

2z number of algorithm steps depends not only on the input size, but OB BXOJ[a, HO M OT HEM3MEPUMbIX KPHTEpHEB (HAIPHMEp, OT CXe-

~

o also on non-measurable criteria (for example, on the common MBI OOparieHus K o0Iiel ONepaTHBHON MaMATH CO CTOPOHBI T1a-

=

+~

= RAM access scheme from parallel processors). PAJUICIIBHBIX IPOLIECCOPOB).
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Introduction. Monitoring of the condition of the water body is often carried out through unmanned aerial vehi-
cles (UAV), conducting aerial photography in the visible and infrared bands. The performance capabilities of the mo-
bile camera, which the UAV has, impose a number of restrictions on the equipment that processes and stores the foot-
age until the UAV returns. Specifically, the following factors should be considered.

1. Energy efficiency of the equipment that encodes the footage since it depends on the off-line operation time of
the UAV.

2. Coding gain of photo and video data during the flight. High resolution images occupy a significant amount of
the software memory, and this limits the amount of information that a UAV can accumulate.

Virtually all equipment for photo and video hardware supports the most common codec for compressing JPEG
images. However, it is inferior to the most modern HEVC and VP9 codecs, which not only support video sequences, but
also allow for better compression of single images. Thus, GoogleVP9 shows similar JPEG visual quality by the SSIM
metric (structural similarity) and at the same time compresses images by 25-34% stronger [1].

Compared to the same JPEG, HEVC codec enables to improve the compression rate by 10—-44% in PSNR metric
(peak signal-to-noise ratio) [2]. However, a high compression ratio with a smaller bitstream size results in greater com-

putational complexity of the HEVC and VP9 codecs [3, 4]. The architecture of the JPEG codec is presented in general

in Fig. 1.
Encoder
Blocks ) Lo Compressed
Direct DCT [ Quantization | VLC coder

8x8 file

Decoder
Compressed Compressed Inverse >  Back DCT Blocks
file file quantization = ac 8x8

Fig. 1. JPEG codec flow chart

Here, VLC means compression through variable-length codes (variable length coding). The input frame is divid-
ed into blocks of fixed size (8x8). Each of them is subjected to direct discrete cosine transform (DCT), quantization of
transform coefficients and subsequent entropic compression using the Huffman algorithm [4]. Discrete cosine transform
is performed in the integer form [5]. Since the adoption of the JPEG standard in 1992, a number of fast algorithms have
been developed. They allow the conversion to be carried out entirely in the CPU registers. Huffman’s entropy compres-
sion is also not a complicated problem, so, even mobile processors in program mode can compress and decode JPEG
images [6].

HEVC [6] and VP9 are fundamentally similar, and they are hybrid block codecs with splitting a frame into
blocks of indeterminate length, intraframe prediction, discrete transform, and subsequent filtering to eliminate blocking

artifacts. The blockdiagram of the HEVC codec is shown in Fig. 2.
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Binary decoding | ———» Back transform Unblocking filter
I
ntraframe SAO filter
prediction
Prediction mode
selection
Interframe Reference
prediction frames

! f

Fig. 2. HEVC codec flowchart

Here, the abbreviation SAO denotes the sample adaptive offset. In addition to the above image reconstruction al-
gorithms, both codecs use context-adaptive binary arithmetic entropy coding, which is much more complicated than
Huffman compression. With a high level of visual quality, it is arithmetic coding that occupies a significant part of the
total decoder operation time. In general, the flowchart of the arithmetic coder is shown in Fig. 3.

Syntactic elementn
Reverse Y
> binarization >
Range updating ‘ .
Binary element
Element ¢ index
Bitstream Arithmetic Probability Context
P ] . ———————
decoder selection
Context %
updating

Fig. 3. Arithmetic coder flowchart

Codecs of a new generation are supposed to be used, among other things, for compressing images obtained
through remote sensing of natural objects. In this case, it is necessary to optimize the operation of hybrid block codecs
to ensure the processing of photo and video UAYV data in real time. It is necessary to put more focus on the optimization
of binary context-adaptive arithmetic coding, due to its essential complexity.

The objective of this study is to speed up the operation of the arithmetic decoder on mobile processors of the
ARM architecture. This will improve the performance of Google VP9 video codecs and will allow for their application
in the UAV on-board electronics for remote sensing of water bodies. The use of enhanced tools for compressing photos
and videos obtained from aerial photography enables to increase the amount of stored data, improve their visual quality
and resolution.

