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A Survey on the Oscillation ... 3

1-6eaiMm Pazgen 1 Section 1
Maremaruka Maremaruka Mathematics
IRSTI 27.29

A Survey on the Oscillation of Difference Equations with Constant Delays

Stavroulakis I.P.
Department.of Mathematics, University of loannina,
451 10 Ioannina, Greece, E-mail: ipstav@Quoi.gr

In this survey, necessary and sufficient conditions for the oscillation of all solutions of delay
difference equations with one or several constant arguments, in terms of the characteristic equation,
are presented. Explicit necessary and sufficient conditions (in terms of the constant coefficient and
constant argument only) are also presented in the case of one constant argument. In the case of
several arguments explicit but sufficient conditions only are given. In this case the results are also
extended to equations with variable coefficients.

Key words: Oscillation, Delay, Difference Equations.

WccnenoBanue kosiebanHmii pa3sHOCTHBIX YPABHEHUI C MOCTOSSTHHBIMU 3aIla3abIBAHUS MU
Craspoysrakuc V.11
HenapramenT maremMaTuku, Y auBepcurer Moannnua,
451 10 Uoannuna, I'penus, E-mail: ipstavQuoi.gr

B stom o030pe mpencraBiieHbl HEOOXOAUMBIE W JIOCTATOYHBIE YCJIOBUS [IJIsi KOJIEOAHUsI — BCEX
pemennit  guddepeHIuaIbHbIX yYPAaBHEHUN € 3ala3AblBAHAEM C OJHON WM HECKOJIbKAMUA
[MOCTOSTHHBIMY apTyMEHTaMHU, B TEDMUHAX XaPaKTEePUCTUIECKOr0 ypaBHEHUsI. SIBHbIE HEOOXOMMbIE
n J0CTaTOYHbIC YCJIOBUA (B TepMHNHaX IMOCTOAHHOI'O KOSCI)(I)I/ILH/IGHT& 1 O/JHOI'O IIOCTOAHHOI'O
ApryMeHT) TaKKe [PEeJICTABJEHBl B CJydae OJHOIO IOCTOSHHOIO apryMeHT. B cilyuae HECKOJIbKHX
apryMeHTOB JAI0TCs SIBHBIE, HO TOJIBKO JOCTATOYHBIE YCJIOBUs. B 9TOM ciydae pe3y/bTaThl TaKkKe
PACIPOCTPAHSIIOTCS HA YPABHEHUsI C TIEPEMEHHBIMU KOI(DDUITMEHTAMU.

Kuarouesbie cioBa: Kosnebanne, 3ama3ibiBanne, pa3HOCTHBIE YPABHEHHST.

1 Introduction

Consider the first-order linear difference equation with several delay arguments of the form
Azx(n) + sz:c(n —ki)=0, n>0, (1)
i=1

and the special case (m = 1) of the above equation
Az(n)+pr(n—k)=0, n>0, (2)

where A denotes the forward difference operator, i.e. Az(n) = z(n + 1) — x(n), and for
1 <1 <m, k; are nonnegative integers and p;are real numbers.

By a solution of the difference equation (1), we mean a sequence of real numbers
{x(n)}oe_;, which satisfies (1) for all n > 0. (Analogously for Eq. (2)).

Becrauk KasHY. Cepusi maremaruka, Mexanuka, naopmaruka, N.2(102), 2019



4 Stavroulakis I.P.

A solution {z(n)}52_,. of the difference equation (1) is said to beoscillatory, if the terms of
the sequence {x(n)}>° », are neither eventually positive nor eventually negative. Otherwise,
the solution {x(n)};>_, is said to be nonoscillatory. (Analogously for Eq.(2)).

In the last few decades, the oscillatory behavior of the solutions to difference equations
has been extensively studied. See, for example, [4—8, 11-13,17,19—25] and the references
cited therein. For the general theory of difference equations the reader is referred to the
monographs [1,2,9,16].

2 Necessary and sufficient conditions

In this section we present necessary and sufficient conditions under which all solutions of the
equations under consideration oscillate.

Consider the linear delay difference equation (1) with constant coefficients. In the following
theorem a necessary and sufficient condition for the oscillation of all solutions of (1) in terms
of the characteristic equation associated with (1) is given.

Theorem 1. ([9]) Consider the difference equation

Ax(n) + szx(n —ki)=0, n>0, (1)

where the coefficients p; are real numbers and the delays k; are non-negative integers. Then
all solutions of (1) oscillate if and only if its characteristic equation

A=1+> pAti=0 (3)
i=1

has no positive roots.
In the special case of Eq.(2), we have the following theorem.
Theorem 2.([9]) Consider the difference equation with one constant coefficient and one

constant delay
Az(n)+px(n—k)=0, n>0, (2)

where p is a real number and k is a non-negative integer. Then the following statements are
equivalent.

(i) All solutions of Eq.(2) oscillate.

(ii) The characteristic equation

A—1+prxF=0 (4)

has no positive roots.

3 Explicit Oscillation Conditions

In this section we present explicit (in terms of the coefficients and the arguments only)
oscillation conditions. In the case of equations with one delay an explicit necessary and
sufficient condition is also presented.

ISSN 1563-0277, eISSN 2617-4871 Journal of Mathematics, Mechanics, Computer Science, N.2(102), 2019



A Survey on the Oscillation ... 5

3.0.1 Difference equations with constant coefficients

Theorem 3. (|9])Consider the difference equation with several constant coefficients and
retarded arguments

Az(n) + Zplx(n —k)=0, n>0, (1)

where p;, are positive constants and k; are non-negative integers for ¢ = 1,2, ..., m. Then the

following condition
(ki + 1 - 5
> ontr > () 5)

implies that all solutions of Eq.(1).

For the delay differential equation
2 (t) + zm:pix(t —7;)=0 (1)
i=1
where p;, 7; are positive constants for ¢ = 1,2,...,m, it is known [15,3,10,18] that every
solution oscillates if . X
Z-Zl PiT; > - (5)

Observe that

ki ki
k; ‘ 1 il .
=|—F — as k; = oo,

and therefore condition (5) can be interpreted as the discrete analogue of (5)'.

Remark 1. ([9]) It is noteworthy to observe that when m = 1, that is, in the case of a
difference equation with one delay argument, condition (5) reduces to

RN
E+1)> | —— 6
i+ > () ©)
which is a necessary and sufficient condition for all solutions of the delay difference equation

Az(n)+px(n—£k)=0, n >0, (2)

to be oscillatory.
We present the proof of this fact.
Proof. The characteristic equation associated with Eq.(2) is

FA)=A—1+prx"=0,

It is easy to compute the critical points of F'(A) and evaluate the extreme values. The first
derivative F'(\) = 1 — pkA™""! and the only critical point of F'(\) in (0,00) is Ay = (pkj)ﬁ1
The second derivative

F"(A) = pk(k + DA ® D > 0 for X > 0.

Becrauk KasHY. Cepusi maremarunka, Mexanuka, nagopmaruka, N.2(102), 2019



6 Stavroulakis I.P.

Therefore at the critical point A¢ the function F'(\) has a minimum value

11 E+1 1
F(X\)=Xo— 1+ )\’“—)\[1——+—}—)\{ ——].
(A) = Ao P2 0 N |k TR T N

k_

7 that is, if and only if

The minimum value F(\g) would be positive if and only if \g >

pk = A > (5)" if and only if

p(k+1) > <kL+1>k

which completes the proof.

It is also known [14,9] that

1
pT > g (6)/

is a necessary and sufficient condition for all solutions of the delay differential equation

) +pr(t—7)=0, p,7>0, (2)

to be oscillatory. As before, observe that

Eo\" 1 \" 1
— | = - k
(k—l—l) (1+%) ie as k — oo,

and therefore condition (6) can be interpreted as the discrete analogue of (6)'.

3.0.2 Difference equations with one variable coefficient

Here we present explicit oscillation conditions for difference equations with one variable co-
efficient.

Consider the difference equation
Az(n) +pn)x(n —k) =0, n>0, (7)

where {p(n)}>2, is a nonnegative sequence of reals and k is a nonnegative integer.
In 1981, Domshlak [7] considered the case where k = 1. In 1989, Erbe and Zhang [§]
proved that all solutions of (7) oscillate if

f:=liminfp(n) >0 and limsupp(n) >1—p (8)
n—00 n—»00
or
. K~

liminfp(n) > gy (9)

or .
A = limsu 1) > 1. 10
HX)pi;kp( ) (10)

ISSN 1563-0277, eISSN 2617-4871  Journal of Mathematics, Mechanics, Computer Science, N.2(102), 2019



A Survey on the Oscillation ... 7

while Ladas, Philos and Sficas [13] improved the above condition (9) as follows

n—1 k k+1
a = lim inf Z p(i) > <k—+1> . (11)

i=n—k

Note that this condition is sharp in the sense that the fraction on the right hand side can
not be improved, since when p(n) is a constant, say p(n) = p, then this condition reduces to

kk

p= (k + 1)k

which is a necessary and sufficient condition for the oscillation of all solutions to Eq.(2).
Moreover, concerning the constant # in (9), it should be emphasized that, as it is
shown in [8], if

supp(n) < ( i (N1)

k+ 1)k+1

then (7) has a nonoscillatory solution.
In 1990, Ladas [12] conjectured that Eq. (7) has a nonoscillatory solution if

1 n—1 l{}k
- < —
k :; pli) < (k+ 1)k+1

i k

holds eventually. However this conjecture is not correct and a counter-example was given in
1994 by Yu, Zhang and Wang [25]. Moreover, in 1999 Tang and Yu [23], using a different
technique, showed that Eq.(7) has a nonoscillatory solution if the so-called "corrected Ladas
conjecture"

n ]C k+1
Z p(i) < (k——i-l) for all large n, (N2)
i=n—=k

is satisfied.
In 2017 Karpuz [11] studied this problem and derived the following conditions. If

lim inf inf [ . " 4 Ap(z')]] -1,

n—oo A>1 i=n—k

then every solution of Eq.(7) oscillates, while if there exists Ao > 1 such that

n

[1+ Xop(7)] <1 for all large n,
)\Oi:nfk

then Eq.(7) has a nonoscillatory solution. From the above conditions, using the Arithmetic-
Geometric mean, it follows that if

Z p(i) < (k——i—l) for all large n, (N3)

i=n—k

Becrauk KasHY. Cepusi maremarnka, Mexanuka, nagopmaruka, N.2(102), 2019



8 Stavroulakis I.P.

then all solutions of Eq. (17) oscillate. That is, Karpuz [11] replaced condition (N2) by (N3),
which is a weaker condition.

It is interesting to establish sufficient conditions for the oscillation of all solutions to
Eq.(7) when both (10) and (11) are not satisfied.
Stavroulakis [20] established the following.

Theorem 4.(|20]) Assume that

< -
O<as (k+1)

and )
«

limsupp(n) >1— —, (12)
n—00 4
that all solutions of (7)oscillate.
Then, Stavroulakis [21] and Chatzarakis and Stavroulakis [5] improved the above result

as follows.

Theorem 5.([21,5]) Assume that 0 < o < (5

)kJrl .Then either one of the conditions

2

lim sup Z )>1-— —, (13)

n—1
lim sup Z p(i) >1—a” (14)
n—oo oL
or
o2
li ) >1— —— 15
w3001 55 .

implies that all solutions of (7) oscillate.
Also Chen and Yu [6], following the above mentioned direction, derived the following
oscillation condition
l—a—+v1—-2a—a?
A>1--——¢ 5 e (16)
In 2000, Shen and Stavroulakis [19], using new techniques, improved the previous results
as follows.

Theorem 6. ([19]) Assume that 0 < a < kK*1/(k + 1)k and that there exists an integer
> 1 such that

St p(n =) + [d(e)] Ty 25y pln — i+ )+

lim sup > 1, (17)
B 3 sold(a/R)TOm IR ST T pn = kj + )
where d(c) and d(a/k) are the greater real roots of the equations

d" —d" +of =0

ISSN 1563-0277, eISSN 2617-4871  Journal of Mathematics, Mechanics, Computer Science, N.2(102), 2019



A Survey on the Oscillation ... 9

and
A" —df +a/k =0,

respectively. Then all solutions of (7) oscillate.

Notice that when k = 1, d(a) = d(a) = (1 + /1 —4a)/2 (see [19]), and so condition (C)
reduces to

lim sup {Cp(n) +pn—1)+ i cmtt H p(n—j— 1)} > 1, (18)

n—o0 m=0 §=0

where C' = 2/(1 + /1 — 4a), a = liminf,,_, p,. Therefore, from Theorem 6, we have the
following corollary.
Corollary 1. ([19]) Assume that 0 < o < 1/4 and that (18) holds. Then all solutions of the
equation
z(n+1)—z(n)+pn)z(n—-1)=0 (19)
oscillate.
A condition derived from (18), which can be easier verified, is given in the next corollary.
Corollary 2. ([19]) Assume that 0 < o < 1/4 and that
(1 +VI- 4a) ’
5 :

lim sup p(n) > (20)

n—oo

Then all solutions of (19) oscillate.
Remark 2. ([19]) Observe that when a = 1/4, condition (20) reduces to

limsupp(n) > 1/4

n—oo

which can not be improved in the sense that the lower bound 1/4 can not be replaced by
a smaller number. Indeed, by condition (N;) (Theorem 2.3 in [8]), we see that (19) has a
nonoscillatory solution if

supp(n) < 1/4.
Note, however, that even in the critical state where

lim p(n) = 1/4,

n—0o0

(19) can be either oscillatory or nonoscillatory. For example, if p(n) = 1 + -5 then (19) will
be oscillatory in case ¢ > 1/4 and nonoscillatory in case ¢ < 1/4 (the Kneser-like theorem,

7).

Example 1. ([19]) Consider the equation
z(n—1) —x(n) + (— + asin? %) x(n—1)=0,

Becrauk KasHY. Cepusi maremarunka, Mexanuka, nagopmaruka, N.2(102), 2019



10 Stavroulakis I.P.

where a > 0 is a constant. It is easy to see that

1 1
liminf p(n) = lim inf (4 + gsin? _W) =7

n—00 n—00 8

Therefore, by Corollary 2, all solutions oscillate. However, none of the conditions (8) — (16)
is satisfied.

. : 1 4 T 1
lim sup p(n) = lim sup 1 +asin® — | = - +a.

3.0.3 Difference equations with several variable coefficients

In this subsection we present explicit oscillation conditions for difference equations with
several variable coefficients and with several constant retarded arguments of the form

m

Az(n) +> pi(n)z(n—k) =0, n>0, (21)

=1

where {p;(n)}52,, is a nonnegative sequence of real numbers and k; are non-negative integers
fori=1,2,....,m

In 1989, Erbe and Zhang [8|, and Tang and Deng [22] derived the following oscillation
conditions for the difference equation (21)

m ) 1 k;+1
Z (hm inf p;(n ) (ki +k_) > 1, (22)
P n—00 (k;z) i
(k; + 1 Fitl
hgggolfz pi(n) > 1, (23)

respectively.
In 1999, Tang and Yu [23| replaced the coefficients with their arithmetic means and
improved (23) as follows

m k+1 ki+1 n+k;
1172ng< - ) > pili) > 1. (24)
i=1 !

j=n+1
while in 2001, Tang and Zhang [24] derived the following upper limit condition
m n+k;

limsupz Zpi(j) > 1, (25)

n—oo -
=1 j=n
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MPHTMU’ 27.31.21
Be3nucnepcuonnsblili ipeaes ypaBuenus Ma

Ecvmaxanosa K.P., EBpasuiickuit Hanmonaibubiii yausepcurer um. JI. H. ['ymuiesa,
r. Hyp-Cysran, Kazaxcran, E-mail: yesmakhanovakr@gmail.com
Mprbip3akynosa 2K.P., EBpasniicknit nannonaabublii ynusepcuteT uM. JI. H. 'ymunesa,
r. Hyp-Cyusran, Kazaxcran, E-mail: zhrmyrzakulova@gmail.com

B macrositiiee BpeMsi BO3pPOC MHTEPEC K HCCJICIOBAHUIO COJIMTOHOB, KOTOPBIE IPUMEHSIOTCS BO
MHOTUX (QyHIAMEHTAJbHBIX TEOPHUsIX, TAKUX KaK MareMaTrnka, ¢usmka, u gapyrue. CoauroHOM
Ha3bIBAIOT CTPYKTYPHO YCTONYUBYIO YEIMHEHHYIO BOJIHY, PAaCIPOCTPAHSIONLYIOCS B HEJNHEHHOM
cpeze, KOTOpasl IPU CTOJKHOBEHWH JPYr € JPYrOM COXPAHSET CBOIO CTPYKTYpPy. B ocHoBe
TEOPHUM COJIUTOHOB JIeXKAT HeJHHEHHble uHTerpupyemble ypasHeHnus. (OCHOBOIIOIATAIONTIM
MaTEeMaTUIeCKUM MEXAHU3MOM JIJIsl PENIeHUs HeJUHEHHBIX WHTEIPUPYEMbIX YPABHEHUN SIBJISETCS
MeToJ, 0bpaTHO 3ajadu paccesinusi. JIaHHBI METOJ, yCTAHABJIUBAET CBSI3b MEXKJIy HEJIMHENHBIM
WHTETPUPYEMBIM ypaBHEHHEM U JIMHEWHOH cucreMoil. bBe3mumcnepcroHHbe WHTErpupyeMble
VPaABHEHUS SBJISIIOTCS OJHUM U3 HOBBIX PA3/EeJ0B TEOPUH UHTEIPUPYEMBIX yPABHEHUI.
Onu upuobpesin 3HAYUTENBHBI HHTEpec Ojaromapsi OOIIUPHOMY NPUMEHEHHUI0 B PA3JIMIHBIX
IIPUJIOZKEHUAX €CTEeCTBO3HAHUS. B manHHOI paboTe Mcciie10BaHO 0/IHO U3 0O600IEHII M3BECTHOIO U3
Teopuu coOaUTOHOB ypanenue Jlannay-Jludmuna HassiBaemoe ypasaenuem Ma. ¥Ypapuenue Jlangay
- Jludumuna siBjisieTrcs reoOMeTPUYECKUM SKBUBAJIEHTOM HejmHeiHoro ypasuenusi [Ipémurrepa,
TaKKe BBLIMOJIHAETCS KAJIMOPOBOUYHASA SKBUBAJEHTHOCTh MexKay Humu. Hesmmnelinble ypaBHEHUS
Ma omnmchIBalOT PE30HAHCHOE B3aMMOJEHCTBHE KOPOTKUX M JJIMHHBIX BOJIH B IIIa3Me. Takxke
HaliieHo 6e3/uciepcnoHHOe ypaBHeHrne Ma u Jijis Hero rmocTpoeHo Ipejicrasiienne Jlakca, Koropoe
JIOKa3bIBAET €r0 UHTEIPUPYEMOCTb.

KitoueBbie cjioBa: mHTErpupyeMble ypaBHEHWs, OE3UCIEPCUOHHBIN mpenesi, ypaBHenune Ma,
npeacrasienue Jlakca.