Main Part. Core components of a modern video codec include the binarization of syntactic elements of the
bitstream and the adaptive binary encoding of these elements into the bitstream. This stage is not safe for the
vectorization and parallelization, but it can be optimized through the statistical analysis of the input data. The main way
to predict the running time of a program is to analyze the complexity of the corresponding algorithm. Distinction is
provided between complexity at the best, worst and average case. 3 x is input data of A algorithm which is used to
calculate the output of y algorithm. The time function of the algorithm is denoted by CJ (x), and the memory cost
function — by C; (x). In the worst case, we will call T;(n) = max| =, C4 (x) functions of numeric argument the time
and space complexity A

Sa(n) = max =y C4 (%).

Consider a finite set of n size inputs:

Xp = {x:llx|l = n}.
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Vx € X, corresponds to the probability:
Pn(x) € [0’1]: erXn Pn(x) =1

The following expectation is called the average-case complexity:

TA = erXn Pn(x)c,:lr(x)»
SA = ZxEXn Pn(x)C/f(x)-

The described approach is classical for analyzing average-case complexity of the algorithm, and it is described in
detail in [7, 8]. Note the reasons why the application of this method in practice may be difficult or impractical.

1. Difference between the number of steps of the algorithm in theory and the number of processor cycles re-
quired to perform the step in practice. Thus, the majority of modern central processors produce addition and multiplica-
tion per cycle, while the remainder of the division is calculated for dozens of cycles.

2. Hardware features of the memory system. Modern computers use a multi-level memory hierarchy. Its compo-
nents operate at different speeds. Memory calls take considerably longer than register operations.

3. Optimizing compilers and hardware planners. When building executable files, optimizing compilers transform
dramatically the code without changing the program state engine. CPU hardware schedulers change the procedure of
executing instructions for greater performance and predict conditional transitions, while cache controllers read from
memory in blocks.

4. In case of the software algorithms implementation on the general-purpose processors, software components
interfere. For example, the task scheduler shares processor time, and parallel processes that have multiple threads can
run on a variable number of processor cores.

The proposed modification of the algorithm complexity serves as a theoretical addition to practical tools for
measuring performance, such as, for example, profiling and instrumentation of the program code. For the first time, the
method of splitting the algorithm inputs into complexity classes was presented in [9]. Consider A algorithm and a set of
all possible inputs:

G:{91,9, -}
and also all possible samples from G, different in size and composition:
gi:{9i gt -}

A set of criteria for the complexity measure of the algorithm implementation (for example, the number of processor
cycles, run-time, etc.):
«;:g; = R
A set of complexity measures:
A:f{ocy, ¢, L)
This set has the following properties.
1. V&g, x,€ A:x;#X, — all A elements are different.
2. Vo€ A splits G into the set of equivalence complexity classes
G(ay) ={g! n g7 ..}.
3. All samples from G (a;) are equally complex:
Ja; €4,9f € G(ay), ai: gf = 1k € [0, 1G], 7; € R.

Thus, all elements of A are different, and they can be reordered so that the complexity function of the criterion is
nondecreasing throughout the whole set of criteria. The expected complexity is similar to the estimates of the average-
case complexity of the algorithm for the discrete and continuous probability of complexity. For the discrete case:

R(A) = Zal—eA i Di»
for the continuous case:
R(A) = [, rdF(r).

The method in question is applicable for analyzing the complexity of an arithmetic codec. The process of entro-
py compression [10, 11] can be divided into component parts.

1. Binarization or conversion of the coded character (syntactic element of the compressed bitstream) into a string
made up of zeros and ones (bit string).

2. Context modeling for compressing syntactic elements in the normal mode. This step is not performed for syn-
tactic elements whose statistical distribution is close to normal, and they are coded in the bypass mode.

3. Arithmetic coding of a bit string.

Consider in more detail the arithmetic decoding scheme of the Google VP9 codec, namely the part that is associ-
ated with the subexponential coding of syntactic elements.
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Imagine an algorithm of the subexponential coding in general [12]. The first step includes the calculation of the
variables:
_ { k:n < 2k
~ llogy n):n = 2k,
u= { 0:n < 2F
b—k+1:n> 2k
where £ is parametrical value, it is 4 for the Google VP9 codec.

In the second step, the unary code u(u + 1) bit is complemented by n low-order bits. The code length is equal
to:

k+1:n<2*
2|log, n] — k + 2:n > 2%,

Hence, literal decoding is reduced to decoding the bits that compose it in the loop. To optimize the performance
of this algorithm, it is important to know the probability distribution of literal lengths. Literals occupying the largest
number of bits in a compressed bitstream (such as inverse transform coefficients and motion vectors) are coded in se-
ries, so there is a high probability that the distribution of literal lengths in a compressed bitstream will be constant with
multiple repeats of elements of the same value. To test this hypothesis, experimental data on the distribution of literal
lengths in a set of satellite images of the Sea of Azov is acquired (Table 1).

u+1+n={

Table 1
Literal length, bit 1 2 3 4 5 6
Probability, % 0.94 0 67.35 18.25 0 13.46

The literals of 3, 4, and 6 bits in length are most probable. The maximum possible literal length for this sequence
is just 6 bits. This fact is essential for software optimization of the function of subexponential decoding of a literal. As
part of optimizing a real codec, the run-time criterion is of prime interest. To obtain the set of difficulties: {ry,..., 73},
we will profile the program performance.

A set of unique elements (R) will make up a set of criteria of the run-time complexity ( 4 ).

The following approaches that are based on the data obtained are applied for the optimization.

1. Memoization of calculating the literal length to decode a series of literals of equal length.

2. Unwinding of a cycle of subexponential decoding of a literal.

3. More efficient algorithm for calculating the number of bits in a literal.

4. More efficient use of the processor registers immediately within the arithmetic decoding function.

The implementation of points 1 and 4 is fairly obvious; therefore, we consider in more detail points 2 and 3.
Compiling of a decoded literal by bits decoded from a compressed bitstream occurs within the subexponential decoding
function. In this case, the bottleneck is a loop with varying number of iterations. It can be replaced with a switch-case
set without break at the end. This technique is known as the Duff’s device method. It allows replacing several loop iter-
ations through sequentially execution of the instructions without the need for conditional transitions. The bit shift
amount is a constant that does not need to be read from the register - loop counter.

Code Listing 1: The original literal decoding function
static int vp9_read_literal(vp9_reader *br, int bits)
{
int z = 0, bit;
for (bit = bits — 1; bit >= 0; bit —)
z |= vp9_read_bit(br) << bit;
return z;

}

Code Listing 2: Modified literal decoding function
static int vp9_read_literal(vp9_reader *br, int bits) {
register int z = 0;
switch(bits -1){

case 6: z |= vp9 _read(br, 128) << 6;

case 5: z |= vp9_read(br, 128) << 5;

case 4: z |= vp9 _read(br, 128) << 4;
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case 3: z |= vp9_read(br, 128) << 3;
case 2: z |= vp9_read(br, 128) << 2;
case 1: z |= vp9_read(br, 128) << 1;
case 0: z |= vp9_read(br, 128);
break;
}

return z;

}

Another bottleneck is the calculation of the number of literal bits in the while loop [13]. This is a worse solution
because the number of loop iterations is unpredictable. Instead, a fast bit-counting algorithm was used [14, 15], which
performs the calculation for a fixed number of steps without conditional transitions.

Code Listing 3: Fast counting of the number of bits in a literal

Unsig ned intv; // 32-bit argument
Register unsig ned intr; // variable for the number of bits
register unsigned int shift;

r = (v> 0xFFFF) << 4;

VvV >>=1;

shift = (v > OxFF) << 3;

v >>= shift;

r |= shift;

shift = (v > 0xF) << 2;

v >>= shift;

r |= shift;

shift = (v > 0x3) << 1;

v >>= shift;

r |= shift;

rl=(v>> 1)

Numerous starts of the reference and modified codecs were made to measure the runtime. In this case, their av-
erage run-time was compared. It has been found that the performance of the modified codec is 5.21% higher. The in-
crease in overall performance for arithmetic decoding was 7.33%.

Conclusions. The operation of the arithmetic coder as a component of the video codec has been optimized
using the example of the Google VP9 standard. To solve this problem, a modification of the method for analyzing the
average-case complexity of algorithm has been proposed. The approach is based on the partitioning of the set of inputs
into equivalence complexity classes. The considered method enables to predict the average-case complexity of the
algorithm when the number of steps of the algorithm and the time of its execution depend on difficult-to-measure
parameters, which is typical of the context-adaptive arithmetic coding. The proposed method has been applied to
optimize the speed of the arithmetic binary coder (using the example of the Google VP9 codec) for the image
compression problems obtained under remote sensing of water bodies. The research results make it possible to apply
advanced methods of compressing photo and video data obtained through the aerial photography of water bodies. Thus,
it is possible to increase an amount of the accumulated data, to improve the visual quality and resolution of the footage
by 25-34% (according to the SSIM visual quality metric) and to increase the speed of the arithmetic coder by 7%.
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Introduction. The solution to the problem on the centroidal
motion control synthesis (guidance problem) of an unmanned
aerial vehicle (UAV) with long-range capabilities in the boost
phase is considered. Control condition requires optimum fuel
consumption. The principle of dynamic programming consid-
ering the restrictions to the vector modulus of the thrust output
is used to solve the problem. The implementation of terminal
guidance requires the formation of control as a function of the
object state at the end of the ascent phase. The attainment of
these boundary conditions determines the further transition to
the ballistic flight phase.