Ma TenmeyiHiH aucriepcusichr3 1meri
Ecmaxanosa K..P., JI.LH. I'ymunes atoiagarst Eypasus yiITThIK yHABEPCUATETI,
Hyp-Cynran k., Kazakcran, E-mail: kryesmakhanova@gmail.com
Mpeipzakynosa 2K.P., JI.H. I'ymunes atoingarst Eypasust yITTBIK, YHUBEPCUTETI,
Hyp-Cynran k., Kazakcran, E-mail: zhrmyrzakulova@gmail.com

Kagipri yakpirTa MaTemaruka, (pu3MKa KOHE TAFbl COJl CHSKTHI KOITEreH ipresi Teopusiapia
KOJIZIAHBLIATBIH COJINTOHJIAP/IbI 3€PTTey/e KbI3BIFYIIbLIbIEb apTThl. CosmmToHmap 6ip-6ipiMen
COKTBIFBICKAH K€3/le KYPBUIBIMBIH CAKTANTHIH, CBHI3BIKTBI €MEeC OPTaa TapaJAThIH, KYPbLIBIMIIBIK
TYPAKTBl JKEKEJEHT'eH TOJKBIH Jierl  arajaibl. COIUTOHIAPIBIH, TEOPHUSCHI  CHI3BIKTHIK,
WHTErpaJJIAHATHIH  TeHjeyjepre Herizgeiared. CbI3BIKTBI  HUHTETPAJJIAHATHIH  TEHJIEYJIepIi
MIETTy/IiH, ipresi MaTeMaTUKAIbIH MeXaHu3Mi - Kepi marmnbipay oici. By 9/1ic ChI3BIKTHIK XKylieMeH
CBI3BIKTHI €MeC MHTErPaJIJIAHATBIH TeHCY/IiH apaChIHIarbl OaIaHbICTHI OpHATAIbI. Jlucnepcusich3
WHTErpaJjJaHaThIH TEHJEYJIep WHTErPAJIIaAHATHIH TEHJIeyJIep TEOPUSIChIHBIH >KaHa OeJiMIepiHiH,
6ipi 60 TabbLIaabl. OJIap 2KAPATHUIBICTAHY FBLIBIMBIHBIH, TYPJI KOJIAHOAJAPBIHIA KEHIHEH
KOJITAHBLTYbIHA OAJIAHBICTHI YJIKEH KBI3BIFYIIBUIBIKKA ue 6osibl. Ochl Makajaja COJIUTOHIAPD
TeopusackiHAa Oenrimi  Jlammay-JIudmmn Tengeyimin KaamnbLiamachl  6omaThin Ma  TeHgeyin
seprrenik. Jlangay - Jludmmur Tenmeyi ch3bIKTHIK eMec [lIpenwrarep TeHeyiHiH reOMeTPUSIIBIK,
9KBUBAJIEHTI OOJIBII TabbLIAJIbI KOHE OJIAPIbIH, apachlHja KaJUOPJIK SKBHBAJEHTTLIK 6ap.
Ma Ttengeyi mra3Majarbl KbICKA YKOHE Y3BIH TOJIKBIHIAP/IBIH, ©3apa OPEKETTECYiH CHUIIaTTAMIbI.
CounbiMeH KaTap, aucnepcuschbid Ma Teneyil TaObLIIbI 2KOHE OHBIH, HHTETPAJIIAHYBIH JTRJIeaAeATiH
Jlakc »KyObl KYyPBLIJIBL.

Tyiiin ce3aep: nnTerpaIaHaTbiH TEHILY/IED, TUCIIEPCUACHI3 ekTep, Ma Tenjeyi, JIakc KyObI.
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Dispersionless Limits of Ma Equations
Yesmakhanova K.R., L.N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan,
E-mail: kryesmakhanova@gmail.com
Myrzakulova Zh.R., L.N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan,
E-mail: zhrmyrzakulova@gmail.com

At present, there is a great interest in the study of solitons, which are used in many fundamental
theories, such as mathematics, physics, and others. Solitons are called a structurally stable soli-
tary wave propagating in a nonlinear medium, which retains its structure when colliding with each
other. The theory of solitons is based on nonlinear integrable equations. The fundamental math-
ematical mechanism for solving nonlinear integrable equations is the inverse scattering method.
This method establishes a connection between a nonlinear integrable equation with a linear sys-
tem. Dispersionless integrable equations are one of the new sections of the theory of integrable
equations. They gained considerable interest due to their extensive use in various applications of
natural science. In this paper, we investigated one of the generalizations of the Landau-Lifshitz
equation known from soliton theory, which is called the Ma equation. The Landau — Lifshitz equa-
tion is the geometric equivalent of the nonlinear Schréodinger equation, and there is also a gauge
equivalence between them. The nonlinear equations of Ma describe the resonant interaction of
short and long waves in a plasma. Also, the dispersionless Ma equation was found and a Lax

representation was constructed for it, which proves its integrability.
Key words: dispersionless limit, integrable equation, Ma equation, Lax representation.

1 Bsenenue

B 1965 rony amepukanckue ¢pusuku M. Kpyckan u H. 3abyccku Ben moHsiTue coJIMTOHA
(ye/MHEHHOW BOJIHBI). YHHUBEPCAJIBHOCTH W MHOXKECTBO MPUIOKEHHUH pU OObICHEHUI
PA3JIMYHBIX MIPOIIECCOB B HEJIMHENHBIX OKPYZKEHUSX IMPUBEN K IMTUPOKOMY PacCIpPOCTPaHEHIO
MOHSATUSA COJTUTOHOB B coBpeMenHoir Hayke. Paboror K. C. Tapmuepa, /Ixx. M. I['puna,
M. /1. Kpyckana u P. M. Muypsl 110 uccieloBaHUIO HEJMHEHHBIX yPABHEHUN B YaCTHBIX
MIPOM3BO/IHBIX MIPUBEJIN K OTKPBITHIO MeTOa 00paTHOl 3aa4u paccesinusi. OH BIepBbIe ObLT
npuMeneH K ypasuHeHuio Kopresera — jie @pusa. Onucanne JaHHOTO BOIPOCA MHOTOI'DAHHO
1 0OCTOATENLHO U3I0KeHO B KHurax [1-6]. OmHuM 13 3HAYMMBIX Pa3/e/oB HeJHHEHHBIX
MHTErPUPYEMbIX YDABHEHUH SBJISIOTCsI Oe3/UCIIepCHOHHEbIe ypaBHeHusi. B padorax [7-18] GbLi
BBEJICH HOBBINl CUCTEMATUYIECKUIl METOJI JIJIsi MOCTPOeHUsT Oe3/IMCIEePCUOHHBIX YPaBHEHUN C
ucIo/b30BanneM npejcrasienus Jlakca. Ncemeayemoe (1+1)-MepHoe HejinHeHOE ypaBHEHNE
Ma (HYM) nmeer caemyromuii su [19]

ZQt+sz_wq = 07 (1)
UJt+5(|Q|2)x = 0, (2)

riae q = q(z,t), w = w(z,t) kommaekcasie Gynknun 0 = £1. Cucremy ypasaenwii (1) u (2)
MOXKHO TIepernucaTh B Tepmutax F(z,t) u n(z,t)

iE, — 2E,, + 2nE = 0, (3)
rie £ = E(x,t) u n = n(z,t)-KoMmIekcHo3HauHble yHKIWHA. B manbHeiinem 6Gynem

paborath ¢ cucreMmoii ypanenuit (3) u (4). Ypasuenue Ma siBjisiercsi BIIOJIHE HHTEIPUPYEMBIM C
IIOMOIIIBIO MeTOa 00paTHOH 3a1a4un paccesinnsd. Kak u3BecTHO, ec/iu HeJIMHeitHOe ypaBHEeHNe
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14 Ecmaxanosa K.P., Muipsakyiosa 2K.P.

HHTErpupyeMo To oHO uMmeer upejcrasienne Jlakca (I1JT). dus ypasuenwit (3) u (4) ILJI
BBITVISIIAT CJIEJLYTOIIIM 06pa30M:

D, (x,t,A) = Uz, t, ) D (x,t,N), (5)
O, (x,t,\) = V(x,t,\) D (z,t,\). (6)

rje A\-cobcTBenHoe 3Hadenne n - cobcTBeHHast (DYHKIMA COOTBETCTBYIONMAA COOCTBEHHOMY
3HaveHnio. 3yech MaTpudnble Gyakimun U u V umeror BuI:

Uz, t,\) =iAS + Q, (7)
V (2, t, \) = 2iN2 Vo + AVL + V) = 200282 + AV + V4, (8)
IJIe 3aIliCaHbl CJIeIYIONIIe (POPMbI

1 0 O 0 p n
Y =100 0], Q=0 0 p],

00 —1 —i 0 0

02 0 0 —2ip, —2i|p|*
Vi=|10 0 =2p|,Vo=(-2p O 2ip, (9)

00 0 0 -2 0

2 O630p JuTepaTypbl

C komnrma 20-r0 Beka HCCICIOBAHUIO TEOPUH COJUTOHOB WM HEJIMHEHHBIX HHTETPUPYEMbIX
CUCTEM TIOCBLAINEHO MHOro paboT, TakK KakK OHM AaKTUBHO pas3BuBaiorcd. Hauwaso
Teopun ObLIO TOJOKeHO B paborax M. A6Gmosun, X. Curyp [1], Ix.JI. JIam |[2],
A. Heosmr [3], B.E. Baxapos, A.B. Iabar [4], [5] un JLA. Taxramxsan, JL.
Dayees [6] u apyrux yuenHeix B objactu Maremartuku u Gusuku. Ux paborer, B
OCHOBHOM, ITOCBAIIEHBl (DYyHIAMEHTAIbHBIM IOHATUAM TEOPUU COJUTOHOB, HEJINHENHBIX
UHTEIPUPYEMbBIX yPABHEHWII W TMOCBSAIIEHBI MeTOJaM WX peIeHns, TaKUM KaK MeTOJ
obpaTHOil 3aJaun paccesdnusl. TPyJIbl O MCCAEIOBAHUIO OE3/IMCIIEPCUOHHBIX IPEJIEIOB
HEJIMHEWHBIX MHTEIPUPYEMBIX CHCTEM MOABUJINCL OoJiee 1o3jHee. B Hacrosiiee Bpems
0c000 MHTEHCHBHBIE HCCJIEJ0BAHUS TPOBOJATCs 3apybekubiMu yuenHbiMu (JI. Bormanos,
B.I. Kononensuenko, A. Mopo, [dx. C. Bpywersmm u ap) |[7-18], a mak xe
IPYIION  Ka3aXCTaHCKUX y4ueHblx P. MbIp3aky/JOBBIM U €ro yd4YeHHKaMu, OCHOBHBIE
pe3yJbTaThl  KOTOPbIX —orpaxenbl B [20-25]. B paborax P. Mpipsakyiosa ObLin
IIPE/IJIOYKEHBI HOBbIE MHTErPpUPYyeMble O€3/IUCIIEpCUOHHDbIE YPABHEHUS C CAMOCOT/IACOBAHHBIMU
NCTOYHUKAMU U uX Ipejcrtaienus Jlakca. Ypasaenue deppomaraernka Ieiizendepra
MOJTyJaeTcs ITyTeMHAaXOXK/IeHWsl BBbIpayKeHWsl €ro WHTEerpupyeMocTd. B dacTHOCTH, ObLIA
n3ydeHa reoMeTpus 3TUX ypasHenuil. Jlannas pabora gBJsieTCS TPOJOJIZKEHUEM HAyIHbBIX
MCCJIEJIOBAHUN PACMOTPEHHBIX B [24-25].

ISSN 1563-0277, eISSN 2617-4871  Journal of Mathematics, Mechanics, Computer Science, N.2(102), 2019



Besaucnepcnonnntit ipesesr ypasuenuss Ma, . . . 15

3 Marepuan n MmeToabl

3.1 BesaucnepcuoHHbI IIpeaes OJHOKOMIIOHEHTHOro (1-+41)-mMepHOro HeJIMHEWHOro
ypaBHeHusi Ma

[TepeiieM K HAXOXKACHNIO OE3IUCIEPCUOHHOIO IIPEIeia HCCIeLyeMoro ypasaenus. s sToro
[POU3BeIeM MacITabHOe TpeobpasoBaHue 10 mepeMeHHbIM = u t [20-25], To ecTh:

9,9 9 . 9
ot 6615’ ox eax

€-MacIITaOHbIN TapameTp. Ecim repeiijieM K HeNpepbIBHOMY IIPEJIETy lin%, TO CHCTEMa
€E—

(10)

ypasrenuii (3) u (4) npumes Bu

i€B; — 26y + 2nE = 0, (11)
eni +€ (|E), = 0. (12)

Teneps, npoussejieM 3aMeHy HepeMeHHbIX B ypaBHeHusix (11) u (12) B TakoMm Buje
E=2ued ™, (13)

2
rae u(x,t) u v(x,t)-BemecrBenHo3Hadnble GyHKnuu, takxke |F|° = wu. [lanee, HyKHO
BBIYUCIUTD BCe 4jleHbl HesmHelHon cucremsl (11) u (12). Ipoauddepentupyem ypasuenue
(13) cHagasa 1o HepeMeHHoOi

E, = (2\/_+ v\/_>eezv, (14)

e e E

3areM 110 TIepeMeHHOIt ¢

E, - (2f + o Uf)eew (16)

Teneps, nogcrasiss (14)-(16) B ypasnenus (11) u (12) moayvaem

e (2\/' ) a7 [ NN

[Ipenen npu € — 0 TOJIy4eHHOTO ypaBHEHUS HA3BIBACTCA OE3IMCIEPCUOHHBIM ITPEIEIOM,
IOCKOJIbKY JIACIICPCUOHHLIH 4eH €2 obpalmaeTca B HylIb. 3aTeM, Pas3joxKHM HOCTIeIHee
ypaBHEHHUE 110 CTEleHAM €

+4ny/u = 0. (17)

1 Uy UV
e VU + ——= = 0, 18
S R GRS v (18)
u — 4 (uv, +uv) = 0, (19)
€ —2y/ud o, + 40V u + 4nu = 0, (20)
O Hv) —20* —2n = 0. (21)
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16 Ecmaxanosa K.P., Muipsakyiosa 2K.P.

[Iyrem mpoBeseHusT HEKOTOPBHIX 3JIEMEHTAPHBIX  BBIYECJEHU, TOJIy9aeM  HCKOMOE
Oe3criepconnoe ypapaenue Ma

v, —2(v* +n), = 0, (22)
ug — 4(wv), = 0, (23)
ne+4u, = 0. (24)

3.2 Ilpencrasienne Jlakca  GesmucnepcumonHoro  (1+1)-mepHOro  HeJMHEIHOrO
ypaBHenusi Ma

s toro, urober moctponth ILJT s Gesgaucmepcuonnoro ypasmenns Ma (22)-(24),
PaCCMOTPHUM CHCTEMY JIMHEHHBIX jnddbepeHnnaabHbIX yPaBHEHH 110 T

E

\Ijlx = Z)\\Ifl + 5\1/2 + Z.TL\I’3, (25)
E
o = S (26)
Uy, = —iWy — A, (27)
1 COOTBETCTBEHHO IIO

Uy = 20020, + AED, — iE, Uy — % \E* 0, (28)
Uy = —EU, — \EV; +iE, Vs, (29)
\Ifgt == 22)\2\113 - E‘IJQ (30)

Beenem dyukimo W, (i = 1,2, 3) B cieyromieM Buje

Uy = Get (x — ), (31)
Uy, = 526é (X —\r — 8;11)) , (32)
Vs = 5162 (x — Az), (33)

rae x, u(x,t), v(z,t) n &-BemecrBennble yHKIWN, Tak ke byHkiusa £ umeer Buyg (13).
Hasee, npumenus macirabroe mpeodbpazosanue (10) mosrygaeM 3KBUBAJIEHTHOE COOTHOIIEHIE
muddepennuansubM cuctemaM (25)-(27) u (28)-(30), coorBeTCTBEHHO

€\Ij1x = [2)‘514_\/&&2"’27153} eé(X7)\x)a (34)
oy = ugget (XAT0), (35)
Wy, = [—iNE —i€]ec) (36)
"
, A Uy 14/ UV . [
vy, = 2[M2§1+Aﬁ§2—z<2ﬂé+ { )@—wfg] e (A, (37)

€Wy = 2 [—ﬂsl +i (QUW + @) & — wafg] e (xe=duto), (38)

Wy = 2[—vuby + i) et O, (39)
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BareM, mosydIaeM MpOU3BOJHbIE 110 & 13 ypasHenus (31)-(33)

\Dlx = Slx + Egl (Xa: - )\):| eg(X—)\I)’
Uy, = |&op + 352 (Xe — A — U)} eé(X*)\z—Bglv),
€
_ ¢ £ (x-a)
\1131 - 5390 + 263 (X:Jc - )\> € .
7 110 IIEPEMEHHON ¢
_ ; .
Uy = |+ Elet] XA )7
: Z iy Ae—0; '
‘1121? = §2t + 252 (Xt — fy):| ee(X Az—0; )7
[ 1 ify_
Vs = |&a + Ef:%Xt} e (XTAT),

[IpupasueBaem Boipaxkenus (34)-(36) ¢ (40)-(42)

€ [5130 + éfl (Xe = A)| = i+ Vués + inés,

€ |:§2.1’ + %52 (Xa: - A= U) = \/6537

€ [53:(; + 253 (Xa = A)| = —i& —iX&s.

(40)
(41)

(42)

(46)
(47)

(48)

[lepeitng k npesiesty ipu € — 0, a Tak »Ke Pa3/IOoKUB 110 PA3JIMIHBIM CTEIEHSIM € CUCTEMY

(46)-(48) mosryunm

i1 (X — A) iIA + Vubs + inés,
7;52 (X:c — A= ) = \/ag?n
il (Xe —A) = —iAG — i)
Ypasuenus (49)-(51) moryT 6bITh 3amucanbl 60J1ee yrparieHo

i& (Xe —2X) = Vu& +inés,
i&o(Xe —A—v) = Vués,
iéSXx = _Zfl-

Orcrona Haxomum &;

gl = _X:ch?n
Lo

Xa:_)\_v

u 11 QYHKIW 1 IMeeM

u:[Xx(Xx_Q/\)+n](Xx_/\_v)'
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[MoncraBiss HaiienHoe ypaBHeHre B ypaBHeHue (53) Moy anm
2 u
— et = —————
XJ; XCC Xx _ )\ —

Ecmu x, = p, TO 9TO ypaBHeHUE CBOJUTCA K BHULY

u

P’ —2\p+n = (58)

p—A—v

[Ipemmnomnoras ato p — A = f, ciaenoBarejbHo p; = fi, OKOHYATEJBHO TOJIYYUM ypaBHEHUE B
TepMuHax pyHKIni f

u

2 _)\2:_

(59)

f2_ /liv_’_n_/\QZ()’ (60)

rie p— A = fup = f. Tem campiM, nosydaem gacthb 11JI. Tereps mepeiiiem Ko BTOpOit
speMmentoii vacrtu ILJI. Ananornuno x, npupasHuBas ypasHenus (37)-(39) K ypaBHeHUsiM
(43)-(45) mmeem

ixeér = 2N%E 4 20/ués + 2v/uvés — 2iués (61)
[Moacrapnsis Boipaxkenusi (55) u (56) B Haiijenoe ypasuenue (61) Haxomum

2u (A +v)

(QAQ_Xt)Xx—'_Xx—/\—’U

+2u = 0. (62)

[Tocse smeMeHTapHBIX Hpeobpa3oBaHuit U yduTbiBas (57) HOC/EIHEe BBIPAKEHUE MPHMET
CJICJTYIONIH BU/

Xe = 2N +x2 -2\, +n]. (63)

st mostyuenust ypaBuenusi B tepmuHax (yukiun f, npojuddepeHinupyeM ypaBHEHUE 110
IIEpEMEHHONR X

Xte = (2 [)\2 + X2 — 2\Xe + n] )I ) (64)

Samena IIEPEMECHHBIX B BUJIC X, = P Hda€T

pe=[p"+ A\ — =2 \p+n]_. (65)
3areM, HCHOIL3ysd oOo3HadeHne p — A = f, OKOHYATEJHHO IOJYYUM BTOPYIO 4YaCTb
npejicrasienne Jlakca

fe=2[f+n],. (66)

Urak, npejacrapiennem Jlakca jis 6e3aucnepcnontoro ypasuenne Ma sisysiercs (58), (65)
i (60), (66).
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4 Pe3yabTaThl 1 00CyXK/1eHUE

B nacrosieii pabore BbiBesieHo Gesucrepcrontoe (1+1)-mepHoe ypashenne Ma. A rakxke
HHTEIPUPYEMOCTD Oe3/IMCIIEpCUOHHOTO ypaBHeHus: Ma Obljia ycTaHOBJIEHA IIyTEM ITOCTPOCHUS
ero mnapbl Jlakca. Ilosydennbrit pesyabraT uUCHOIB3yeTCH JIJIg HaXOXKJIEHUS PEIIeHUs
BBIMIEYTIOMSIHYTOIO YPAHEHUA U JIATbHENRIIero NccaeJ0BaHus 6€3/IMCIIepCUOHHBIX YPaBHEHMIT.