Materials and Methods. Bellman’s principle of dynamic pro-
gramming is the most reasonable from the point of view of the
implementability of the computationally efficient on-board
algorithms and the solution to the problems in the form of
synthesis. With natural scarcity of thrust and energy resources
on board, this principle enables to obtain solutions free from
the switching functions. In this case, the optimal control is a
smooth function (without derivative discontinuity) of the cur-
rent and final parameters of the UAV.

Research Results. A new algorithmic method for the synthesis
of terminal motion control is developed. Its difference is that
the UAV movement control in the ascent phase is formed by
the function of the motion actual and terminal parameters.
This ensures movement along an energetically optimal
trajectory into the given region of space. The problem solution

results enable to build closed terminal guidance algorithms for

" The research is done within the frame of the independent R&D.

Bseoenue. CraTbsl TOCBSIIEHAa PENICHHIO 3aJa4d CHHTE3a
yIpaBlIeHHs ABIDKEHHEM IIEHTpa Macc (3ajada HaBEIEHHS)
OecrmotHoro JeratensHoro ammapara (BJIA) ¢ Gompmioit
JTAJIBHOCTBIO TT0JIeTa Ha PAa3TOHHOM y4acTKe. YCJIOBHE YIpaB-
JICHUS: ONTUMANbHBIA pacxoJ TomumBsa. st pemeHns 3agaqan
UCIIOJB3YeTCs NPHUHIUI AUHAMHYECKOTO MIPOrpaMMHPOBAHUS
C Yy4eTOM OTPaHMYEHHI Ha MOJYJb BEKTOpA TATH JBHIATEIIS.
Peanuzanys TepMHUHAIBHOTO HaBeleHUs TpeOyeT GopmupoBa-
HUS YIpaBlIeHHUs KaK (YHKLIUH COCTOSHHS OOBEKTa B KOHIIE
ydJacTKa BBIBEAEHHS. J[OCTMKEHHE 3THX TPAaHWYHBIX YCIOBHI
ompezensieT NaJbHEHWIINI mepexol K OaumMcTHYecKo (ase
HoJera.

Mamepuaner u memoowl. TIpHHIMI TMHAMHUYECKOTO MPOrpam-
MupoBaHus bemnmana sBisercss Hanbonee palMOHAIBHBIM C
TOYKH 3PEHUSI peaan3yeMoCTH 3()(GEKTUBHBIX B BHIYHCIATENb-
HOM OTHOILICHUH OOPTOBBIX aJITOPUTMOB M PEIICHUS 3a1a4d B
tdopme cuHTe3a. [IpH ecTecTBEHHOW OTPaHUYEHHOCTH BEJH-
YUHBI TSATH M SHEPreTHYECKUX PEecypcoB Ha OOpTy JaHHBIH
NPUHIUI TT03BOJISIET IIOMYYUTh PEIIeHHs, HE COAEpIKaIlue
¢yHKIME nepekmodeHns. ONTHMabHOE YIIPABICHHE B 3TOM
ciydae sIBIsieTcs riiagkoi GpyHkuuei (6e3 pa3pbiBa MPOU3BOA-
HOMW) TEKYIIMX U KOHEYHBIX apameTpoB BJIA.
Paspaboran HOBBIH

Pe3yﬂbmambt UCCRe008anUsl.

aNTOPUTMHYECKUH crrocob CHHTE3a TEPMHUHAIBHOTO
yIpaBlieHHs IBWKEHHs. Ero oTiuuue B TOM, YTO yrpaBiieHHE
nemxkeHrneM BJIA  Ha pasrOHHOM ydacTKe TpPaeKTOPHUHU
dhopmupyeTcss QyHKIHMEH TEKyIIMX M KOHEYHBIX MapameTpoB
nBwKkeHus. TakuM 00pa3oM oOecreYrBaeTCs IBMXKCHUE II0
SHEPreTHYECKA ONTHMAIGHOW TpPaeKTOPHH B  33/IaHHYIO
obmacth TPOCTpaHCTBA. Pe3ynpTaThl pelleHWs]  3aJaduH
HO3BOJISIIOT CTPOUTH 3aMKHYTBIE aJTOPUTMBI TEPMHHAIBHOTO
HaBEJCHUS U PA3rOHHOTO YydacTka Tpaektopun BJIA ¢

OOJIBILION MANbHOCTBIO MOJIeTa. Takue aaropuTMbl 00JIaaaloT

" E-mail: npolovinchuk@mail.ru, sta399@yandex.ru, marg88@list.ru, stacer@rambler.ru
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the boost phase of the UAV trajectory with long-range
capabilities. Such algorithms have good convergence and
injection accuracy due to the prediction of parameters during
the flight at a shorter time interval.

Discussion and Conclusions. The most preferred is the
principle of dynamic programming. It should be used when
solving the problem on the centroidal motion control synthesis
(guidance problem) of the UAV with long-range capabilities

in the boost phase.

Keywords: unmanned aerial vehicle (UAV), terminal guid-
ance, direction cosines, pitching angle, angle of attack, bound-
ary conditions, boost phase, ballistic flight phase.

For citation: N.Y. Polovinchuk, et al. Method of terminal
control in ascent segment of unmanned aerial vehicle with
ballistic phase. Vestnik of DSTU, 2019, vol. 19, no. 1, pp.
93-100.  https://doi.org/10.23947/1992-5980-2019-19-1-93-
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XOpOIIEH CXOAMMOCTBIO M TOYHOCTBIO BBIBEICHHSA 3a CYET
NPOTHO3MPOBAHMS IapaMeTpoB B IIpollecce IojJeTa Ha
COKpAalIAIOLIEMCsl HHTEPBaJe BPEMEHH.

Obcyscoenue u saxaovenus. Hanbonee mpennoYTUTENIHHBIM
HpeCTaBIseTCs MPUHIIAIT JMHAMHYECKOTO
nporpamMMHupoBanus. IMEHHO ero cliefyeT HCIOIb30BaTh MPH
PCIICHUH 3a1a4i CHHTE3a ONTUMAIIBHOTO MO PacXoay TOILUIHBA
YIpaBIeHHS JBIKEHUEM LEHTpa Macc (3amada HaBEICHUA)

BJIA c 607p110# TanbHOCTHIO NOJIETa HA PA3TOHHOM y4acTKe.

KnioueBble ciioBa: OeCHMIOTHBIM JieTaTeNbHBIM ammapaT
(BJIA), TepMHuHaNEHOE HaBEICHHE, HAIPABIIAIOLINE KOCUHYCHI,
YroJ TaHra)ka, yrojl aTakd, TPAaHWYHBIC YCIIOBHS, Pa3TOHHBIN
Y4acToK, OayumucTuieckas ¢asa monera.

Oébpazey ona wyumuposanus: Crocod TEPMUHAIBLHOTO
YIpaBJICHHS Ha YYacTKE BHIBEICHHS OCCIMIIOTHOTO JIETaTelb-
HOro ammapata ¢ OaumcThdyeckod Qas3oii  monera /
H. 5. lonosunuyk [u np.] / BectHuk JIoHCKOro roc. TeXH.
yH-Ta. — 2019. — T. 19, Ne 1. — C. 93-100. https://doi.org/

10.23947/1992-5980-2019-19-1-93-100

Introduction. Currently, the capabilities and scope of applicability of the unmanned aerial vehicles (UAV)
have increased significantly. This is primarily due to the UAV flying range extension. Vehicles with a ballistic phase of
flight should be provided with the control in various areas, including the UAV positioning. For the control design, it is
reasonable to apply the principle of terminal guidance. The control should be developed as a function of the terminal
motion variables, and not as a temporal function.

A great many publications are devoted to this problem solution, but the task described above holds relevance.
In particular, the development of highly computationally efficient algorithmic methods of terminal guidance is of inter-
est. At the same time, the features universal for various types of launch vehicles should be considered. They have adap-
tive features and in a certain sense meet the optimality requirements.

Considering the guidance task, such a control, which uses the minimum amount of fuel, is valuable. The syn-
thesis of optimal control is based on the use of the Bellman dynamic programming method [1].

Materials and Methods. The solution to the problem of the synthesis of optimal control of the UAV motion in
the boost phase of power-on flight has been studied in many papers. However, the optimal control solution obtained in
most cases is reduced to the implementation of a time or parametric program. We will solve the problem of finding the
optimal control in the UAV ascent phase in the following formulation. The UAV motion parameters are known as Xj,
Yy, Zy coordinates of the current path point, obtained through solving the problem of navigation. X,, Yy, Z, parameters of
the final point satisfy the boundary state that fixes the transition to the ballistic phase of flight determined by the hyper-
surface in the phase space. The condition of Sy (X, Y., Z,) = 0 is satisfied by a whole set of finite parameters. It is re-
quired to synthesize optimal control in the task of UAV guidance, which ensures its transfer from the initial state to the
hypersurface of the final conditions.

The optimality criterion is the amount of fuel consumed in the boost phase:

() = [ in(e)de . (1)

where ri(¢) is fuel mass flow rate.