5 3akJroueHue

Jannasi craThs siBIsieTcs mpojgo/ikenneM [24-25]. B stux paborax, B KauecTBe MPUMEPOB,
ObLIM TPEJCTABIEHBl XOPOIO W3BECTHbIE OE3/MCIIEPCUOHHBIE YDaBHEHUs, TaKne Kak
6eznucnepcuonnbie ypaBuenus Kopresera ne @puza, [pénunrepa, /Issu - Crioaprcona
u jgpyrue. Tak ke ObLIM [OJAPOOHO WM3YUEHHBI HEKOTOPbIE HOBBIE 0O€3/IUCIEPCUOHHDBIC
cucteMbl. B HEKOTOPBIX citydasx ObLIM BBIBEJEHDI IpejicTaBaeHus Jlakca. Koropbie B cBOIO
ovepe/ib JOKA3bIBAIOT MHTEIPUPYEMOCTh COOTBETCTBYIOIMNX ypaHeHuit. B Oyaymux paborax
3aITAHIPOBAHO HAXOYKJIEHUE PEIeHUl STHX UCCIeTyeMbIX yDAaBHEHMIA.

6 BiaropapuocTu

Pabora Boinosinena npu gunancosoit nojepxkke Munucrepcrsa obpazosanus u Haykun PK
B pamkax rpanTos 0118RK00935 u 0118 RK00693.
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The most important problem of engineering is to increase the productivity of crank presses. It
is necessary to increase press drive working velocities. In result, press’ dynamic loads in links
and its mechanisms sharply increase. Now, the investigation of the dynamics of crank presses
is a vital problem and requires preparation of a dynamic model. A dynamic model selection
depends on the reliability of the initial information about system parameters and other factors.
The preparation of a dynamic model requires preliminary calculations and sometimes experimental
studies. For the selection of a successful dynamic model of a machine, the researcher must have
an engineering intuition, information on previous dynamic calculation, experimental studies and
operating a machine. This paper presents the dynamic simulation of the crank press by using
complex SimulationX®) software. For simulation of crank press dynamic, an electric motor which
has 0.5 kW power, 450 rpm rated speed and 4000 N rated load on the slider was considered. It
was founded that the dynamic loads on links of the crank press increase sharply at the time of
switching the clutch and clutch moment reach 120 Nm.

Key words: dynamics, crank press, simulation, SimulationX.
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MammuHa »kacay cajachbIHBIH MaHbI3/Ibl MOCEJIeCiHIH 61pi KUCHIK, KOCHIH I OacIaKTapIblH OHIMINH
apTThIpy OoJiblll caHamaibl. KuChK KocuiHai OacmakTap/blH OHIMIUICIH apTThIpy  YIOiH
Oaciak »KeTeriHiH »KYMbBIC KbLIJIaMIbIFBIH KoOelTy KaxkeT. OChIHBIH, HOTHXKECIHIe, Tylinaepaeri
2KoHe OacIiak, MeXaHU3MJIEpIiHerl IWHaMUKAJbIK KYKTeMenep KypT eocemi. Kazipri yaxwiTTa
KUCBIK, KOCHUIiH/II OacrmaKTap/IblH, JTUHAMUKACHIH 3€PTTEY ©3€KTi Mocese OOJIBbIT TaOBbLIaIbl JKOHE
JUHAMUKAJIBIK, MOJEIb KYPaCTBIPYAbl Tajan ererdi. JlmHaMuKaablK MOJENI Tamjaylda Kyiie
mapamMerpJiepi xkoHe backa pakToOpIap TyPAJIbl AJFAIIKI AKIIAPATTAP/IBIH HAKTHLIBIFBIHA CYHEHTe€H
mypbic. JIwHAMUKAJIBIK MOJEJAl KYPACTBIPY VINIH aJjblH-ajia €eCenTeyJsiep, aj Keil yakbITTa
9KCIEPUMEHTTIK 3epTTeyaep e KaxkeT 0oagabl. MalmrnHaHbIH COTTI JUHAMUKAJIBIK, MOJIE/TiH
TaHJAy VIIiH, THKEHEPJK UHTYUIUsI, OYPLIHFB JUHAMUKAJIBIK €CenTeysep KOHiHIe aKmapaTrTap,
SKCIIEPUMEHTTIK 3epPTTeyJiep MEeH MaIllMHAHbI KOJIIaHyIafbl MojiiMeTTep 60/Iybl Kepek. 2KyMbicTa
KHUCBIK, KOCHIH/Il OacmakThIH AuHaMuKachbiH SimulationX Oargap/iaMaJiblK KOMILIEKCIHIE MOJETIIEY
KapacThIpbLIran. KuchIK ninai 6acnakThiH AMHAMUKACHIH MOJiebaey KyaTol 0,5 KBT, HOMUHAIIBIK,
aftraspic kuiiri 450 6ip MunyTTarel alinasbiv koHe chiprakka Tycerin 4000 H momumammpik
KYKCAIMAarbl 0ap 3JIEKTPOKO3TAITKBIIIIIECH XKYPri3iii.

Tyitia ce3nep: nuHamuka, KocuiHi bacrnak, Mozebey, SimulationX.

MoaenupoBanune OfUHAMUKEN KPUBOIMUITHOrO Ipecca Ha SimulationX
Jlxomapro A.A., MHctuTyT MexaHuKM U MamuHoOBeaeHus uM. Y.A. JIxkosmacbekosa,
r. Anmvarer, Kazaxcran, E-mail: legsert@mail.ru
Tynemos A.K., Tucruryr Mexanukn u MamuHoBegeHus um. Y.A. Jxkosmacbekona,
r. Ammvarer, Kazaxcran, E-mail: aman 58@mail.ru
Xajmucuoribl P., Typenkast Acconmanus Teopun Mainus,

r. lagumanren, Typrms, E-mail: recephalicioglu@gmail.com
Kyarosa M.2K., Mucruryr Mexanuku u MamuHoBeerns uM. Y. A. JIxxonacbekosa,
r. Anvarer, Kazaxcran, E-mail: kuatova.moldyr@mail.ru

OpHoit w3 BaskHeiIel 3ajadeil MAIIMHOCTPOEHUSI SIBJISIETCS ITOBBIIIIEHUE TPOM3BOIUTE/IbHOCTH
KPHUBOIIMIHBIX IpeccoB. Jlag yBeIwdeHUs: TPOU3BOJUTEIHHOCTH KPUBOIIUIHBIX ITPECCOB
HEOOXOIMMO yBeIndeHrne pabounx CKOPOCTeH MPUBO/Ia pecca. B pe3ynbrare 3TOro, InHAMUIECKHEe
HArpy3KH B y3JaX ¢ MeXaHM3Max IIpecca pe3Ko Bo3pacraior. llcciiemoBanne [IUHAMUAKA
KPUBOIIUIIHBIX IIPECCOB, B HACTOsIIEE BpEMsl, SBJSETCS AaKTYaJbHON 3aradeil u Tpebyer
COCTaBJIEHUsT JTUHAMUYIECKOH Mojienn. Buibop auHaMutdecKkoil Mojie/in 3aBUCUT OT JIOCTOBEPHOCTH
UCXOMHOM wH(MOpMAIMU O TapaMeTpax CUCTeMbl u npyrux ¢akrtopoB. s cocrapjeHus
JMHAMUYIECKON MOein TpeOyIoTCs TpeIBaApPUTEIbHBIE PACIETHI, 8 WHOTJA W IKCIEPUMEHTAIHHBIE
ucciaenosanus. lns BpIOOpa yAaYHON JUHAMUYECKONW MOJEIN MAIIUHBI, HEOOXOINMO WMEThb
UHXKEHEPHYI0O HUHTYULNIO, UHQMOPMAIMIO O IPEIbIAYIINX JIHHAMAYECKUX pacderax, [IaHHble
9KCIIEPUMEHTAJBHBIX HCCJIEIOBAHUN W IKCIUIyaTallud MAaIuHBL. B pabore paccMoTpenHo
MOJIeJINPOBaHMe JIMHAMUKU KPHUBOIIMITHOIO IIPpecca Ha IPOrPaMMHOM KOMILIekce Simula-
tionX. MogenupoBanue AWHAMUKN KPHUBOIIUITHOTO IPECCa TPOBOJIMIOCH C JIEKTPOJIBUTATEIEM
MOIHOCTBIO 0.5 KBT, HOMUHAJIBHOI YacToToil Bpanenus 450 06/MUH 1 HOMUHAJILHOM HAIDY3KOMH
na noazyua 4000 H. B pesyapraTe ycranoBsieno, 9T0 B MOMEHT BKJIIOYEHHS MYMDTHI IUHAMUIIECKIE
Harpy3kKd B y3JlaX KPHUBOIIMIIHOI'O IIPecca pPe3KO BO3PACTAIOT U 3HAYEHHs MOMEHTa Ha Mydre

nocturaeT g0 120 H*Mm.
KurouyeBbie cioBa: nuHaMuKa, KPUBOIIMITHBINA TIpece, MomeanpoBanne, SimulationX.

1 Introduction

The theoretical study of a machine motion begins with the compilation of a dynamic model
in which it seeks to display the most significant factors of the problem under consideration.
A dynamic model is an idealized displaying of a considered mechanical system, used in its
theoretical study and engineering calculations.

The real mechanical system has an infinite number of freedom degrees. The degree of the
real system idealization, in its displaying with the dynamic model, depends on many factors.
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Assuming, that the inertial parameters (mass or moment of inertia) of the system focus in
single points or sections, which connected by inertia less, elastic-dissipative, geometric bonds,
it is possible to compose the dynamic model with a limited number of freedom degrees. The
practical using these assumptions bring to the fact that pick out in the system the most
massive elements and the most non-rigid parts of the kinematic chain. The inertial, elastic
and dissipative properties of other elements are considered by reduced values of corresponding
parameters.

A select of the dynamic model depends on the reliability of the initial information about
system parameters and other factors. For the preparation of a dynamic model required pre-
liminary calculations, and sometimes experimental studies. For selection of the successful
dynamic model of a machine, it is required to have an engineering intuition, information on
previous dynamic calculation, experimental studies and operating a machine.

The most important problem of engineering is to increase the productivity of crank press-
es. For increasing the productivity of crank presses, it is necessary to increase press drive
working velocities. In result, press dynamic loads on links and its mechanisms sharply in-
crease. The investigation of the dynamics of crank presses is an important problem today
and requires preparation of a dynamic model.

In this study, simulation of crank press dynamic model, analysis and calculation of dy-
namic parameters as a function of time have been aimed. The press and its components are
simulated by using SimulationX software.

2 Literature review

For analyze of dynamic processes in the crank presses, its mechanisms are simulated by
multi-mass oscillatory systems, which permit calculate loads associated with shafts torsional
oscillations and stress-strain of a connecting rod, a slider, and a press frame. In the study of
Telegin (Telegin 2013) dynamic model of the crank press is a concentrated masses system con-
nected by elastic-dissipative bonds. The main difference of this model from the already known
is the possibility of research oscillatory processes in the crank press, both taking in view of
torsional shaft deformations, stress-strain of a connecting rod, a slider, a press frame, and in
view of the bending oscillations of its main shaft. In presented work (Telegin 2013) movement
of dynamic model masses describes by twenty-two ordinary, nonlinear, piecewise-continuous
differential second-order equations (mathematical model), generated by using Lagrange equa-
tion of the second kind with "extra'"coordinates. It proves that the mathematical description
of these dynamic models is quite laborious.

Therefore, at present, there is a tendency to use various software for computer simulation
of mechanisms dynamics. Bostwick and Szadkowski utilized computer simulation program,
which was written in Fortran evaluated a system of nonlinear differential equations of the lab-
oratory facing dynamometer, with initial conditions by the standard Runge-Kutta method.
Computer simulation programs for the engagement of actual systems can be utilized as analyt-
ical tools for predicting and quantifying the engagement quality in actual vehicles (Bostwick
and Szadkowski 1998). Hlavac et al. (Hlavac, Cechura and Kubec 2011) discussed the devel-
opment of virtual simulation methods used for the construction of mechanical presses frames.
Jang et al. formulated a new dynamic model for simulation of the hysteresis and the contact
force of automotive clutch damper springs (Jang, Kim and Bae 2013). Jomartov developed

ISSN 1563-0277, eISSN 2617-4871  Journal of Mathematics, Mechanics, Computer Science, N.2(102), 2019



Simulation of the crank press dynamics by SimulationX software . .. 25

a vector model of a timing diagram of an automatic machine, which allows solving of the
various dynamic tasks by changing the parameters of a timing diagram of its mechanisms
(A. Jomartov 2013). Haliciouglu et al. (Halicioglu , Dulger and Bozdana 2014) modeled the
slider-crank mechanism by using Matlab/Simulink platform, which was possible to extend
motion scenarios for the slider with servo inputs. Chval and Cechura compared the conven-
tional press with power transmission using the crank mechanism and the press with the yoke
mechanism by using FEM simulation (Chval and Cechura 2014). In the simulation process of
judder oscillations, the structure allowed easy implementation in equation-based multi-body
dynamics simulation software applications like ADAMS (Hafele and Kucukay 2014). Li et
al. established a theoretical model to interpret the behavior of judder in clutches, and use
the vibrations varying with time and their spectrum analysis to verify its validity (Li, Yu-
WenHuang and Lin 2015). Li and Singh examined the transient vibration amplification in
a nonlinear powertrain system by using 4DOF and SDOF nonlinear models (Li and Singh
2015). Jomartov et al. (Jomartov, Joldasbekov and Drakunov 2015) established a dynamic
synthesis of a machine with a slider-crank mechanism by using Maple platform. Akbaria et
al. (Akbaria, Fallahib and Pirbodaghia 2016) investigated the dynamic behavior of a slid-
er—crank mechanism with a flexible connecting rod. They derived the equations of motion of
the mechanism by using the Euler-Lagrange method and the mode summation technique.
Zheng et al. (Zheng, Zhu and Lu 2016) presented an improved dynamic model of flexible
multi-link mechanism with clearance and lubrication established by using ADAMS software.
Li, Lu et al. developed 4DOF model of the clutch engagement process with nonlinear friction
coefficient for discussion of the vibration response characteristics of the clutch engagement
and judder mechanism and analysis of the influence of each critical physical parameter. (Li,
Lu, et al. 2018).

3 Material and methods

3.1 A crank press

A crank press is a machine with a slider-crank mechanism, which intends for stamping of vary-
ing details (Altan 1998), (Bocharev 2008), (Svistunov 2008), (Rej and Monjatovskii 2000),
(Zaleskiy 1973), (Zhivov and Ovchinnikov 1973), (Shcheglov, Maksimov and Lints 1979),
(Osakada, et al. 2011), (Halicioglu, Dulger and Bozdana 2015).

During the work of the crank press, on the links and mechanisms, there are significant
dynamic loads, especially moment on them. These dynamic loads relate with a feature of
crank press work, which is the shock cyclic loads with sudden, almost instant stops. In this
regard, the investigation of crank press dynamic has a great interest. The structure scheme
of the press is shown in Figure 1 (Bocharev 2008).

The operating principle of the crank press (fig. 1): a crankshaft (10) revolves around
an axle and through a connecting rod (2) drives a slider (1) with a stamp. The press drive
consists of an electric motor (7), a wedge-belt transmission and flywheel (5). A start clutch of
the press (11) places at the end of a crankshaft 10. A flywheel brake (4) is for stopping of the
press. The slider-crank mechanism brake (3) is for stopping of the crank press mechanisms.

The press is driven by an electric motor via flywheel. As the motion parameters of a
function link and a slider depend on only kinematic links of the main work mechanism, the
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crank press refers to unregulated machines with limited slide displacement, which equals
double crank radius or double eccentricity of eccentric.

An asynchronous electric motor power accelerates a flywheel and all driving links with the
corresponding moment of inertia to a steady angular velocity during the technological cycle
time and informs it the kinetic energy of a flywheel rotational motion. Wherein a crankshaft
and all driven links of slider crank mechanism are stationary, a slide is in the extreme upper
(initial) position. When clutch (11) start, a crankshaft (10) revolves, drive and driven links
move together, a slide with the fixed on top stamp makes work stroke. After ending of work
stroke a slide makes returned stroke. If the press works with single strokes, then when a slider
gains the initial position a clutch (11) turns off and at the same time slider-crank mechanism
brake 3 turns on. A slide stops in the upper (initial) position and the work cycle complete.

Switching-on, switching-off, and interlocking of clutches and brakes make with the control
system (Bocharev 2008). A clutch, a brake, and a control system are called press switching
system, and reliability and operation safety of the whole press depend on efficiency this
system.

I5

Figure 1: Structure scheme of crank press:1 - slider, 2 - connecting rod, 3 - slider-crank
mechanism brake, 4 - flywheel brake, 5 - flywheel, 6 - pulley, 7 - electric motor, 8 - drive
shaft, 9 — drive gear, 10 — crankshaft, 11 — start clutch, 12 - driven gear, 13 — slide guides,
14 — wedge table, 15 — press base.
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3.2 The dynamic model of crank press on the SimulationX

SimulationX®) software was used for simulation and analysis of crank press movement in
this study (http://www.simulationx.com/ n.d.). Dynamic of the crank press can be well
simulated by using this software. SimulationX®) is a multidisciplinary software package for
modeling of physical and technical objects and systems, which developed and commercially
sold by ITI GmbH from Dresden since 2000 ( http://www.simulationx.com/ n.d.). Scientists
and engineers, working in industry and education spheres, use this tool for development,
simulation, analyze and virtual test of complex mechatronic systems. The software, on a single
platform, simulates the behavior and interaction of various physical objects of mechanic (1D
and 3D), drive technique, electric, hydraulic, pneumatic and thermodynamic systems, also
magnetism, analog and digital control systems.

Most notable, that the main advantage of SimulationX(®) is quick construction of models
from intuitively-understandable objects of mechanics (mass, force, moment, spring, damper,
friction, lever, etc.), pneumatics and hydraulics (pneumatic cylinder, valve, throttle etc.),
mechanical engineering and electrical engineering (motors, couplings, clutches, gear and other
mechanisms, driveshaft, differential, etc.) and controls (sensor-meter, control signals, etc.)

Figure 2 shows the dynamic model of the crank press on the SimulationX® (Jomar-
tov, Joldasbekov and Drakunov 2015), (Jomartov A. and Joldasbekov 2015), (Jomartov and
Tuleshov 2018). Figure 3 shows library elements of the SimulationX®), which we use to create
the model.

machinel switchSignal

Inertal

springCamper2

beltDrivel springDamperl
inertia2 inertia3

] l‘15 .c. ] B p discBrakefL
™ W : Tertias _ presetl
N i i
L

disgBrakeControl2

crankl ‘|:
fix)

loadFunction

A ‘
sensorl
)

Figure 2: Dynamic model of the crank press on the SimulationX(®)

List of designations (Fig.3) and description of library elements of the SimulationX®):
1- Asynchronous electric motor. This element simulates simple an asynchronous electric
motor. The model based on stationary features of an electric motor. This element simulates
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Figure 3: Library elements of the SimulationX®)

an asynchronous electric motor with sufficient accuracy in the simulation of machine drive.
Here simulate starting a motor, transition and steady processes, depending on loads and shaft
rotate velocity.

2 - Belt drive. This element simulates work of belt drive in view of elastic-dissipative
features. The model takes into account reactions and displacements of belt drive pulleys in
bearings of support that permits to simulate the interaction of transmission with a base.

3 - Spring—Damper—Clearance. The model presents elastic and/or a damped behavior
between rotary links, with a possibility of taking account into clearances. Springs always act
in parallel with dampers.

4 - Inertia. This element simulates inertia moment of a rotary link. Also, there is a
possibility of variable inertia moment simulation.

5 - Transmission. The element Transmission is an ideal transformer of rotary motions and
forces, functioning between two components in a rotating mechanical system. It works like
an ideal transformer without accounting dissipation and performs the specified transmission
ratio or power balance conditions at input and output. This element permits to simulate fixed
and variable ratios for angles or velocities at input and output.

6 - Disk clutch. This model represents a component, which turns on and interrupts a
torque flow (and, consequently, power transmission) between components of the drive. The
model can be used for simulation of a multi-disc clutch of machine or gearbox. In addition,
the friction of the brakes (for example, in automate gearbox) can be simulated. Also, an
elasticity, damping and clutch friction parameters can be described. In a transmission of the
model, the clutch can be turned on by a switch signal.

7 - External force. This type of element permits to simulate forces between two compo-
nents or only on one component of the mechanical model. It provides universal, functional
force transmission in the mechanical model.
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8 - Crank mechanism. The element simulates slider-crank mechanism in view of clearances
in joints, elastic-dissipative properties of a connecting rod.

9 - Mass. This element simulates the mass of a linear link. Also, there is a possibility of
variable mass simulation.

10 - Disk brake. The model of Disk brake represents a component, which turns on and
interrupts a torque flow (and, consequently, power transmission) between mobile and fixed
components of the drive. The model can be used for simulation of a multi-disc clutch of
machine or gearbox. In addition, the friction of the brakes (for example, in automate gearbox)
can be simulated. Also, an elasticity, damping and clutch friction parameters can be described
in braking.

3.3 Initial parameters of the model

Rated power and rated speed of the electric motor are considered as 0.5 kilowatts, 450 rpm,
respectively. The numerical values of features, inertia moments of crank press links and shafts
rigidity were taken from Bocharev study (Bocharev 2008).

The rated force, developing by the slider of the slider-crank working mechanism in a
part in front of an extreme lower slider stroke point, simulates by a sinus signal generator
(loadFunction) and a linear force (with load) (Fig.4). This loads force depends on an angle
of the crank. The maximum value of the force is in the lower slider stroke point and equal to
4000 N. In figures, 5a and bb present parameters of a start clutch and brakes of the crank
press.

-1000

2000

Rated force, [M]

-3000

| 1 1 1 | 1 |
0 200 400 600 800 1000 1200 1400 1600
Angle of crank, [degree]

Figure 4: Rated force, developing by the slider of the slider-crank working mechanism
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4 Simulation Results
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crank press start clutch, b) the crank press brakes

The start clutch of the crank press engages for 10 seconds and connects a moving flywheel to
the functional mechanism. The transmitted moment by the start clutch is shown in Figure
6. Figures 7 and 8 present the calculated start clutch data of the crank press.

Figure 7: The calculated data of the start clutch:
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Figure 6: The moment transmitted by the start clutch
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Figure 8: The calculated data of the start clutch: a) power loss when switching-on; b) potential
energy change of the clutch

Figures 9a, 9b, 9c, 9d, show displacement, velocity, acceleration and load of the press
slider dependence on time, respectively. In figure 10 present moment on the brake when it
engages for 8 seconds and the clutch of the crank press off.
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Figure 9: The calculated data of the press slider: a) displacement; b) velocity; ¢) acceleration;
d) load
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Moment on the brake, [M¥m]
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Figure 10: Moment on the brake when switching-on

5 Conclusions

e Simulation of the crank press dynamics with the interaction with its entire links was
performed by using SimulationX®) software.

e In result of crank press dynamic calculation, the values of the moment, transmitted by the
start clutch; relative angular displacement of disks; relative angular velocity of disks; power
loss when switching-on and potential energy change of the clutch were obtained. Also, the
values of the displacement, velocity, acceleration, and load of the crank press slider at the
moment of the clutch switching-on and after motion were determined.

e At the moment of the clutch switching-on and working of a brake, the dynamic loads in
links of the crank press sharply increased.

e The visibility of models and graphical results are especially useful for students and engineers
when studying the dynamics of the crank press.
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O6 oaHoI1 0OpaTHOI 3a7a4e 10 ONpeJIeJIEHUIO T'MIPABJINYECKOTO COMPOTUBJIEHUS
Hed TEnmpoBoia

Bocunos J1.2K., Kazaxckuit naruonaibHblil yHuBepcuteT umenu ajb-Papadu,
r. Anmmater, Kazaxcran, E-mail: bossinov.daniyar@gamil.com
7Kamnbacbaes V.K., Kazaxckuii HallmoHAJIbHBIN UCC/I€I0BATE/IHCKAN TEXHIIECKUI
yuusepcuter nmenn K.J. Carnaesa,

r. Anmarer, Kazaxcran, E-mail: uzak.zh@mail.ru

[IpuBomaTCcst pe3yabTaThl ONpeaeIeHnsT KOIMPUINEHTa THIPABINTECKOTO COTPOTUBIECHUST TPYObI
MarucTpajbHoro HedrenpoBosa. Crocod «ropsideits MepeKaYKM CIUTAETCS] OHUM M3 HAJIEXKHDBIX
JUIS  TPAHCIOPTUPOBKHU BBLICOKOBA3KOH M  BBICOKO3acThIBawomieil (mapadunucroit) nmedbru. B
«ropgueii» nepekauke napaduaucToii HedTH NPOUCXOAUT: 1) CHUXKEHHE TEMIEPATyPbl U3-33
TEIIONEPEIAY € XOJIOJHBIM I'DYHTOM M DPOCT BA3KOCTH HedTH; 2) M3MEHEHHe IIePOXOBATOCTH
CTEHKH TpyOBbl HePTEmpoBOaa W3-3a BBIMAJAEHUS ac@abTO-CMOJUCTHIX ¥ MapadpUHOBBIX
OTJIOKEHWI. DTU (DAKTOPBI MPUBOJAAT K TOMY, UTO 3aKOH THJIPABJIAIECKOTO COIMPOTHBIIEHUSI
Tpy6oIpoBoa B popMe AJBTINY/Isi HeOOXOIUMO MTOIPABUTh B 3aBUCUMOCTHU OT 4YuCja PeifHosb1ca
¥ CTEIEeHU MEePOXOBATOCTH CTEHKU.

Pemrenve mpobjiemMbl WINETCST TIyTEM MOCTAHOBKU OOPATHOW 3ajadu Jjis ONpEJEIeHUs] 3aKOHA
TUPABINIECKOr0 conpoTuBjenust B dopme Anpriryssi. Maremarndeckas MOCTAHOBKA 31890
BKJIIOYAET CHCTEMY YPABHEHUSI JIBUXKEHWS W TeIJ000MeHa W MOIuMUINpOBaHHBE (HOPMYIIHI
Asprinyns ¢ memsBectHbiMu KOdddurmentamu. CucreMa ypaBHEHHs JBUYKEHUsI W TEIJIO0OMEHA
pelnaercsi YUCJAEHHBIM METOJIOM, Pa3HOCTHBIE AHAJIOTM YPABHEHUS JBUXKEHHUS — METOIOM
XapaKTEPUCTHUK, TEIJI000MEHA — METOJIOM OEeryIiero cuera.

B pacuerax Gbum ompeiesieHbl paclpeieieHusl JaBIeHNs, CKOPOCTU ¥ TEMIIEPATYPbI, U HAWIEHBI
HEU3BECTHBIE KO3 PUIMEHTH MOAUMPUIMPOBAHHON (QOpMysbl AJIBTHIYJIS IIyTeM CpaBHEHUS
pacuerHbix u darTudeckux gaHHbIX SCADA cucrembl. B pesynbrare cpaBHEHHs] pacYeTHBIX
¥ OIBITHBIX JIAHHBIX IIOCTPOEHA 3aBUCUMOCTb KO3(MPUIMEHTa THPABJINIECKOIO COIPOTUBJIEHUS
or umciia PeifHosibica u mepoxoBaTocTu creHKH TpybompoBoga. Corjiacme pacdeTHBIX JTAHHBIX
¢ dakruueckumu mokazareasmu  SCADA  cucreMbl TO3BOJISIET YKa3aTh O JJOCTOBEPHOCTH
pe3y/bTaToOB MeTojia OOpaTHOW 3aJadu Uit ompejeenust KOI(MMUIMEHTa T'HIPABITIECKOTO
COIPOTHBJIEHUS] MATUCTPAJIBHOTO HePTEIPOBOIA.

KitoueBbie cioBa: Marucrpajibible HedTEIPOBOIbI, OOpaTHas 3ajava, BbICOKOBSI3KAs
U BBICOKO3ACTBIBAIONMIAS HEMDTh, KOIDMUIMEHT TIUIAPABINIECKOIO COIPOTUBJIEHUS, (OPMYJIa
AspTrnysst.

MyHnait KyObIpBIHAAFBI TUIPABJIUKAJIBIK, Ke/IepTiHi aHBIKTANTHIH Oip Kepi ecemn TypaJibl
Bocunor J1.72K., On-Papabu arbigarbl Kasak, yiITTHIK, yHUBEPCUTETI,
Anvarer k., Kazakcran, E-mail: bossinov.daniyar@gamil.com
Kambacbaes ¥Y.K., K.J1. Corbaes arbingarst Kazak yJITTHIK, TEXHUKAJIBIK 3€PTTE€y YHAUBEPCUTETI,
Asmvarsl K., Kazakcran, E-mail: uzak.zh@mail.ru
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Marucrpaiabaplk MyHall KyOBIDBIHBIH, T'HIPABJINKAJIBIK, KeJIepri 3aHBbIH AaHBIKTAy HOTUXKeJepi
kenripinren. «blerbiky — aligay omici TYTKBIPJBIFBI KOFApbl *KoHE Te3 KararbiH (napadusii)
MYHAaHIbI TACBIMAJIAY/IBIH, CeHIMTiepiHin 6ipi 6osbin carataabl. [lapadunmgl MyHARIBI «BICTBIKY
aiizayla  Kesteci esrepicrep 0Oosiafpl: 1) CyBIK TONIBIPAKKA KBUIYALI OepyiiH apKacblHIA
TeMIepaTyPaHbIH TOMEHJEYl YKOHe MyHal TYTKBIPJIBIFBIH apTybl; 2) achasbTh-IIARBIPIbI XKOHE
napaduHIl IMeriHIIepAiH, TYHYbIHa OallJIaHBICTBI KYObIP KaObIPFACHIHBIH, Keip-0yIbIPJIbIFbIHBIH,
e3repyi. Byn daxkropnap Anbrinyss Typimgeri KyOBIDIBIH THIDABIUKAJILIK, KeJIepri 3aHbIH
Peitnonpac cambira koHe KaOBIpra KeAip-OYIBIPJIBIFBIHBIH, JI0PeXKeciHe OallyIaHBICTBI TY3€Ty
KAaXKeTTITiH KepceTesi.

Mocesieni mienry AJIbTInysiss TYpiHIEri T'MIPaBJIMKAJIBIK KAPCBLIBIK 3aHbIH aHBIKTay VIIIH Kepi
€CenTiH KOMBLIBIMBI apKbLIbl i31es1ineai. [IpobieMaHblH, MaTeMATUKAJIBIK, KOWBLIBIMBI KO3FaJIbIC
2KOHE JKBLTy aJMacy TeHJeyJep XKyiiecineH ykoHe Oenriciz koadduimenTTepi 6ap TypJeHIipiares
Anprimynsg hopMymackiH KaMTHIbI. Ko3raibic »KoHe KBUTYy ajaMacy TeHJeyJep XKyieci CaHmbIk,
OJIiCIIEH, KO3FAJIbIC TeHJIEYiHIH, aflbIPBIM/IBIK, aHAJIOITaphl CUIIATTAMAJAD 9JIICIMEH, YKBLIY aJIMacy
TEH/IEYiHIH aflbIPBIM/IBIK, AaHAJIOTTAPhI KBLIZKBIMAJIBI IIIOT 9JIiCIMEH TITEITiIe]T.

Ecenreynepie KbICBIMHBIH, KBLIJIAMIBIKTBIH YKOHE TEMIIEPATYPAHBIH, TAPAJIybl aHBIKTAJIbI XKOHE
SCADA :xkyiiecinin, ecenrey JepekTepi MEH HAKTBI JIEPEKTEPIH CAJIBICTBIPY APKBLIBI AJIBTITYJIs
dopmystaceiabiHE Oesrici3 koaddunmentrepi Tabbuabl. EcenTik rkoHe ToxKipubesik mepekTepi
CAJIBICTBIPY HOTHMXKECIHJIE THUAPABIMKAIBIK Keaepri koddduimenTinin PeitHoMbaC cambiHa »KoHE
KYOBIp KaOBIPFaChIHBIH, KeIip-OyAbIpJIbifbiHa Toyeaaiar caiabiagsl. SCADA xyilecidid HaKThI
KOPCETKIITEPI MEH ecenTesiNeH MOJIMETTEPIiH KesiciMi MarucTpaJiblblK, MYHail KyObIPBIHBIH
TUJIPABIUKAJIBIK, Kejepri Ko3(MUIMEHTIH aHBIKTAYIbIH Kepl ecell 9JIiCiHIH HOTUKeJIepiHiH
JIYPBICTBIFBIH KOPCETYTe MYMKIHJIK Oepe/ii.

Tyitin ce3nep: Maructpaabablk MyHal KyObIpJIaphl, KEPi €Cer, TYTKBIPJIBIFBI XKOFAPhI KOHE Te3
KATATBIH MYHAll, THPaBINKAJIBIK Keaepri KoaddurmenTi, AJbTImysist (hopMyJIach.

About one inverse problem on determination the hydraulic resistance of the pipeline
Bossinov D.Zh., Al-Farabi Kazakh National University,
Almaty, Kazakhstan, E-mail: bossinov.daniyar@gamil.com,
Zhapbasbaev U.K., K.I. Satbayev Kazakh National Research Technical University,
Almaty, Kazakhstan, E-mail: uzak.zh@Qmail.ru

The results of determining the law of hydraulic resistance of the pipe of the main oil pipeline are
provided. The method of «hot» transfer is considered one of the most reliable for transportation
of highly viscous and high- congealing (paraffin) oil. In the <«hot» transfer of paraffin oil the
following occurs: 1) a decrease in temperature due to heat transfer with cold soil and an increase
in oil viscosity; 2) the change in the roughness of the pipe wall of the pipeline due to loss of
asphalt-resinous and paraffin deposits. These factors lead to the fact that the law of hydraulic
resistance of the pipeline in the form of Altshul needs to be corrected depending on the Reynolds
number and the degree of wall roughness.

The solution to the problem is sought by formulating an inverse problem to determine the law
of hydraulic resistance in the form of Altshul. The mathematical formulation of the problem
includes a system of equations of motion and heat transfer and a modified Altshul formula with
unknown coefficients. The system of the equation of motion and heat transfer is solved by a
numerical method, difference analogs of the equation of motion and heat transfer are calculated
by the method of characteristics and by the method of point-to-point computation, respectively.

In the calculations, there pressure, velocity and temperature distributions were determined, and
unknown coefficients of the modified Altshul formula were found by comparing the calculated and
actual data of the SCADA system. As a result of comparison of the calculated and experimental
data, the dependence of the hydraulic resistance coefficient on the Reynolds number and the
roughness of the pipeline wall were constructed. The agreement of the calculated data with the
actual indicators of the SCADA system allows indicating the reliability of the results of the
inverse problem method for determining the hydraulic resistance coefficient of the main oil pipeline.

Key words: main oil pipelines, inverse problem, high-viscosity and high- congealing oil, hydraulic
resistance coefficient, Altshul formula.
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1 BBenenue

Crocob  «ropstdeity  TepeKadKd  SIBJI€TCS  HAJIEXKHBIM  JJIT  TPAHCIOPTUPOBKA
BBICOKO3aCThIBatomeli  (mapadunucToii) 1 BblCOKOBA3KOH HedTn. B srom  ciyuae
IUJIPABIMYECKOE CONPOTUBJIEHHE TPYObl 3aBUCHT OT MHOIUX (aKTOpoB (BSI3KOCTH,
IIEPOXOBATOCTH, CKOPOCTH U Temreparypel Hedtu). Temmeparypa nHedTH CHEKAETCS
no JymHe TPyOOIpoBO/Ia M3-3a TEIUIONEPEeJadnd ¢ TPYHTOM, HPUBOJIUT K BO3PACTAHUIO
BA3KOCTU HeMDTH U POCTY THUIApaBInIecKOro conporusjeHusd. I[llepoxoBaTocTh TpyOBI
MOBBINTAETCS U3-3a BBINIAJIeHN apaduHa Ha CTEHKY, YTO IIPUBOJNT K POCTY WHTEHCHBHOCTH
TYpOYJIEHTHOCTU U MIOTEPHU HAIOPA.

Orcrosia cieyer, ITO TUIPABINYIECKOE COIPOTUBICHNE TPYObI P «Topsiveiiy mepekadke
U3MEHAETCA B XOJ€ IKCILIyaTAIlUd U OIpPEJIe/IeHAe TOW BEJIUYUHBI CTAHOBUTCS CJIOYKHOI
3aJ1a4ei.

[MuapaBimdeckoe COMPOTHUBIICHUE SIBJISETCA BAXKHON XapaKTepUCTHKON TpyOOIpoBojia
U B IPAMONl 3aBUCHUMOCTH OT HEr0 HAXOJATCHA 3aTPAThl PA0OThl HACOCHBIX arperaToB, U
3 PeKTUBHOCTL PAOOTHI MArUCTPAIBLHOTO HEDTETPOBOJIA.

Pemenne 3Toit mpobsieMbl MOXKET OBITH IIOJIyYE€HO METOJIOM OOPaTHOW 3aJiadu IIyTeM
pacuera MaTeMAaTUIECKOI MOJIEJIN ITPOIIECCa, a HEJIOCTAIONLY IO NH(MOPMAIIIO MOXKHO ITOJTY YU Th
U3 ONBITHBIX JAHHBIX [1].

Hwmwxke mnpuBomgaTcad pe3yabTaThl  ONPEJIEICHUs THAPABIUYIECKOTO  CONPOTUBJICHUS
TPyOOIIPOBO/Ia «TOpsiveily IMepeKavdKn IMyTeM penteHus oOpaTHOM 3a/1adm.

2 O0630p JuTEpPaATypHI

O6ob1eHne  pe3ysibTaToB  MHOTOYHUC/ICHHBIX — SKCIEPUMEHTAIBHBIX — UCCACIOBAHUN 110
OIPEJICJICHUIO  TUJIPABJIMYECKOTO CONPOTHUBJIEHUSA YKUJKOCTU B Tpydax MPEJICTaB/IEHO
B [2|. Pasmumuanbe dopmysl 3aBucnMocTi KO3MMOUIEHTa THAPABINIECKOTO COIPOTUBIICHHUST
B 3aBUCHMOCTH OT 4ncjia PeifHob/Ica 1 MepoxXoBaTOCTH CTEHKN IS IOTePU TOTOKa HeTH B
Tpy6onpoBoiax npuseeHsbl B [3-9|. OHako Bee 5TH UCC/IeI0BAHNSI He YIUTHIBAIOT U3MEHEHUSI
KO3 DUIUEHTA THIPABJIMIECKOTO COIPOTUBJICHUS B XOJIe SKCILIyaTaun HeTerrpoBo/Ia.