The following system of differential equations is adopted as a mathematical model of the centroidal motion:
R =V, 2)
V() =W@OE,0)+g(),
where R(t) is radius-vector, g(7) is terrestrial attraction vector, W(t) is module of control acceleration vector.
The module of the control acceleration vector (W (¢) ) is a specified temporal function, and it is determined by the

UAV engine performance. Unknown is the unit vector of control acceleration —Ew(t) . When solving the optimization

problem, it will determine the required properties of the UAV guided motion in the boost phase. There is no need in the
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thrust vector control (in a sense, this is apparent acceleration amount — #(¢) ). A more rational approach is to maximize

this value for the engine booster. This ensures the application of the solutions obtained for the case of using solid fuel
engines. The UAV engine performance is stable enough, and at 7i(¢) = const constant fuel-flow rate, the optimal con-
trol is determined by the combustion duration. In this case, the functional (1) will be a function of the upper limit of
integration. Hence, the problem of minimizing the fuel amount turns into an equivalent task of minimizing the flight
time, and speed-of-response will be the optimality criterion. The task of the synthesis is to find the orientation of the
thrust vector of the UAV engine, which is determined by the direction cosines of the thrust vector ( P(¢)) as a function

of the current parameters and the final state.

We admit two assumptions. The first is as follows. Since a large part of the boost phase lies outside the dense
atmosphere, we will not consider the angle rate of evolution of the thrust vector in space (longitudinal axis of the UAV)
as constraint. The second assumption is the following. Assume that the UAV motion is passing in a predetermined
plane.

The UAV final state for the transition to the ballistic phase of flight is fixed by satisfying the following bound-
ary condition [2]:

Slk =(kayk _'xltl/yk)[V;k (yk _yq)_Vyk (xk —X, ):|_
P XX, + V.Y, 3)
T, (x: +y;) 1- (xj +y} )1/2 (x:; +yf )1/2

Here, x,,y,,x,,y, are, respectively, the coordinates of the initial point and the point of the starting of the UAV opera-

tion on the final path segment. The current value of the boundary condition (S, (¢,) ) is a measure of non-compliance

with the condition (3). A mathematical notation for this condition corresponds to the hypersurface, which is a smooth
function of phase coordinates and describes the entire family of possible UAV ascent trajectories [2].

The boundary conditions are specified for the central field of attraction. For this case, the equations of the UAV
motion will have the following form:

X, :xi,
. T
X, =——x, +—Pcosa,,
"k =x, 4)
3 iw
T
o 0
X, =——x,+—Pcosa,.
r m

Here, m, = f-M, is constant of the central field of the earth’s attraction equal to the product of the gravitational con-
stant (f) and the mass of the Earth (M.); r =(x +x})", x,=x, x,=V_, x,=y, x,= V., P is thrust vector value; X, is aero-

dynamic drag force; Y, is aerodynamic lift.
Since the UAYV is fitted up with a steerable thruster, its direction cosines will determine its pointing. In this case,
the handling constraint will be determined by the ratio:

|P@)]={[P@)cosa, )] +[Pr)cost, (0] } <|P (). (5)

The handling constraint (5) is “hypersphere restriction”. This implies the solution in which optimal control is
not piecewise constant, without switching. In this case, the time optimal ascent trajectory in the phase space has no “an-
gles” and no discontinuities of the derivative. The time optimal control will be a nonlinear, continuous function of the
boundary conditions (3) [3].

The synthesis task is formulated as follows. The control object from an arbitrary current state, taken as the ini-
tial one and determined by the current value (S;;) at the time (%), is transferred to the hypersurface of the boundary con-
dition S, = 0 at the time (#). This takes into account the control acceleration amount (engine thrust module). It is re-
quired to find the optimal control in the form of synthesis, which provides such a transfer in the shortest possible time.

The plant state at the final instance satisfies the boundary condition S, [X(#,)]=0 and determines the moment
of transition to the ballistic phase of flight.

In accordance with R. Bellman’s dynamic programming principle [4], the necessary and sufficient condition
for optimality of the formulated problem will be the ratio:

min{iaT ﬁ(f,ﬁ)}:—l. (6)

R ] 8)6‘.

Considering the mathematical model of the object specified by the system (4), the dynamic programming equa-
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tion [4] with the optimality criterion, is determined by the relation:

. T’ 1 T’ T’ 1 T’
min xza - n_;)xl__ljx 6_+x46__ Tc_;)xz __])v 2 =-1, (7)
vey Oox, r m Ox. Ox r m ") ox,

2 3

where P, = Pcosa,,P, = Pcosa,.