[TosToMy ompesiesieHns THAPABINIECKOTO COIPOTUB/IEHNA TPYOOIIPOBO/Ia U €r0 N3MEHEHU s
B XOJle OSKCIUIyaTaluu HedTENPOBOIOB C CPABHUTEIBLHBIM AaHAJIM30M pacUYeTHBIX W
9KCIIEPUMEHTAJIbHBIX JaHHBIX CTAHOBUTCH aKTyaJIbHOI 3aja4eil.

3 Marepuan u meroapl

B nannoit pabore mcciiegyercs ojiHa obpaTHas 3ajada 110 OIPEJIE/ICHUIO0 I'MIPABITIECCKOTO
COIIPOTUBJICHU A Hed)TerOBOILa. qTO6bI OIIPpEeJC/JINTDL 3aKOH I'MAPaB/JINYIECKOI'O COIIPOTUBJICHUA
B (dopme AsbTinyiist ObLTa paccMOTpeHa obpaTHas 3ajada. PermeHne cuCTeMbl ypaBHEHM
JUI CKOPOCTH W JIABJIEHUs HAXOJWTCHA YHCJIEHHBIM METOJIOM XapakTepucTuk. [l perrenust
ypaBHEHUS IIEPEHOCA TeILIa IPUMEHSIETC UTEePAITMOHHBIN MeTo I OeryIero cuera.
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3.1 IlocraHoBKa 3ama4u

[Tapamerpsr moroka HedTH (pacxom, JgaBjeHHe, TeMIEpaTypa) W TPyHTa (TeMieparypa)
U3MEPAIOTCS JIATIMKAMEI OIITUKO-BOJIOKOHHOM cructeMbl SCADA Ha ydacTke MarucTpaabHOIO
HedTEPOBOIA.

Tpebyercss onpeneuTh TIUAPABIMYECKOE CONPOTUBJIEHHE TPYOOIPOBOJAa Ha OCHOBE
nmaraabix SCADA cucreMbl ¢ UCIHOIB30BAHIEM MATEMATHIECKOW MOJEH TePeKadku HepTu
Ha y4aCTKe MAruCTPaJbHOrO HedTenpoBoa.

BBu,ty Toro, uro jymHa L ydacTKa MarucTpaabHOro HedTenpoBoja HaMHOTO GOJIbIIe ero
BHyTpenHero juamerpa Dy (L > D;) 3aja4a paccMaTpuBaeTCsi B OJIHOMEPHOI [TOCTAHOBKE U
[PH CJIEJLYIONIMX JIOMYIIEHIAX:

1. Hedrp siBistercss HBIOTOHOBCKOM YKMJIKOCTBIO, W KaCaTEJbHOE HAIIPSKEHHE TPEHUsI
nounHgeTcs 3akony Herorona [10]:

2
U
Tw = )\—p

rje T, — KacaTeJIbHOe HalPszKEeHUe TPEHUd, p, U — IVIOTHOCTb M CPEJHSS CKOPOCTH IIOTOKA
nedTH, \ — KO3(PDUIUEHT I'IIPaBIndecKoro COIPOTUBJICHUST TPYOBI.

2. JIBmxenue nedTu MPOUCXOIUT IO, JICHCTBUEM JABJICHUS, W KUJIKOCTD TE€UET TOJIHBIM
ceueHueM TPyOOIPOBO/IA;

3. B ciyuae ogHOMEpHOro JIBHXKEHUS KUJIKOCTH TI0 HAIPABJIEHUIO OCU TPYObI
npenedperaeTcs morepeyvnas CKOPOCTh.

B cooTBercTBUM C¢ HPUHATBIME JIOIYIIEHUSIMA HA OCHOBE 3aKOHA COXPAHEHWs MACChI U
MMITYJIbCA MOXKHO 3allUCaTh CHCTEeMY ypaBHeHus jasuzkenus [10,11]:

dp  Opu
—— 4+ — =0 1
ot Ox (1)
ou ou  Op pu?
— 4+ pu— + — = —A(Re,e)—— — pgsina(x 2
P TPUG T 5 ( )2D1 pgsina(z) (2)
pu? :
rie A(Re, e) o, ~ CWIa THJPaBIIIIECKOro CONPOTHBICHUS TpyOBI, pg sin ax) — cuta TaXKecTH
1
wedptu, D; — BHyTpenumit gumamerp TpybompoBoja, e = &/D; — cTeleHb MEPOXOBATOCTU

CTEHKH TPYOBI.
CBs3b JJaBJICHNS C IJIOTHOCTBIO HAXOJIUTCS BBIPAYKEHUEM

8p)
A== 3
ap T=const ( )

IJie ¢ — CKOPOCTh PaCIPOCTPAHEHUST MaJIbIX BO3MYIIECHHUI (CKOPDOCTH 3BYKA).
CKopoCTh 3ByKa B KUJKOCTH MOXKHO Haiitu mo dbopmyse ZKykosckoro [11]:

= —— (4)

rjie & — MOJy/Ih O0BEMHON YIIPYTOCTU YKUJIKOCTH, 0 — TOJIINUHA CTeHKU TPyObl, F — MOIy/h
YIPYTOCTH MaTepuaJia CTEHKU.
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Cucremy ypasuennii (1), (2) ¢ yaerom (3) MOKHO IPUBECTH K BUJLY:

op dp 20U
a—l—u%—l—pc%—o (5)

ou du  Op

du Ou  9dp pu ||
Por TP = Tar AU

2D,
Temreparypa moroka HedTu B  TPyOOIPOBOJE  OIpEJEIsieTcss  KOHBEKIWeill u
TelvIolepeadeil ¢ OKpyzKalollell Cpelloil, U ypaBHEHUE [IepeHoca UMeeT BUJL:

or or 4k
P p + Pl = _E(T —Tw) (7)

— pgsina(x) (6)

rjie ¢, — TEIJIOEMKOCTb HedTH, COOTBETCTBEHHO, k — Koaddumment renionepemadan, 1, —
TeMIepaTypa OKPYZKalollero IpyHTa.

3aBUCHMOCTH  ILUIOTHOCTH, BSI3KOCTH U TEIJIOEMKOCTH HedTU OT TeMIEPaTypbl
BBIPAXKAIOTCS CTangapTHbIME (opmytamu [12,13]

. 53357 + 107, 2T
Vv P20

rjie poo — oTHocTh Hedrecmecu tpu 20°C; (, ay, by — sMIUpPUUIECKe TOCTOSHHBIE,
1
¢ =0,000738, —.
°C
Cucrema ypashenuii (4) — (8) paccMaTpuBaeTcst COBMECTHO [IJIsi pacdera JIaBJICHU,
CKOPOCTH U TeMIIEPATYyPHI.

Hauasbusie yeiaoBus cucremsl (5) — (7) umeror BuI:

p=pull +C20-T)], v=ae", ¢ (8)

uw(0,2) = uo(x), p(0,2) =po(z), T(0,z)="Ty(z) 9)

['parmvnble yc/ioBUA B HAYAILHOM IIyHKTE TPYyOOIPOBOJIE HAXOAATCH HAIIOPHO-OOBHEMHOM
XapaKTePUCTHKOJ HACOCHOIO arperara, T.e. JUId 3aJaHHOIO OObeMa IepeKadKu (MacCcoBOIro
pacxosia) HedbTU reHepUPYeTCsl JaBJIeHue:

p(0,t) = pin(t)  M(0,t) = M;,(t) (10)
B koHewHOM IIyHKTE TPYOOIIPOBOIA — M3 YCJIOBUS JOCTaBKU 00beMa Hedru [14]:
P(L,t) = powt(t)  M(L,t) = Myyu(t) (11)

s ypasaenust nepenoca (7) J0CTATOYHO 3a/1aBaTh I'PDAHMYHOE YCJIOBHE B HAYAJIBHOM
IyHKTE TPYOBI:

T(0,t) = Tin(t) (12)

Kak mnokaseiBatorT sKcrmepumenTsl [2|, [7], s kosddurmenta  ruIpaBIndgecKoro
COIIPOTUBJICHUsSI TPYOBI A B IUPOKOM JHalla3oHe U3MEHeHUA Yrc/a PeilHoIb Ica crpaBe/inBa
dbopmyna Anprimyss [9)].
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Hns oupenenennst A(Re,e) B «ropsdeil» nepekadke HedTH myreM oOpaTHON 3a1a4n
dopmysta AJIBTITY/IS 3aIMCBIBATCS B MOIMMDUIINPOBAHHON (hopme:

MRe,¢) = a- (% + d)b (13)

riae Re = uD;/v(T') — ancio Peitrnonbca, v(T') — koaddunueHT KuHEMATHIECKOH BI3KOCTH,
a, b, d — HEeM3BECTHBIEC SMIIUPUIECKHAE TTOCTOSTHHBIE.

B kiaccuaeckoit dopmyste AJBTIIY/Is SMIUPUIECKUE TOCTOSTHHBIE JIJIsT IEePOXOBATON
TpyObI uMeroT 3HadeHus a = 1, b = 0.25, d = 0.11.

3.2 YucseHHBIT MeTO/] peHI€eHUs] CUCTEMbl ypPaBHEHUSsI

BBesieM paBHOMEpPHYIO OPTOTOHAJBHYIO DACUYETHYIO CeTKy x, t ¢ marom At 10 BpeMeHH
(Puc. 1). Ilar no koopmuuare Bbibepem ciefyiomum obpaszom: Ax = cAt, e ¢ —
duKcHpoBaHHOE 3HAYEHNE CKOPOCTH 3ByKa. PacueTHasi ceTKa COCTOUT U3 BPEMEHHBIX CJIOEB,
KOTOpbIe 0003HAYAIOTCH WHJIEKCOM N.

Pucynok 1: Pacdyernas cerka Ha XapaKTepUCTUKAX

B KaxKJI0M BPEMEHHOM CJIO€ COIEPIKATCA KOOPAMHATHBIC Y3JIbI, KOTOPbIE HyMEPYIOTCH
uHJIeKcOM m. B pacderHoil ceTke BbIpaXkeHue Ul — CKOPOCTb B KOODJUHATHOM Y3JIe 1M JJIst
BPEMEHHOIO CJIOS 1.

Cucrema ypasuenus (5), (6) runepbomIecKoro T UMEET XapAKTEPUCTUKH, Ha KOTOPBIX
YPaBHEHNsI B YaCTHBLIX IIPOM3BOAHBLIX IPUBOJATCA K OOBLIKHOBEHHBLIM JuddepeHnuaabHbIM
ypasaenusim [11], [15].

YpaBHeHus JIByX ceMeiicts xapakrepuctuk (Puc. 1) numeror Bu:

dx dz
—=u+c, —=u-—c 14
dt Todt (14)

Ckopocrb HedTu B Tpybe u (1 M/c) Maja 1m0 cpaBHEHHIO €O CKOpOCTbIO 3ByKa ¢ (1200

M/c). Tlosromy BMecTo (14) MOYXKHO HCIIOJIB30BATH CUCTEMY XapaKTEPUCTHK

de —c-dt =0 (15)
de+c-dt=0 (16)
Cucrema ypasrenus (5), (6) Ha 9THX XapaKTEPUCTHKAX 3allCBIBACTCA B BUJIE:
Aou | W
dp+pcdu+%+pgsma:0 (17)
1
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Apu ||
2D,

Ypasuenne (17) pemaerca Baosb xapakrtepuctukn (15), a ypasmenme (18) — Bosb
xapakrepucTuku (16). Ypasuenns (15), (16) mMmeioT Buj HPSMBIX JHHAN, TAHTEHCHI yIvia
KOTODBIX B pacdeTHoil ceTke (z,t) paBeH +c.

Meroy; xapakTepucTuK anupokcumupyer juddepenimanbabie ypasaenus (17), (18)
PasHOCTHBIME yPaBHEHUSIMU [IEPBOTO MOPsI/IKa B KOHEIHBIX pa3HOCTsX. [ XapakTepucTuk
(15), (16) (Puc. 1), caspBaromux Touku (m — 1;n) u (m + 1;n) ¢ Toukoit (m;n + 1) B
coorBercTBHN ¢ ypasuenuamu (17) u (18) Moo 3amucars:

dp — pedu + + pgsina =0 (18)

P%Fl — Pt T Pm—-1€ (Uan - u?n—l) =
19
_ /\m—%pm—% S ’U?n—1| Az . A (19)
— 5D = Pporgsina,, 1Az
_pnerl + p%Jrl + Pm4 1€ (u?n+1 - unm+1) =
(20)

n n
/\m—l-%pm—l-% " Um ‘Um+1| Az i A

i 0bo3HauYad

A

Sur }u:;_l‘ Ax
2D

1 1
m—1Pm—1

X = Py + sl — purgsina, Az (21)
>\m+%pm+% Ui }UZH‘ Az
2D

CI/ICTeMy paBHOCTHbIX ypaBHeHI/IfI JJIA IIepeMeHHbIX B KOOp,ZLI/IHaTHOM y3ﬂe m u BpeMeHHOM
cjod n + 1 MoXKHO 3anucarb

X, = pZH-l - pm‘i‘%cu%"‘l + + pm+%g sin am—"%Al‘ (22>

Pt oy = X (23)

Pt = per%cu”mH = X, (24)

Benuaunbr X; m X, ygo0HBI TeM, 9TO 3aBHCAT TOJBbKO OT IOKa3aTesel IPeIbIIyIIero
BPEMEHHOI'O CJIO 17, T.€. COAEPKAT TOJbKO M3BECTHBIE BEJIMYUHLI M MOIYT OBITh
HEIOCPE/ICTBEHHO BBIYUCJIEHbI U TIOJICTaBIeHbl B (23), (24).

Pemas cucremy ypasuennii (23), (24), naitgem:

1 X, X,
witt = Lo (25)
2\ Pyt Pyl
X, X, 1 1
prit = "+ / + (26)
Clom—% Cpm—‘,—% Clom—% Cpm—&-%

C nomorpio dhopmyit (25), (26) paccuuThIBAIOTCS BCE TIEPEMEHHbIE BO BHYTPEHHUX y3J1aX
TPYOBI, T.e. 3TU POPMYJIbI UCIOIB3YIOTCH Jijid m = 2,3, ..., M — 1.
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[TepeMeHHBIE B 'PAHIYHBIX Y3J1aX PACCIUTHIBAIOTCS C MCIIOJIb30BanneM ycaosuit (10), (11).

4k
O6osnavuas K = ———, ypasaenue (7) MOXKHO [IPUBECTH K BUJLY:
pch 1
aT oT
P - k(T -T, 2
ot * P ( ) (27)

Pasnocruerit anasor (27) umeer Buj [16]:

T;rzl—l—l o Tﬁl@ N Tn+1 Tn+1

n T“m+l1 n n+1
=-—-K) (I =T, 28
At T A n (T ) (28)
Orcro/ia HETPYIHO TOJIYIUTD:
T;:;—i—l Tn+ +/6n Tn _|_,ym (29)

3ech TpPHHATHI O0O3HAMeHHs: (=4 / <L 2Aw+K”>, n=_/ (A% QAm—i-K")

m 2Ax At
i (s )

B wurepanmonnom mporecce dbopmyibt (25), (26) u(29) omnpemessdior pacueTHbe JaHHbIE
CKOPOCTH, JIABJIEHUSI U TEMIIEPATYPbI, IPUYEM B KadecTBe Hada bHOro npubsmkenns \(Re, )
MpUHUMaeTCs Kiaaccuiaeckast popmysta Anbrinyis ¢ Koaddumuenramu a=1, b=0.25, d=0.11.

QakTUUecKre 3HAYEHWS CKOPOCTH, JABJIEHUsI, TeMIepaTypbl IOTOKa HeMdTH B
TPYOOIIPOBO/IE HAXOIATCs 110 ONBITHBIM JaHHbIM SCADA cucrembr.

[Tyrem cpaBHEHHsI PaCYETHBIX ¥ OIBITHBIX JAHHBIX HAXOJATCA IOCTOSIHHBIE «, b, d
dopmysbl  AJIBTIIYJIST W CTPOUTCS  3aBUCHUMOCTb  KOI(DPUIMEHTA  TUIPABIAIECKOTO
CONPOTHBIICHNsT OT wUmcjia PejiHosbiaca u crenenu imepoxoBatoctu A(Re,e) Ha ydacTke
MarucTpaJbHOTO HeTEIPOBOIA.

4 Pe3ynbTaThl 1 00Cy2KIeHUE

Ha pucynke 2 mokazana 3aBUCUMOCTH KOI(MDMUIMEHTa TI'MJIPABIUIECCKOIO COIMPOTUBICHUS
A(Re,e) marucTpaiabHOro HedTenmpoBoga IyTeM perrenus obparnoil 3amadn (5)-(8) c
kpaesbiMu yesosuaMmu (9)-(11). KoadbduruenTsr 3akoHa TUpaBIndecKoro COnpOTUBICHHSI
B dopme Asbriysnst (13) ObLIn HalijieHbI IIyTeM CpPaBHEHUSI PACUYeTOB € (haKTUIECKUMU
(omerrabiMu) ganabiME SCADA cucrembl n mmeror cieayioniue 3Hadenns a = 0.084, b =
0.2535, d = 0.049.

Pesynbrarsl onpesenenust kKoddduimenta rugpapandeckoro comnporusierus A(Re, e)
[yTeM pellieHnsi oOpaTHON 3ajaun ObLIN anpOOUPOBAHBI IyTEM CPaBHEHHS PACUETHBIX U
dakTUIECKUX JAHHBIX PACIIPE/IEICHIs THIPABIMIECKOIO YKJIOHA, JABJICHUS U TEMIIEPATYPbI
B Hedrenposogax [kymarasmesa — Aracy (Puc. 3) u lxymaramuesa — Hynaxk Kypran
(Puc. 4).

Ha pucynkax 3, 4 pacueTHble JIMHUM THJIPABINYIECKOrO YKJIOHA (BepxHUil rpaduk),
napjienust (cpejnuii rpaduK) MOJTYYeHbl MyTeM HUCIOJIb30BAHMs 3aKOHA COINPOTUBJIEHMUSI
Anprmyng ¢ koadgdurmenramu a = 0.084, b = 0.2535, d = 0.049, a dbakTuueckne JTaHHBIE
JaBjeHus mocTpoensl 1o nokasareasm SCADA cucreMsbl.

CpaBHeHre pacdeTHBIX U (DAKTHYECKUX JAHHBIX PpAaCIpeIeseHus] TUIPABINIECKOrO
VKJIOHA, JIaBJ€HUsS] W TEMIEPATypPhbl IOKA3bIBaeT COTJIACHE WX II0 JJIMHE HeMTEIpOBOIOB
Hxymaranuesa — Aracy (Puc. 3) u Ixxymaranunesa — Hymnak Kypran (Puc. 4)
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0.06

A

Pucynoxk 2: 3aBucmmocTh KO3 UIMEHTa THIPABINIECKOrO COMPOTHBIEHUS B (opme
Anbrinysng ot guciia PeliHosb/ica n cTelenn MmepoxoBaTOCTH CTEHKN

B,
S i)
B~y

165

Pucynok 3: Cpasnenne pacderubix (mmunn) u  GakTHUIECKUX (TOUKM) JAHHBIX B
nedrenposoye Ixxkymaranmesa — Aracy

CpaBHeHIE PACYETHBIX KPUBBIX JaBJIeHUA ¢ (PaKTHIECKUMH JaHHBIME cucTeMbl SCA-
DA nokasbiBaeT HEOOXOMMOCTD UCIOJIB30BAHUS METO/1a OOPATHON 38181 /IS ONPEIC/ICHUS
3aKOHA& T'UJIPABJIMYECKOTO COMPOTUBJICHUS AJIBTINYJIsI IPU «TOpsiveily mepekadke HedTH 110
MaruCTPaJbHbIM He(DTEIIPOBOIAM.

5 3akJiroyeHue

[Mmapaimdaeckoe compoTuBieHUe TPYOOIPOBO/Ia M3MEHSACTCH IIPU «TOpsdeily IepeKavdke
BBICOKO3ACTBIBAIONIEH U BBICOKOBA3KONW HedTU. 3aBUCUMOCTH 3aKOHA COIPOTUBJICHUS
TPyOOIIPOBO/Ia OT uncja PeitHo/b/ica U CTeleHn MepOXOBATOCTU CTEHKU TPYObI OIIPe e IseTCs
IyTeM pelrennsd oOpaTHON 3a/1a9u.

[TocranoBka oOpaTHOI 3a/a9u BK/IIOYAET CUCTEMY YpaBHEHUS JIBUXKEHUS, TEIJI000MeHa
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Pucynok 4: CpaBHenue pacdeTHbIX (nuHHH) U (QaKTHICCKUX (TOYKH) JAHHBIX B
nedrenposoje /xymaranuesa — Uynak Kypran

U IHJIPABJINIECKOro comnporusienus B dopve Agprmyias (13) ¢ HemsBecTHbIME
ko durmenramu. Cucrema ypaBHEHHUsI TUIEPOOIUIECKOTO THIA JIJIi  CKOPOCTU U
JIABJIEHUSI PEIaeTCs YNCIeHHBIM METOJIOM XapaKTePHUCTHUK, a yPABHEHUs IePEeHOca Tera —
UTEPAIMOHHBIM METO/IOM OEeryIero ciera.

B uwuciennbix pacuerax ObLIN OIPEJIE/IEHbI PACUETHBIE JAHHBIE JABJICHUS, TEMIECPATYPbI
n ckopoctu. CpaBHEHHE pacUYeTHBIX MJaHHBIX ¢ akTudeckumu mokazareasvmu SCADA
CUCTEeMbI OBLIO UCIIOJIB30BAHO JIJIs ONpeiesienns KoM UINEeHTOB 3aKOHA THIPABIMTIECKOTO
conporuBjiennst Asprmryisg. Coryacme pacueTHbIX © (DAKTHYECKUX JIAHHBIX JABJICHUS
nepekadkun Hedptu B TpybompoBomax IlaBmomap — Aracy, Aracy — AjamaHbkoy
[IOKA3bIBAET IIPABUILHOCTH UCIIOJIL30BAHUS METO/1a OOPATHON 3a/1a4u JIjI YTOUHEHUS 3aKOHA
CONPOTUBJICHUSA AJIBTIITYJIS.
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cucrembl» (Ne AP05130503) ma 2018-2020 rojpr.
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Application of Vulkan technology for 3D Visualization of large computing data
which change over the time

Mustafin M.B., Al-Farabi Kazakh National University
Almaty, Kazakhstan, E-mail: mustafin.mb@gmail.com
Akhmed-Zaki D.Zh., University of International Business
Almaty, Kazakhstan, E-mail: darhan _a@mail.ru
Turar O.N., Al-Farabi Kazakh National University
Almaty, Kazakhstan, E-mail: Olzhas. Turar@kaznu.kz

In this work, a high-performance application for visualization of large-size grid models (about a
million cells) with using of Vulkan technologies was developed. Vulkan is a new software interface
(API) which controls the graphic processor (GPU). Vulkan became a low-level API, thanks to which
the entire GPU capability was used, such as memory and synchronization control, error checking,
creation of commands performed by graphic processor, etc. Thus it shows high performance with
less load on the CPU. For the operation of the application without interruption, double buffering
of vertex buffer and multi-threading of the processor was used. The results of each 100th iteration
of the Jacobi method for solving the Poisson’s equation, namely data of each iteration, were taken
for the 2D and 3D model visualization. Using of the above given methods, grid model examples
are given. As a result of this work, a prototype of a visualizer was developed and presented, and it
can be used for any results of numerical mathematical modeling on structured and unstructured
3D grids.

Key words: Vulkan, 2D, 3D, computer graphics, visualization, double buffering, grid model,
multithreading.

Ncnonn3oBanme Texnosoruu Vulkan ajist 3D-Busyasu3ariuii 00X BBIYUCINUTEIbHBIX
JAaHHBIX, N3MEHIIOIUXCSA CO BpEMEeHEM
Mycradun M.B., Kazaxckuii HalMoOHaJIbHBIN yHUBEpCUTET UMeHU ajib-Dapabu,
r. Anmvarer, Kazaxcran, E-mail: mustafin.mb@gmail.com
Axwmen-3aku [1.2K., YHuBEpcuTeT MeKIyHApOJIHOTO OU3HECa,
r. Asvarer, Kazaxcran, E-mail: darhan a@mail.ru
Typap O.H., Kazaxckuii HarmoHa/JIbHbII yHUBepCUTET UMeHH ajib-DPapadu,
r. Anmarer, Kazaxcran, E-mail: Olzhas. Turar@kaznu.kz

B nmannoit pabore 66110 pa3pabOTAHO BBICOKOIIPOU3BOINTEILHOE PHUJIOXKEHHE [JIsI BU3YATU3aI[IH
CETOYHBIX MoOJe/ell GOabIIUX pa3MepoB (OKOJIO MJIH. A9E€€K), ¢ HCHOJIb30BAHUEM TEXHOJIOIH
Vulkan. Vulkan — sro HoBbiil nporpammubiii unrepdeiic (API) yopasmsromuii rpadugeckum
uporeccopom  (GPU). Vulkan saBisierca nuskoyposmeBbiM API)  6Guaromopsi dyemy Oblia
HCIIOJIF30BaHA BCS BO3MOXKHOCTH I'PAUYECKOro IIPOIECCOPa TaKhe KaK: yIPABJIEHHE MaMSITHIO
U CUHXDOHHU3aIleil, IPOBEPKM Ha OIUOKM, CO3/[aHNEe KOMAH]I BBIMOJHAEMBIX TI'padUuIecKuM
pOIeCCOpOM U T.J. TakuM 0Opa30M, MOKA3bIBAET BBICOKYIO IMPOU3BOIUTEILHOCTD IIPU MEHbIIei
Harpy3ke Ha IE€HTPaJbHBINA mporeccop. st paboTel TpUIOXKeHWs 0Oe3 mpepbiBaHus ObLIA
WCITO/Ib30BaHa JIBoiHas Oydepusanus Oydepa BeplnH W MHOTIOIMOTOYHOCTD mporeccopa. Jls
Busyasmsaruit 2D u 3D momenn Obuin B3ATHI PE3YJIbTATHl KAXKJIOH COTON HWTEpaInd METO/Ia
Axobu mnsa perenus ypasuenusi [lyaccona. Mcmonb3yst BbIllIeyKa3aHHbIE METOJIbI, ITPUBEJICHBI
[IpUMEpPBI CeTOYHOI Mojeu. B pesyiabrare JaHHON paboThl ObLI pa3paboTaH W IPEeJICTaBJIEH
[IPOTOTHUII BU3yaH3aTOPa, KOTOPYIO MOYKHO HCIIOJB30BATDH IS JIIOOBIX PE3yJILTATOB UHCJIECHHOI'O
MAaTeMaTUIeCKOr0 MOJIEJINPOBAHNS HA CTPYKTYUPOBAHHBIX W HECTPYKTYypPUPOBaHHBIX 3D cerkax.
KiroueBbie caoBa: Vulkan, 2D, 3D, kommbiorepHasi rpaduka, BU3yAJIA3AINNUST, IBONHAN
Oydepusarius, ceTouHas MOJIE/b, MHOTOITOTOYHOCTD.
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YakpIT oTe KeJjie, YiKeH ecernreserin aepekrepai 3D Busyanuzanmsiay ymria Vulkan
TEeXHOJIOTUSICHIH Hali/IajaHy
Mycradun M.B., On-Papabu aTblHIAFE KA3aK, YITTHIK YHUBEPCUTETI,
Asmvarsr ., Kazakcrad, E-mail: mustafin.mb@gmail.com
Axwmen-Baku J1.2K., XanbikapaJjblK OM3HEC YHUBEPCUTET,
Anvarer k., Kazakcran, E-mail: darhan _a@mail.ru
Typap O.H., On-Papabu aTbiHIAFbl Ka3aK, YITTHIK YHIBEPCUTETI,
Anvarer k., Kazakcran, E-mail: Olzhas. Turar@kaznu.kz

Byn xymbicta Vulkan rexnosIOrusIapblH KOJIJAHY apKbLIbl YJIKEH OJIIIEM/I TOP MOJIEJIbIEePiH
(MUJLIHOHFA YKYDBIK YAIIbIK) BH3YAIM3AIMAIay YIIH KOFaphl OHIMII Oarmap/iama Kacasiibl.
Bynkan — rpadukannik nponeccopasl (GPU) Gackaparbin kaHa OarpapiaMaJblk uHTepdeiic
(API). Byakan — rtemenri genreitzii API, comblH apkacbiama rpadUKajbK —IPOIECCOPIBIH,
OYKiZT MYMKIHIIKTEpi Taiifa aHbLIIbl, MBICAJIBI, KAJIbl MEH CHHXPOHIAY, KaTeJep/i TeKcepy,
rpaduKajblK IIPOIECCOPJIAPMEH OPBIHJAJIATHIH KOMaHIAJIapiAbl Kypy KoHe T.6. OcbLiaiimia,
OPTAJIBIK, TIPOIIECCOP/ILIH, a3 KYKTey Ke3iHJie *KOrapbl OHIMJILTKTI Kepceremi. Barmapiamanbiy,
Y3IiKCi3 KyMbIC icTeyi yrma Tebenep Oydepinid Koc OydepseyiH KoHE ITPOIECCOPIbIH, KOl
aFBIHJIBLIBIFBI  KOJMAHbLIIBL. 2D xone 3D wMojenbiepin Busyanausanwusiiaay yirs I[lyaccon
TeHeyiH Trenty yiriH fxobu omicinin mormkesepi, aram op6ip 100-m1i ureparusHbIH nepeKkTepi
anpiaran. 2Korapblia KeJITipiireH 9icTep/Ii KOIJIAHY APKBLIbI TOPJIBIK, MOJECIHIH MbICAJIIAPEI
kesaripiired. OcChbl KYMBICTBIH, HOTUXKECIHJI€ BU3YaIM3aTOP/IbIH, IIPOTOTHIN 93iPJIEHIN YCHIHBLIIBI,
OHBI KYPBUIBIMJIBIK JKOHE KYPBUIBIMJIBIK, eMec 3D TOop/apblHa CAHJIBIK, MaTEeMATUKAJIBIK,

MOJIEJIBIEYIIH K€3 KEeJITeH HOTHXKEeCiHe KOJIIaHyFa 00IaIb.
Tyitia cezmep: Vulkan, 2D, 3D, kommbioTepitik rpaduka, Busyaausaiusi, Koc 6ydepJiiey, TOpJibl
MOJIEJIb, KOII AFbIH/IBLIBIK,

1 Introduction

Vulkan is an API for graphics and computing devices. Like an OpenGL, Vulkan allows to
display real-time 3D graphics with high performance, as well as a higher pproductivity and
a lower load on CPU. Vulkan technology was based on AMD Mantle technology. Compared
with OpenGL technology, Vulkan is a low-level API and generally has similar capabilities.
This allows to use all the features of GPU for computing, to get low-level access to GPU and
control its functioning.

Unlike from OpenGL, Vulkan shaders are represented by a binary intermediate represen-
tation of SPIR-V programs. SPIR-V is the only supported shader language for the Vulkan.
It is adopted at the level of API and used for creation of conveyors designed to control the
device and for the performance of work of application.

This paper proposes a real-time visualization of large grid models with using of Vulkan
technologies on the typical personal computers equipped with a discrete graphic card. To
store and update data, double buffering of vertex buffers and multithreading C ++ 11 was
used. The proposed approach to the visualization of the grid model optimizes the speed of
drawing. The paper also presents the visualization of a numerical algorithm for solving the
Poisson algorithm 2D with a size of 1000 x 1000 (10° cells) and 3D with a size of 33 x 33 x 11.

Let’s note that the presented application can be used for any results of numerical math-
ematical modeling on structured and unstructured 3D grids.
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2 Literature review

Currently, the OpenGL Shader Language (GLSL) became the main part of programming with
the using of OpenGL library [1-3]. With help of GLSL, you can use the power of graphics
processor for display and computing. Based on GLSL, the RGL library was created, which
offers three-dimensional visualization in real time [4,5]. At work [6,7], the capabilities of the
graphics processor and the shader language of the OpenGL library were used, and the results
of numerical mathematical modeling were visualized.

Recently, Vulkan technology is gaining great popularity in the field of visualization [§].
Vulkan is a cross-platform graphical and computing API developed by the Kronos Group
consortium [9]. Vulkan is an OpenGL recipient, but it differs very much. The main difference
is that to make the OpenGL driver, is the responsibility of the programmer [10,11]. Another
difference between Vulkan technology and OpenGL is the shader language. Vulkan supports
the only shader language SPIR-V [12]. In the literatures [13-15], you can get acquainted with
the specifications of the Vulkan technology.

At work [16], languages and libraries for multi-threaded programming are described, also,
how to develop programming skills, and various testing and debugging methods developed
for multi-threaded programs over the past 20 years are described and demonstrated.

3 Materials and methods

The purpose of this work was to develop a high-performance application for visualizing of
results of numerical mathematical modeling,by the using of Vulkan technology.

In older APIs such as OpenGL, the driver controls synchronization and memory, checks
for errors during the running of the application. This is convenient for programmers, but it
takes CPU time. In the Vulkan, all responsibilities are transferred to the programmer, i.e.
almost all status tracing, memory and synchronization management [13].

3.1 Coordinate systems

Vulkan works with segments and triangles, representing their vertexes as points in three-
dimensional space. They are called vertices and are shown in Figure 1 [3].

For beginning 50 x 50 sizes grid was created and filled with random colors. Each square
of the grid consists of two triangles, which set by the coordinates |7]. In the functions of
initVertices(), the vector was filled in, which contains the coordinates and color of each
vertex of the triangle.

3.2 Memory and resources

Almost for all computing systems, including Vulkan, memory is extremely important. There
are two basic types of memory in Vulkan: CPU memory (host memory) and GPU memory
(device memory). When creating a new object in Vulkan, you will need memory to store
data. The regular CPU memory is used for it.

Vulkan works with data, and data is stored in resources. There are two basic types of
resources in Vulkan: buffers and images [10]. A buffer is a simple linear piece of memory that
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can be used for various purposes. They are used to store linear structured and unstructured
data, which can be in format or simply be bytes in memory.

3.3 Device memory management

When Vulkan works with data, this data should be stored in device memory (device memory).

In Figure 2, the GPU and CPU memory circuit, each with its own memory [10].

3.4 Device memory allocation

Device memory allocation is represented as a VkDeviceMemory object created with the help

of vkAllocateMemory() functions, the prototype of which is shown below [10,11,14]:

VkResult vkAllocateMemory (

VkDevice device,

const VkMemoryAllocateInfo* pAllocatelnfo,
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const VkAllocationCallbacks* pAllocator,

VkDeviceMemory* pMemory

);

After allocating the memory of the device, it can be used to store data. Thus, vertexBuffer
called buffer was created and used to store the vertex data. After all works we get the following
Figure 3:

B Vulkan — [m] x

Figure 3: Grid with size of 50 x 50

When visualizing in real time, new data will come in, and this is the color data of each
cell. Since the coordinates and color of the cells are recorded in one buffer, the coordinates
will be overwritten, and this is the waste of a precious time of CPU. To solve this problem,
a separate buffer was created for these colors. As a result, we get two buffers: posBuffer - for
storing coordinate data and colBuffer - for storing color data. The program will work in real
time, which means data will be flowing continuously. Let’s create a new colBufferl buffer to
store the new data.

3.5 Buffer update

To update the data inside the buffer, the vkCmdUpdateBuffer function was used [15].
vkCmdUpdateBuffer() copies data directly from CPU memory to buffer memory. Data is
collected from the CPU memory when calling, and upon returning from vkCmdUpdateBuffer
(), one can free up this memory or write new data to it.

3.6 Double buffering of vertex buffer

Double buffering is a data preparation method that provides the ability of out-turn of the
finished result without interruption [6]. This method is commonly used when working with
frame buffer. This paper describes how to use a similar approach for buffering of color data
on a model of sheet.This method is as follows. A second buffer is created, and the data is
filled only on it. As soon as the reading process is completed, the buffers change places, and
data output will start from the second buffer, and new data will be filled into the first buffer.
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This is similar to double frame buffering and is used for vertex buffers. Figures 4 and 5 show
examples of drawing each buffer.

Figure 4: Drawing of the colBuffer Figure 5: Drawing of the colBufferl

When reading and writing new data, the drawFrame() drawing function stops and the
program will not react until the data is initialized. Despite the fact that Vulkan processes on
the CPU and GPU occur asynchronously, interactive control of a model as the rotation and
transfer the model using the mouse and keyboard should be done on the CPU. If all actions
on the central processor will occur in the same thread, we will not be able to interact with
the three-dimensional model while writing to the buffer. For example, if we call the read and
write function every ten seconds, and this function will be executed in six seconds, as a result
we will get a program that does not respond at the time of initialization and only works for
the remaining time. A visual example is shown below in Figure 6.

Time =
[AT A [T A o

Figure 6: Green - Drawing, gray - Copy (A-host to host, B - host to device)

In order the input data recorded without stopping the work of drawing, it must be per-
formed in parallel. For this we will use C 4+ 11 multithreading [16]. Modern computers have
multi-core processors, in which multithreading is performed by the fact that several process-
es are executed on different cores. Using the multithreading feature, we pass the command
to read and fill the buffer into another thread, and it will be executed in parallel without
affecting into the drawing. That is, when the input data from the first buffer is displayed
on the screen, the second buffer will be updated in parallel. As soon as the second buffer is
ready, the buffers change places. A visual example is shown in Figure 7.

As you can see in Figure 6 and 7, initialization of data takes place in two stages: reading
and writing data into the system memory (Gray A), and copying from system memory to
GPU memory (Gray B). It takes longer time to initialize the reading and writing of new data
into the system memory, i.e. host to host.
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Time

Y

A B
A [8] A [B

Figure 7: Green - Drawing, gray - Copy (A-host to host, B - host to device)

4 Results and discussion

To get the result, a personal computer (Core i7 3770 3.40 GHz, 8Gb DDR3) equipped with
a discrete graphics card (nVidia GeForce GTX650Ti, 1Gb GDDR5) was used. As an input
data, the results of each 100th iteration of the Jacobi method for solving the Poisson equation
[17,18] with a size of 1000 x 1000 for 2D and 33 x 33 x 11 for 3D, the quantity of iterations
of 20,000 were taken. The Dirichlet boundary conditions for the problem under consideration
are: u(0, y) = 0, u(l, y) = 0, u(x, 0) = 0 u(x, 1) = 0. To visualize the three-dimensional
model was used fotmat GRDECL [19]. On Figure 8 the prototype of the application that
visualizes the result of the Poisson equation grid model is shown.
Measurements were made and the results presented in Table 1 were obtained.

Table 1. Results of measurement.

Dimension 2D,1000 x 1000 | 3D, 33 x 33 x 11
Quantity of cells 10° 11979
FPS (frames per second) 1750 4415
copy host to host, ms 8438 97
copy host to device, ms 14 0

When running the application for a grid model with the above mentioned dimensions, the
more time takes copying host to host, i.e. reading and writing data into the system memory,
which depends on computer resources: reading and writing speed of the hard disk, data
transfer speed via the Internet. Copying data from system memory to device memory depends
on the following GPU characteristics: memory bus, memory interface, memory transfer speed,
memory bandwidth, type of dedicated video memory. Characteristics of the graphics processor
on which the work was performed are shown in Table 2.

Table 2. Characteristics of the graphic card nVidia Geforce GTX650Ti.