Due to the methodology of Bellman’s dynamic programming, the minimization can be carried out through the
application of the Schwartz inequality [3] to the relation (5). This will significantly simplify the solution to the optimi-
zation problem. Then, the expression (7) with regard to inequality (5) will be determined by the relation:

0 0 02 N1
min| Lp 8L Lp 0T | _poy|| L) L[ LT . (8)
“ilm T ox, m " ox, m ox, m 0Ox,
In this case, the Hamilton-Jacobi equation will be as follows:
or’ m, or’ m,
X, ———2x X, ———2x —P'(f)x
o, T tax, 7 ©

1or'Y (1orY ] ' ®
x|| — +| — =-1.
m 0x, m Ox,

The equation (9) is solved considering the given boundary condition:

(x,x,x,x)es",. (10)
The calculation of the partial derivatives of S for phase variables ( x,,x,,x,,x, ) gives the following dependenc-
es:
oS’
o (—2x2x3x4 +X,0,%,, +2X,x, — XX, ),
1
os’
o = (2)c32x2 = 2X,X,%, = 2X,X, X, XX, Xy, XXX, ),
o (1)
=(2x2x, = 2x,x,%, — X} X, —X,X,X )
ax (x2x3 2774771 27730 274y )0
3
A
o = (2)c12x4 = 2x,%,%;, + 2X, 2%, +X,X,%;, + X,X,X,, )
4
Through substituting the relations (11) into (9) and performing simple transformations, we obtain the depend-
ence:

0

i P
{—(x, —x,) = 2x,x;x,, ——X
r m

><[(2x32x2 = 2X,X,5, = 20,0, X, + X X, X, + XXX, )2 + (12)

TO

-i—(2)cfx4 =2x,2,;, + 2X, XX, +X,%,X;, +X,X,X,, )2 1" 6_ =-1
’ o ’ oS,
with the boundary conditions
T°(S,) =0, at (x,, x,, x,, x,) €S, . (13)
The expression in curly brackets in (12), denoted by S'(x,) , can be written in a compact form:
o7’

S'(x)- =-1. 14
@) 3 (14)

The equation (14) with boundary conditions (13) can be solved in various ways, for example, by the method of
characteristics [5]. However, it is more rational to use the following method.
The expression (11) defines the optimal control structure [6]:

@< r i
WD/YWI (f) — _WED/YWI (f)’
where E(x) is unit thrust vector.
The ratio (15) in the scalar form:

P* =Pcosa,,
P =Pcosa,, (16)
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or
Ox,
cosa, = =,
0 2 0 2
orY for
Ox, Ox, .
or .
aZ = ax4 172

or'Y (or'Y
- + -
( 0x, ] [ ox, j

The equation (9) and relations (17) can be put in a more convenient form for the following reasons. According
to the formation of a set of perturbed trajectories, through varying the control, it is possible to construct a hypersurface
with equal ascent time, that is, an isochronous surface, in the phase space. Indeed, for each phase trajectory point, we
will calculate the optimality criterion value: J(¢), J(%y) ,..., J(%).

Hence, we obtain a set of trajectories for each ¢ € [t,,#]. Owing to the continuity of the dependence of x(f) and J
on the variable control, a set of trajectories forms a surface in the phase space (X). This boundary surface formed by the
set of vectors x[¢,J(¢,)], is convex and smooth. For transition conditions to the ballistic flight phase, the isochronous
surface has a tangency point with the hypersurface of the boundary conditions.

Under the qualitative implementation of the optimal control, the distance in the phase space between the hyper-
surface of the boundary conditions S; =0 and the isochronous surface T (x, Ry, £) = 0 will decrease. During some time,
the two surfaces will have a common point (Fig. 1).

Si(x, Ry, 1)=0

Xj

T(x,Ry,H)=0

v

Xi-1

Fig. 1. Geometric interpretation of hypersurfaces in phase space under guidance in boost phase

At the point S and 7°, they have a common tangency, that is, their gradients coincide in the phase space. In this
way:

- existence of the optimal trajectory x,,, () and optimal control u,,, (¥) is noted;

- termination of the boost phase of the trajectory (¢ =¢;) and the transition to the ballistic flight phase are deter-
mined.

At the tangency point, the isochronous surface and the hypersurface of the boundary conditions have a com-
mon tangency and a normal. Mathematically, the condition for the existence of a common normal is determined by the

expression [2]:
- Bl (18)
Ox, Ox,

where 4 is constant determined from the analysis of the convexity of both hypersurfaces.
From the relations (11) and (18), we transform (17). We obtain the expression for the direction cosines of the
thrust vector as a function of the current and final motion parameters:

Information technology, computer science, and management

\O
N



http://vestnik.donstu.ru

Vestnik of Don State Technical University. 2019. Vol. 19, no. 1, pp. 93-100. ISSN 1992-5980 eISSN 1992-6006
Becmuux /lonckozo zocydapcmeennozo mexnuueckoz2o ynugepcumema. 2019. T. 19, Ne 1. C. 93-100. ISSN 1992-5980 eISSN 1992-6006