Memory bus PCI Express x16 Gen3
Memory interface 128 bit

Memory data transfer rate 5400 MGhz

Memory bandwidth 86.40 GB/s

Type of dedicated video memory | 1024 MB GDDR5

5 Conclusion

By using the Vulkan technology, a high-performance application was developed which visu-
alizes real-time grid models of numerical mathematical modeling. In order the application
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)

Figure 8: Examples of visualizations of the grid model of the results of the Jacobi iterative method for
solving the Poisson equation: a) 2D model of the first iteration, b) 2D model of the latest iteration,
¢) 3D model of the first iteration, d) 3D model of the latest iteration, e) 3D model with inactive
areas of the first iteration, f) 3D model with inactive areas of the latest iteration

worked without interruption, double buffering of vertex buffers and multithreading of C +-+
11 was used. The double buffering method of vertex buffers used for color data buffering
on the model of oil reservoir. Such an approach to the visualization of the grid model opti-
mized the speed of the application. An application that visualizes 3D graphics in real time,
with high performance and lower CPU load, was introduced. For example, the results of the
Poisson equation 2D and 3D were taken. The ready application will be used for numerical
mathematical modeling results’ visualization.
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HUccnenoBanne nmHMOPMAIMOHHBIX CUCTEM TPAHCHOPTUPOBKU HedDTHU
MAarucTpPaJibHbBIM TPYOOITPOBOIOM
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Cunues B.K., MexayHapomubiii yHEBEpCUTET HH(MOPMAIIMOHHBIX TEXHOJIOTHUIA,
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Pricoaityer B.P., Mex iynapo/inbiii yHuBepcuTeT nH(GOPMAIMOHHBIX TEXHOJIOTHUIA,

r. Asmvarer, Kazaxcran, E-mail: b.rysbaiuly@mail.ru

[Iporecc 1mepekadky BBICOKOBSI3KOW ¥ BBICOKO3aCTBIBAIOIIEH HeMTH, IPU TPAHCIOPTUPOBKE
0 MaruCTPAJbHBIM TPYOOIIPOBOJAM, IIPEACTABJISIET CODOM CJIOXKHYIO TEXHOJOIMYECKYI0 WU
TEXHUYIECKYIO 3aJlady, 9YTO MPUBOIUT K HEOOXOIWMOCTHA €ro JeTajJbHOTO HUCCJeJI0BaHus. B
paboTe mpoBeieH aHAIN3 HHMOPMAIMOHHBIX CUCTEM MArUCTPAJbHBIX HEMTEIIPOBOIOB U IIPOIECCA
aBTOMAaTHU3AIMK ropstaeil mepekadku HedTr. OCHOBHASI 1IEJTh UCCIIEIOBAHNUS - TIOKA3aTh BO3MOXKHBIE
IyTH CO3J[aHUsI W IIPOEKTHUPOBAHUSI CUCTEM KOHTDOJIS U YIIPABJIEHUSI TPAHCIOPTHUPOBKH HedTH
10 MAarucTpajbHOMY TPyOorpoBoy. COBpeMEHHBIE CHCTEMbI yIIPABJIEHUS PA300IIEHbI 110 BUIAM
[IOJIy9eHUsI, CPEJICTBAM U MeToIaM 00paboTKu. Bee mporpamMMHbIE TAKETHI pabOTAIOT ABTOHOMHO 1
UMEIOT COOCTBEHHBI BXOMHON (hopMaT, 3a MCKIIIOYEHNEM CHCTEMa OMEPATHBHOTO JIMCIIETIEPCKOrO
KOHTPOJIsI U YIpaBJIEHUsI, pabOTaoNasi B PeXKUMe peasbHOro BpemeHu. OCyIEecTBIeH aHAJN3
ABTOMATU3UPOBAHHBIX CUCTEM YIIpaBJ€HHA IIPOIECCOM IIE€PpEKaYKU He(bTI/I. ABTOMaTI/I3aL[I/IH
TEXHOJIOTUYIECKUX [IPOIECCOB IIPEJIIOaraeT He TOJbKO CO3/IaHNe aBTOMATH3NPOBAHHOIO pabotuero
MecTa, HO W 3aIiuTy OOOPYJOBaHMs OT pa3pylleHusi. B pe3yibrare IPOBEJIEHHOIO aHAJIN3a
MMOKAa3aHA HEOOXOAMMOCTH B CO3JAHUU AaBTOMATH3UPOBAHHON UH(MOPMAIIMOHHONW CHCTEMBI,
[IO3BOJIAIONIENl CTPYKTYPUPOBATH MHOTOYUCJEHHBIE [aHHBIE B IIPOIECCE IEPEKAdYKN HedTH u
IIPOBOJINTH MOHUTOPUHI OCHOBHBIX TEXHOJIOTHYECKHX HapaMeTpoB HedTenposoja. IIposeennbie
HCCJIEJIOBAHUS] MOT'YT OBITh UCIIOJIB30BaHbI IPU pas3paboTKe MHMOPMAIMOHHBIX CACTEM KOHTPOJIS
¥ yIpaBJIeHUsT TTPOIIECCOM TPAHCIOPTUPOBKY HE(MTHU U CO3JAHUNA TPOrPAMMHOIO IIPOIYKTA.
KuroueBbie cjoBa: nHGOpPMAIMOHHAS CHCTEMa, aBTOMATH3AIlNs, MIPOIECC MepPeKadKn HeTH,
TeMIepaTypPHbIA PEeXKAM.
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Marucrpaiabaplk KyObIpJIAp apKbLIbl TACBIMAJIAY Ke3iHJEe KOFapbl TYTKBID KOHE KOFapbI
BUIFAJIIAHIBIPATHIH MYHAN aiifjay mpoIeci KemeH i TEXHOJIOTUSIIBIK, YKOHE TEeXHUKAJIBIK, TAIICHIPMAa
6oJbIn TAOBLIABI, OJ1 OHBI erzkKefl-Terzkeilyii 3epaeseyai Kaxker eremi. 2KyMbIcTa MaruCTpasibibl
MyHa#l KyObIDJIapPBIHBIH, aKIIapPATTHIK, YKYile/JepiH 2KoHe BICTBIK MYHAil aiifayapl aBTOMATTAHIBIPY
YPIICiH Tasjmaiigpl. 3epTTeyiiH Herisri MakcaTbl MaruCTpajbibl KyObIp apKbLIbl MYHA
TachIMaJIIAy VIIiH OacKapy »KoHe OacKapy »KyiejepiH Kypy/[blH KoHe KO0aJayiblH MYMKIiH
KOJIIAPBIH  KOpceTy OoJiblll  TabbLIaIbl. Kas3ipri 3aMaHFbl Oackapy Kyiieci eHmipic Typi,
OHJEY Kypajgapbl MeH 9jicrepi Ooiibramma Oesineni. Bapublk  OarmapsiaMasiblk,  akeTTep
aBTOHOM/IBI TYP/JE XKYMBIC icTeiii >KOoHEe HaKThl YaKBIT PEXKUMIHIE IUCIETIEPIiK Oackapy
JKoHe DacKapy Kyitecin KocmaraHja, e3/epiHiH, eHrizy dpopmarrapbiHa ne. MyHaitabl aiflay b,
aBTOMATTAHJBIPLLIFAH OacCKapy KyhesepiH TaJjiay Kypriziayae. TexHOIOTHIBIK MpoIecTepIi
aBTOMATTAHJILIPY TEK aBTOMATTAHJIBIPHIIFAH KYMBIC OPHBIH KYPY/bl FAHA €MeC, COHbIMEH KaTap
2KAOIBIKTAPIBI YKOIOJAH KOPFAy/Ibl J1a KaMTHIABL. Tasiaay HOTHXKeCiHIe MyHa#l aiijgay mporecinie
KOTITEreH JIePeKTePIl Kypyra KoHe KYObIPAbIH HEri3ri TeXHOJIOTHIBIK, TapaMeTp/Iepin OaKbLIayra
MYMKIHIIK OepeTiH aBTOMATTAHIALIPLIITAH AKIAPATTHIK KYHeHI Kypy KaxKeTTimiri KepceTiiii.
Seprrey MyHail TackMajay YAEpiCiH Oakbliay KoHE OarjapJiaMaJiblK ©HIMIEpl »Kacay VIIiH
aKIAPATTHIK, KyWeJiep/ii TaMbBITY VITiH TafiJaJaHbLIybl MYMKIH.

TyiiliH ce3aep: aknaparTThIK »Kyiie, aBTOMATTAHILIPY, MYHAil aiiiay OpoIeci, Temieparypa
Kargaiiaapbl

Research of oil transportation information systems by main pipeline
Dairbayeva S.A., International Information Technologies University,
Almaty, Kazakhstan, E-mail: sabina.dairbaeva@mail.ru
Dairbayev A.M., International Information Technologies University,
Almaty, Kazakhstan, E-mail: dairal@mail.ru
Sinchev B.K., International Information Technologies University,
Almaty, Kazakhstan, E-mail: sinchev@mail.ru
Rysbaiuly B.R., International Information Technologies University,
Almaty, Kazakhstan, E-mail: b.rysbaiuly@mail.ru

The process of pumping highly-viscosity and high pour-point oil during transportation through
main pipelines is a complex technological and technical task, which leads to its detail research. The
paper analyzes the information systems of main oil pipelines and the automation of hot oil pumping
process. The main goal of the research is to show possible ways of creating and designing control
and management systems for oil transportation through the main pipeline. Modern management
systems are divided by type of production, means and methods of processing. All software packages
operate offline and have their own input format, except that real-time monitoring and management
system. The analysis of automated control systems of the oil pumping process is carried out.
Automation of technological processes involves not only the creation of an automated workplace,
but also the protection of equipment from destruction. As a result of the analysis, it was shown
the necessity for create an automated information system that allows structuring numerous data
in the oil pumping process and monitoring the main technological parameters of the pipeline. The
research can be used for development of information systems for monitoring and controlling the

oil transportation process and creating a software product.
Key words: information system, automation, oil pumping process, temperature conditions.
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HedTEIPOBO/Ia  COIPOBOXKIACTCA KOJIOCCAJIBHBIMU 3aTpaTaMi M, B HEKOTODBIX CJIydasX,
BO300HOBJIEHHE [POIECCa TIEePEKAYKH MOXKET HPOJINTHCS JI0 HECKOJIBKUX MeCSIEB, 0COBEHHO
B 3uMHUI mepuon [1].

CoBpeMEHHBIC ~ TEXHOJOTUHM — IO3BOJISIOT — IIOJHOCTHIO — ABTOMATH3UPOBATH  IIPOIECC
IIePEKAYKH BBICOKOBS3KOI M BBICOKO3ACThIBAIOIIEH HEePTH, K KOTOPOMY IPEbIBIISIOTCS
noBblieHHble TpeGoBannsa. OHu 00yCIOBICHBI KaK CJI0KHOCTBIO CAMOTO IIPOIECCa IIePEKATK
ropstueil HedTH, TAK M BJIHMSHEEM PE3KHX IIePelaJioB TeMIepaTyp B ONPEJIEJCHHBIX MECTax C
PE3KUM KOHTHHEHTAbHBIM KJIMMATOM.

B nporiecce aBromaTmanyun HEOOXOIUMO H3MEPATH, KOHTPOJMPOBATH U PErYIHPOBATH
OCHOBHBIE ~ IIApAMETPhl ~ BCEIO  IPOIECCA  TPAHCIOPTUPOBKH — HePTH, CJICIUTH  3a
UX  OTKJOHeHHsiMH. IIpm  9TOM  BaxKHO MMeThb  BO3MOXKHOCTH — ABTOMATHYECKOIO
BKJIIOYEHU /OTKJIIOUCHHST OTJICJBHBIX arperaToB HACOCHBIX CTaHIMil ¥ 00OIpeB Ha DPa3HBIX
ydacTKax TpyOOLpPOBOJIA, PEryJInpOBaHUs 3a/[BUKKAMHE, a TakxkKe obecrednBaTh TpebyeMble
PEXKUMBI PabOTHI YCTAHOBOK, IyTEM MOJJIepKaiis Hanboee BaKHBIX [apaMeTpoB, Ha
3apaHee PACCYNTAHHBIX 3HAYCHUSIX.

UcciieioBanne TEXHOJOTHYECKOIO IPOIECCa TPAHCHOPTUPOBKK HedTH TPyOOIpoBoIa
BK/IIOYaeT B cebd  3ajaunm  aHajmsa  MHGOPMAIMOHHBIX — CHCTEM  MaruCTPaIbHBIX
HeTeIPOBOJIOB U ABTOMATU3AIMIO [IPOIECcca IlePeKauK HedTH.

[enbio Hacrosimeil pabOTHl  sIBJSETCS  HCCIeJ0BaHne UHMOPMAIMOHHBIX — CHCTEM
TPAHCIIOPTUPOBKH ~ HePTH  HEM30TEPMUYECKHM  MArUCTPAIbHBIM — TPYOOIPOBOIOM 1
ABTOMATU3UPOBAHHBIX CUCTEM YIPABJICHUS TEXHOJIOIMIECKUM IIPOIIECCOM MOPAYCH epeKaIKH
BBICOKOBSI3KOM 1 BBICOKO3acThiBatomieil Hedru. lannasi pabora Hpojo/KaeT MCCIe0BaHus,
npoBe/eHnsle B [1].

2 O630p JuTepaTypbl

[Ipu ana/m3e TEXHOJOTHYECKOTO IPOIEcca TPAHCIOPTUPOBKH HeTHU IO MaruCTPaAJIHLHOMY
TPyOOIPOBO/LY BBIAB/IEHA 3aBUCUMOCTDH (MEPEKTUBHOCTH IEPEKAYKH BBICOKOBA3KON 1
BBICOKO3ACTBIBAIOIEH HEPTHU IO «TOPAINM» HeMTEIPOoBoJaM OT BEPHO BBIOPAHHOTO PEXKUMA
paboThl HACOCHBIX CTaHIMII Ha BceM ydacTke. lIpexkie Bcero, 3TO ympaBjeHue u
KOHTPOJIb TEMIIEPATYPHOI'O PEKUMa IPOIecca MepeKadKn ropsadeil HepTu, aBTOMaTHICCKOe
peryJupoBaHie MapaMeTpoB paboTAIONMX HACOCOB M BKJIIOYEHHsI /OTKJIIOUEHUsT 000rpeBa
TpyGOIPOBOIa Ha HedTenepeKaunBaIONNX CTAHIUAX, O YeM CBUJIETEILCTBYIOT paboThl |2,
3,4,5,6, 7.

B OGosbmimacTBe  myOJIMKANMAX YKAa3aHO, YTO [PU  SKCIUIyaTalnuu HedTernpoBoIOB
BO3HUKAET P TPOOJIeM, CBA3AHHBIX C ropgdeil nepekadkoil HepT, Takue Kak, HapyIieHue
TEMIIEPATYPHOI'O PEKUMA, OTCYTCTBUE MH(MOPMAIMOHHBIX CUCTEM KOHTPOJIS U YIIPABJICHUSI
poreccoM Tpancnopruposku Hedru (2, 3, 4, 5, 6, 7, 8|.

B pesynbrare pe3Koro CHMKEHHS TeMIepaTypbl, OCOOEHHO B 3UMHHI IEPHO/L
BpPEMEHHU, BA3KOCTb HePTH U IOTEPH HAopa pPe3KO BO3PACTAIOT U HIPUBOAAT K
«3aKyHOPKHy» HEDTEIPOBOIA. DTO OOCTOATETHCTBO MIPUBOJIUT K HEOOXOMMOCTH TOBTOPHOTO
IyCKa, IIyT€BOrO TOJIOrpeBa HEMPTU U, COOTBETCTBEHHO, YBEJIMYCHUIO SHEPreTHYCCKUX U
9KCIUTyaTallMOHHBIX 3aTpar [6].

B kauecTBe 0O030pHBIX MaTEPUAJOB OBLIM PACCMOTPEHBI PAOOTHI 110 ABTOMATHU3AIUN
TEXHOJIOPMYECKUX TIPOIeccoB jiobban Hedru [2, 7, 8, 12, 18|, a rmakxke paboThl IO
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IPOEKTUPOBAHUIO ¥ SKCIuTyararyu Hedrenpososos (3, 9, 10, 11, 13, 14, 15, 17, 19].

Anams TeXHOJIOIIIECKOro IPOIecca TPAHCIOPTUPOBKY HedTH TPyOOIpPOBOIa BKIIOUAET
B cebsl M3ydeHrne TEeXHOJOTUH TPAHCIOPTUPOBKU HedrTu Tpybomposogom (2, 3, 4, 5, 6, 7,
8|, amasmsa MHMOPMAIMOHHBIX CUCTEM MArUCTPAJILHBIX HEMDTENPOBOJIOB U aBTOMATU3AINK
nporiecca nepekadku Hedru [2, 3, 7, 8, 9, 10, 11, 16, 20, 21].

HceeqoBanust HOKa3bIBAIOT, 4TO obecnedeHne GecrnepeboiiHoro u HeIpPephIBHOTO MPOIECea,
HepeKkadyku HedTH 10 MarucTpaabHOMY HeTelpOBO/LY UMeeT BaskKHOe 3HaUYeHUe B HeTAHON
npoMmeliuieHHoctn (2, 3, 4, 5, 6, 7).

3 Marepuana u MeToambl

Ha cerogusammauit jgenb BHeApeHue WHMOPMAIMOHHBIX CHUCTEM B HedTEra3oByi0 OTPac/b
IMUPOKO pacrupocTparerHo. CucTeMbl TO3BOJISIOT MOBBICUTH 3(MMEKTUBHOCTh JOOBITH U
nepepaboTKn  HepTU U  OCYHMIECTB/IAIOT OE30IAaCHOCTH IKCILIyaTalun HedTelpOBOIOB.
Opnako mepej; pa3paboTUYMKaMK BCerjla aKTyasbHa 3ajiada — aBTOMATHU3UPOBATH IIPOIECC
nepepaboTkn u nepekadku #HedTu. [log JaHHBIM TEPMHHOM MpEJIIOJATaeTCd HE TO
TOJILKO IIPOIECC TTPOC/IEZKUBAHUS TPAHCIIOPTUPOBKHU, a TaAKYKe aBTOMATU3UPOBAHUE TEILJIOBBIX
xapakTepucTuk Hedru [12, 22|.

B menmom cmcremy MOXKHO pazjennTh Ha JBa Kiaacca. ITO — UHMOPMAIMOHHO-
yupasigiomue  (MIYC) wu  amamurudeckue — undopmanmonnsie  cucremsl  (AWC).
Nndopmarmonno-ynpasisionias CUCTeMa BKJIIOYaeT B cedd almapaTHoe W IPOrpamMMHOEe
obecrievuenne, MOCPEJICTBOM KOTOPBIX, OCYIIECTB/ISAETCS KOHTPOJIb 3a IIPOIECCOM ITePEKAdIKHI
uHedru [23].

CoBpemennble  HeTENPOBOJIBI  OOOPY/IOBAHBI  ABTOMATH3MPOBAHHBIMU  CHCTEMaMU
mucrierdepckoro  Koutposisi u ynpasienust (CAKY). CHKY obecrieunsaer yupasieHue
TEXHOJIOTMYECKUME IPOIECCAME, MOHUTOPHHI COCTOsAHUsSI ODOPY/OBAHUS MAaruCTPAJIHLHOTO
wedrenposona (MHII), momaepKKy NUpPUHATHS PEIIEeHUN JUCIeTYEPOM, OlEePATHBHOE
BBISIBJICHIE HEIITATHBIX CUTYyallud, y4YeT KAUeCTBa U KOJUYECTBA IepeKadnBaeMoil HedTH.
[Ipu yuere, na ceprepe 6a3 mamubix CJ/IKY BemyTcst apXuBbl KypPHAJIOB BCeX COOBITUN 1
aBapwuil, a TaK»Ke TPEH/Ibl aHAJIOTOBBIX IAPAMETPOB.