2 2
e (—2x2x3x4 +X,X,%,, +2X,X, —x4xm) (19)
a 2 2 2 2 2’
[(f2x2x3x4 +X,%, %, +2X,x, —x4xw) +(2x4x1 =2x,%,%; +2x,X,X,, +X,X.X;, +x2x3xw) }
2
(2)6l X, =22, +2X, %X, + X, 0,0, +X,X,X,, )
B= (20)

y

where 4=cosa,, B=cosa,.
From the relations (19), (20), it is easy to obtain a parameter natural for this UAV type to determine the orien-
tation vector of the control acceleration (in a certain sense, of the thrust vector), the pitching angle:

3(S) = arctg

2 2
|:(72x2x3x4 +X,X, X, +2X,x, — X, X,

2
cosa, (Zx] X, = 22,0.%, +2X,%,X,, +X,X,X;,

5 2 2 2
2
) +(2x4x1 =2x,X,%, +2X,X,%,, +X,X,%;, + X,X,X,, J

+x2x3xlw)

cosa,

(—2x2x3x4 +x

+2x;X, — X, X,

21

In our case, the UAV motion takes place in the given plane, and the yaw angle is ¢ () =0 . Using the proposed

methodology for the synthesis of terminal optimal control, an algorithm for calculating the pitching angle was devel-
oped [2], and the computational simulation of the UAV flight was carried out [7].
Research Results. The numerical studies have been conducted using the software that implements the pro-
posed method. We are talking about the algorithmic software for terminal guidance of ballistic aircraft based on the
solution to boundary problems of ballistics. The corresponding computer program was registered in 2013.
When modeling, a hypothetical accelerating tool was used with the characteristics and initial conditions for the

UAYV launch ascent, given in [8].
The initial conditions of the simulation and the calculation results of the early ascent are given in Table 1.

Table 1
Initial conditions for UAV launch ascent
t x/VX y/vy z/vz wx/tang wy/tet wl/alf
0.0000 0.0 0.0 0.0 0.0000 0.0000 0.0000
5.6323 —0.0000 322.6757 90.00 0.00 0.000
0.5537 3.1 3.1 178.7 —-0.0000 16.6000 16.6000
5.6323 11.1626 322.6756 90.00 1.98 —0.048
3.4580 34.7 120.9 1115.8 15.8242 103.4286 105.3386
21.4565 69.4705 322.6727 69.34 12.13 —7.881
13.0193 832.4 1683.4 4200.8 150.0000 386.9131 419.3209
155.6274 259.0827 322.6335 60.00 3591 0.011
230193 3384.5 5300.4 7426.8 362.7748 690.8797 790.8281
368.3725 464.9493 322.5441 50.02 43.59 -2.076
330193 8469.9 11009.1 10651.6 656.7462 1003.1187 1219.9140
662.2567 679.2317 322.4053 43.44 42.79 -2.582
43.0193 16923.8 18956.0 13874.7 1039.4134 1336.7768 1727.7590
1044.7345 915.1428 322.2176 38.74 40.11 -2.677
50.9898 26729.1 27089.4 16442.2 1424.0909 1630.6058 2211.8627
1429.1498 1131.2610 322.0334 36.01 37.94 -2.501

Fig. 2 shows the pitching-angle profile in the boost flight phase.
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Dependence of pitching and attack angles on apparent speed rate

20
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Dependence of UAV entrance angle on apparent speed rate
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0 1000 2000 3000 4000 5000 6000 7000

— UAV entrance angle
Fig. 2. Variation of UAV pitching and entrance angles

Fuller information on the simulation results given in [8] is as follows.

1. The resulting control is suboptimal due to the use of boundary conditions in an analytical form. To improve
the accuracy of the boundary conditions in the navigation algorithm, it is necessary to introduce an up-date algorithm,
which is based on attracting more accurate models of the Earth’s gravitational field. Hence, the launch ascent accuracy
will be improved.

2. The effect of random disturbances is compensated by the adaptive properties of terminal guidance, as well
as by predicting the motion parameters and the formation of control at a decreasing time interval each time until the end
of the launch ascent process.

3. The obtained estimates under modeling allowed us to rationally select the discreteness of the navigation
and guidance algorithms and thereby limit the range of requirements for the FMC during its implementation.

4. The implementability of guidance algorithms based on the developed methodology on modern onboard
computers creates no difficulties. The required response rate is (1-1.5)x10° k.o./s.

Discussion and Conclusions. Thus, the principle of dynamic programming seems to be most preferable. It
should be used when solving the problem on the centroidal motion control synthesis (guidance problem) of the UAV
with long-range capabilities in the boost phase. The well-known remark on the applicability of dynamic programming,
the so-called “curse of dimensionality”, is inappropriate in the task of developing control as a function of the final state
[5]. In addition, the use of boundary conditions in an analytical form simplifies essentially the formation of suboptimal
control and enables to change strategically the flight missions. This scales up the applicability of this algorithm for
UAYV of various purposes.
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