KonTpommpyemble mapaMerpsl 1 padOTa TEXHUIECKUX aBTOMATHKN OOBEKTHOT'O YDPOBHS
MOXKYT Xpanuthbesd B 6aze panubix CHKY npakTuyeckn HeorpaHmdeHHOE BPEMS.

Oyukimun  CIHKY wMokHO pasjesnTh Ha TPU OCHOBHBIE YacTu: WHMOOPMAIMOHHBIE,
KOHTPOJIb U YIIPpaBJICHUE.

[Tox maHMOPMAIIMOHHO COCTABJISIIONIE TTOHNMAETCSI IIOCTABJIEHHBII I1epe1 pa3pabOTINKOM
dyHKIIMOHAJ cuCcTeMbI. Bo-TIepBBIX, TEXHOJIOINYECKOe IJIAHUPOBAHNE, YIIpaBJICHUE, KOHTPOJIb
TpaHcropTupoBkoii Hedru. [lepBoHava/LHO /I  KaXKJIONO yYacTKa MAaruCTPaJIbHOTO
HeTepoBO/Ia BLIOUpAETCH pe:KUM pabOThI, aJrOPUTM IepeXoJla MeXK/ly HUMU U CHHTE3
crieHapusi PabOTHI.

YipaB/ieHue MOYXKeT OCYIIECTBISETCs B IIEJIOM U HA OT/IE/IbHBIX yIACTKAX MaruCTPaIbHOrO
HedTENpoOBOIA: TPOMEKYTOUHBIX HACOCHBIX CTAHIUAX, PE3ePBYapHBIX IAPKOB, JTUHEHHO
YacTU, CPEJCTB JIOKAJILHON aBTOMATU3AINM, TeJIEeMEXaHUKH, KOHTPOJIJIEPOB arperaros,
PETYIATOPOB JIaBJIeHNs U pacxoa. 1pu riraBHble (Dasbl YIIPaBJIEHN: ONTATOBOE BBITOTHEHWS
CIieHApUsl, OTCJIEXKMBAHWUE OIepallid W TOTOBHOCTU K IIAry, BBIIOJHEHNE aJrOpPUTMOB
aBapUHON 3alUTHI y4aCcTKa.
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KonTpoJib MarucrpaabHOro HedTepoBoia HAUNHAETCA ¢ 00PabOTKH JJAHHBIX O COCTOSTHUN
00OpY/IOBaHUS, T.€. ITPOBEPKA HAJMYUS CBA3U C JATUYMKAMU W arperaraMiu, BepuuKarms
U3MEHEHHI W IapaMeTpoB, KOHTPOJIb COCTOSHUs PEryasaTopoB jaienud. Jlajgee cucrema
OCYIIECTBJISIET KOHTPOJIb PADOTHI 00OPYIOBAHUSA M PEXKUMa PAOOTHI yIaCTKa MarucTpajbHOTrO
nedrenpoBoga. Ha mamHoM sTame umaer cpaBHEHHE 3TAJOHHOTO U (PaKTHIECKOI'O COCTOSHUS
paboTol. B ciydae Kakux-jimOO OTKJIOHEHUI CHUCTeMa ITPUHUMAET peleHne ob aBapuitHoit
curyaruu. [locieanuii BuJ — KOHTPOJIb IEPEKAYKHM 110 MarucTpaJbHOMY HedTEIpOoBOILy
[IO/IPa3yMeBaeT COOTBETCTBUE ITOCTABOK HAMEYCHHOMY IIJIaHYy, KOPPEKTUPOBKY CII€HAPUSI
paboThl yIaCTKOB, y4ueT (DAKTUIECKUX 00bEMOB U YUET aBapUIHBIX CUTYAIUN.

CoBpeMeHHBIE CHCTEMBI YIIPaBJIEHNsT TPAHCIIOPTUPOBKON HeMTH pa300IIeHbl 10 BHAM
MOJIyYeHUsI, CpeJcTBAM U MeTojaM o0paboTku. Bce mporpaMMHbIe TaKeThl PabOTAIOT
aBTOHOMHO ¥ HMMEIOT COOCTBEHHBIH BxojHON dopMmar. VckmodeHunem sBisgeTcs cucTeMa
OIIEPATUBHOIO JMCIIeTYepcKoro Kourposis u yupasienus: (OIKY), paboratoinas B pexume
peanbroro Bpemenu. OJIKY u pacuerHo-anamuTuyaeckas u cupapodsoii cucrema (PAIIC)
SABJIAIOTCS TIOJICUCTEMAMU CUCTEMBI JIUCIIETYECPCKOrO KOHTPOJISI U YIIPABJICHUSI.

Cucrema O/IKY obecrieqnmBaeT aBTOMATHU3AIMIO MPOMECCA TPAHCIOPTUPOBKH HEPTH 1
BKJIIOUaeT B ceOd Takue (PYHKIMHU, KaK KOHTPOJIbL TEMIIEPATYPHOIO pPeKUMa TPYyOOIpoBojia
n yTeuek Ha HedTelpoBoje, CUTHAIU3AINME U ycTpaHeHue cOOeB B padoTe 000pYI0BAHUS
HACOCHBIX CTAHIUA W B CAMOM TEXHOJOTMYECKOM IIPOIECCEe, BBISIBJICHUE aBapHUITHBIX
CUTyaIuit, JUCTAHIIMOHHON yIIpaBIeHUEe CUCTEMOil, rpadudeckoe 0ToOpakeHne NH(MOPMAITIH
U aBTOMATUYECKOTO (POPMUPOBAHUE OTUETOB.

Bropas moxacucrema PAUC ocyrmecTBisier yder peskKUMOB pabOTBl MaruCTPabHOIO
HedTENPOBO/IA, ITPOBOJIUT PACUYETHBIE OIEPAIlUU U IMPEJIOCTABIIAET OIEPATUBHO-CIIPABOTHYIO
nuadopmanmio. bazoit ganHOil MogcucTeMbl siBysitoresas SQL-TexHo0rMN, ObecIIeUnBaIOIITe
KJINEHT-CEPBEPHYIO apXUTEKTypy. PacuerTHble 3aja4d MOTYT BBIIOJHATHCS IO 3aIllpOcaM,
CyTKaM WM ¢ IEePUOJIOM B JBa 4Yaca. i BBIIOJIHEHUS IIOCTaBJIEHHBIX 3aJad HEOOXOIUMO
cchopmupoBaTh (haityibl JIBYXIACOBOK — JIJIsl 3AIIOJTHEHHS U IPOCMOTPa 0a3bl JaHHBbIX, (daiiia
MEPEKJIIOYCHUN 1 OTKA30B arperaToB — IOCYTOYHO, ITPOM3BECTH PACUYEThl HApabOTOK arperaTon
3a CyTKH U IIepeKauKi HeTU TI0 JIBYXIaCOBKAM U ITOCYTOIHO. KpoMe 3TOro mpon3BecTH MOUCK
HEePEKJIIOYEHN /OTKA30B 110 3alPOCy U KOMMEHTHPOBAHUE MPUYKH [ePEKTIoUeHnii (0TKA308B )
000pPY/I0BAHUS HACOCHBIX CTAHIINMN.

B jwmcrmerdepckoM  NyHKTE Ha  9KpaHAX MOHHUTOPOB OTOOpayKaeTcs COCTOSIHUE
MarucTpajbHOro HedTElpoBOa, €ro OCHOBHBIE TEXHOJOIHYECKHEe U SHEPreTHIECKUe
napaMeTpol u 00OpyjoBaHHEe B BHUJE OOBEKTHO-OPHMEHTUPOBAHHLIX JIMHAMHYECKUX,
rpadUIeCKUX U TEXHOJOTHIecKnxX MHeMocxeM. (OHOBpEMEHHO MOXKHO Oy/IeT BBIBECTH
Ha 9KpaH HECKOJbKO TEXHOJOIMYECKUX CXeM Ha pa3HbIX ydacTKax TpybompoBo/ia.
Hucnerdep BbIOMpaeT Ty WM WHYIO TEXHOJOTHYECKYIO CXEMy C IOMOIIbI0 I'padudecKkoro
MEHIO, 00eCIIeYnBaloNil [TocIe0BaTeIbHBIA BHIOOP. A MPOCMOTP 3HAYEHUN Pa3JIUIHBIX
napaMerpoM HedTeImpoBoIa OCYIIECTB/IIETCS B Bujie IpadUKOB WM TPEHJIOB Ha SKPaHE
KOMIIBIOTEPA, TaM 2Ke 0TOOPaXKaI0TCAd MHEMOCXEMbI aBTOMATUKH 1 KAHAJIOB CBA3M OO HEKTHOTO
ypoBus. llojcucrema aBroMarmdecku (hOPMUPYET KYPHAJIbI, B KOTOPBIX PErUCTPUPYIOTCS
COOBITHS U aBapPUU KOHTPOJIA U YIPABIECHUsT O0BEKTHOI'O YPOBHSI.

Konrposb n ymnpapjienne TEeXHUIECCKUMH CPEJICTBAMHU MarucTPaJbHOTO HedTelpoBoIa
OCYIIECTBJISIETCSI  HEIIOCPEJCTBEHHO B IIPOIecCe TPAHCIOPTUPOBKKM HeMTH Ha OCHOBE
uHOpMAI, MPUHATOW OT CHCTEMBbI YIIPaBIeHUs OOBLEKTHOIO YPOBHA U CHCTEMBI
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tesiemexanuku. llpm 3TOM, BCce cHIHAJIBI aBapuu PErUCTPUPYIOTCH JUCHETIEPOM U
COLIPOBOXKJIAIOTCH CBETOBOI 1 3BYKOBOIl CUI'HAJIM3aIIUEH.

KouTpo/ib 10CTOBEPHOCTH U3MEPSIEMBIX IapaMeTpOB HeMTENpoBojJa 10 IHAIA30HY
JOMYCTAMBIX 3HAYEHUN OCYIIECTBAAECTCA CUCTEMON YIIpABJICHUA B PeEXUAME PeabHOTO
BpeMenu. [Ipu HecooTBeTCTBIM KAKOT0-JIN0OO TTapaMeTpa B IMPOIecce TPAHCIIOPTUPOBKY HeTH
TpeOyeMbIX 3HadeHuii, B cucreMe (GOPMUPYeTCs CHUTHAI cOOs WM aBapuu M Ha SKpaH
MOHHUTOPA BBIBOJUTCS COOOIIEHUE C yKa3aHUEM IapaMeTpa M ero TeKYIIero U JOMyCTUMOTrO
sHadennii. OIHOBPEMEHHO C 3TUM HJIET 3allICh B COOTBETCTBYIOIINI YKy pPHAJ.

Kpowme storo, OJKY moxer obecriequBaTh mpreM THGOPMAIIUIO OT CUCTEMbl KOHTPOJIS
TrepMeTUuIHOCTH Ha OCO6O OIlaCHBIX yYaCTKaX HerTerOBO,Z[‘a, C BBIBOJIOM Ha 9KPpaH MOHHTODPA
coobIenns 06 yTedke ¢ yKazaHueM Mecta yredku mim ydactka MHII.

[IpumepoM WCIIONB30BaHUS JIAHHBIX CHCTEM $IBJseTCs akimoHepHas kommaxnn (AK)
“TpancaedTb’, dBISIONIAsICSI OIEPATOPOM MarucTpajbHbIX HedTenpoBogoB Poccum.
Komnanwueit pazpaboTanbl MIPOrpaMMHO- allllapaTHble KOMILIEKCHI, TPOU3BO/ISAIINE 00PAOOTKY
nHpOpPMAINE HA BCEX Yy4YACTKaX MAIrUCTPAJIbHBIX HEMTEIPOBOJOB B IEJOM, U Ha KayKJIOM
B oTjesbHOCTH. [IpuyeM, oHM MOTYT HAXOJUTBHCH JIPYT OT JIpyra Ha OOJIBIINX PACCTOTHUIX
n obmarhcs MexKIy co0oil depe3 eauHylo cucrtemy cBasu. [losTomy Takme riodaJibHbIE
nH(MOPMAIOHHBIE CUCTEMBI CTPOSTC Ha 0a3e eIMHOI0 KOMILJIEKCA TEXHIIECKUX CPEJICTB.

3.1 ABTOMaTru3arus IIPOIECCOB

ABromaTuzanys TeXHOJIOTUIECKOTo Iporiecca Tpancnopruposku Hedbru MHIT npeamnoaraer
OCYIIECTB/IEHNE YACTUIHOTO, KOMILJIEKCHOTO WJIM IIOJTHOTO KOHTPOJIsI, VIPaBJICHUS U
perysupoBanusi. [iaBHasi 11e71b, 910 aBTroMaTHdeckKuil myck/ocranos MHII u obecredenne
OeCIIpepbIBHOTO TEXHOJIOTMYECKOT0 IPOIecca TPaHCHOPTHPOBKH HedTu. Jlnga mocTmkeHus
9TOI 1eJu HeoOXOJMMO pelleHne TaKuX 3aJ@ad KaK KOHTPOJIb U PEryJupoBaHue
TEXHOJIOTUIECKUX TIapaMeTPOB (TeMIIepaTyphl, PacXo/a, yYPOBHsI YKUJIKOCTHU, JIaBJICHUs U
T.IT), CHTHAJTM3AIIMsT COCTOSTHIS 000py/IoBaHust (KPAHOB, 3a/IBUKEK, HACOCOB, HAIDEBATEIbHBIX
9JIEMEHTOB ¥ T.JI) U ABAPUHHBIX CHUTyaluii, a TakyKe JUCTAHIIMOHHOE YIPaBJICHUE
yckom /ocranosom MHII.

Ha pwmec. 1 mnpencraBiena yHOpoIeHHas CcXeMa IPOXOXKJIeHWs WHMOOPMAIMOHHOTO
CUT'HAJIA MPU U3MEPEHUN TEeXHOJOTMYECKOro MapamMerpa. B KadecTBe JaTINKa UCHOJB3YIOT
peodPaA30BATE/I TEXHOJOIUIECKUX U SHEPIeTUUYECKUX IapaMeTPOB B HAIPsKEHUE WU
ToK. KOHTpOJLIED OCYIIECTBIISET HEPBUIHYIO 00pabOTKY CUI'HAJIOB, (PUILTPYET, IIpeodpasyer
AHAJIOTOBBIM curHaj B nudposoit Bug u T.i. OT KOHTpoJIepa, MudpoBOil KO 1O CeTu
HOCTYAeT Ha aBTOMATH3NpOBaHHOe pabouee Mecto (APM) omeparopa, Ha SKpaHe MOHUTODA,
KOTOPOT'O BUJIHBI BCE 3HAYEHUS MapaMeTpPOB.

M3MEpEHWE
Oat4mk g KoHTponnep

Y

APM onepaTopa

Pucynok 1: Cxema MpoXoxKIeHUsI CUTHAJIA B IIPOIECCEe U3MEPEHHSsT
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Cucrem peryampoBaHusi TEXHOJOTHICCKUMHU apaMeTpaMu IPOIecca TPAHCIIOPTUPOBKU
HedTH MpejicTaBisserT cobOif 3aMKHYTYIO cuUCTeMy yipasjieHusi. KoHTpoJuiep cpaBHUBaeT
MOCTYIUBIIIKE OT JATYMKOB 3HAYCHHS IAapaMETPOB C 3aJ[aHHbIMH 3HadeHusMu. Hcum
MIPOU3OIILIO OTKJIOHEHUE TEXHOJOTHYECKUX IapaMeTpPoB OOJIbINE JIOMYCTUMbIX 3HAYCHMUIA,
KOHTPOJLJIEP H3MEHSIeT ypPOBEHb BO3JIEHCTBUsI Ha OOBEKT YIIPaBJICHUsl, B COOTBETCTBHH C
YCTaHOBJICHHBIMI ajroputMamu [23].

B cucreme ynpapiieHHS TEXHOJOTHYECKUM ITPOIECCOM TIPEyCMOTPEHA BO3MOXKHOCTH
HePEeKTI0YeHs B PYIHON pexkuM paboTsl. B aTtom cirytaae ¢ APM oneparopa ocytiectsiisiercs
ITOJTHOE JINCTAHIIMOHHOE YIIPaBJICHUE PEryJIUPYIONUME 00beKTaMi, KaK IMOKa3aHO Ha pHC. 2.

U3MEpREHUE
L. k.
- -
Oat4mk KoHTponnep _ sapanve APM onepaTopa
-
MyckaTens perynMpoBaHue
WUCMONHUTENEHOrS [
MeXaHU3Ma

Pucynok 2: Cxema NIPOXOXKJI€HUsI CHI'HAJIOB B IIPOIECCE ABTOMATHYECKOTO U PYYIHOIO
YIPaBJICHUA

OTMmeTnm, d9TO JIACHETYEp MOXKET TOJaTh JMCKPETHBI  YIPaB/ISIONUi CUTHAJ
HA WCHOJHWUTE/NbHBI MeXaHW3M dYepe3 KOHTPOJLIEp, KakK I[0Ka3aHO Ha puc. 3.
3/1eCh  MCHOJHUTEIBHOE YCTPOHCTBO MOXKET HAaXOJIUTHCA TOJBKO B JBYX IOJOKEHUAX
OTKPBIT/3aKPbIT UK BKJIFOYEH / BBIKJ/IIOUEH.

MyckaTtens ynpaenedue
WUCNOMNHUTENBHOro (€ KoHTponnep B3 APM onepatopa
MeXaHW3Ma

PI/IcyHOK 3: CxeMma ViipaBJjieHudA JUCKPETHBIM CHUI'HaJIOM

[Tocsie Toro Kaxk jucrerdep M3MEHU yPOBEHL BO3JCHCTBUSA Ha PEryJUPYIONUH 00HEKT
cucTeMa JIOJIKHA JIaTh IIOJATBEP:KJIEHWE O BBINOJHEHHNH KoMaH bl JlamHoe cBOICTBO
HA3bIBACTCSA CUTHAJIH3aIMel cocrosguusi. CxeMa MPOXOXKICHUsT CUTHAJIOB IIPU CUTHAJIU3AIIN
COCTOSIHUS TIpeJicTaBaeHa Ha puc. 4. B To Bpems, Korja KomaHaa yupasienns ( BKJI/BBIKJ,
OTKDP/3aKp) ObliIa ycrenHo obpaboTana u rnepejiaHa IIPOUCXOANT cpabaThbiBaHe KOHTAKTHOIO
YCTPOMCTBA, 3aMBIKAIOIIEr0 TN PA3MBIKAIONIETro Iellb. /lajiee TUCKPETHBII CUTHAJ TTOCTY AT
B KOHTpOJIEp, KOTopblil mepemaer ero Ha APM. Pesynbrar mpormecca orobpazkaercs Ha
MHEMOCXeMe, MeHsIs [BeT 000PYI0BaHUs U BbIJaBas COOTBETCTBYIOIIEE COODIIECHHE.
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MyckaTtene
WCMNONHUTENEBHOro LHHANNIALAR KoHTponne » APM onepaTtopa
COCTOAHMA ponncy & e

MeXaHu3Ma

PI/ICyHOK 4: CxeMa IIPOXO2KACHUA CUTI'HAJIOB IIPpU CUT'HAJIM3allW COCTOAHUA

BaxHO OTMETUTB, UTO IIPH ABTOMATU3AIUN TEXHOJIOTMIECKUX ITPOIECCOB IIPEJII0IaraeTcst
3aluTa  00OPYJIOBaHUs OT pa3pylleHus, KOTOpas MOXKeT pPean30BbIBAThCd Ha 0Oaze
koutposuiepoB cucrteMmbl CJIKY. st HedTIHBIX 00BEKTOB, Tjie aBapus MOXKET [PUBECTH
K TAXKEJIBIM TIOCIEJICTBUASAM, CO3JIAI0T aBTOHOMHbBIE CHUCTEMbI ITPOTUBOABAPUUHON 3aIUTHI.
Onn pabGoTatoT B aBTOMATHIECKOM pEeKHMe, a IPU BO3SHMKHOBEHWN aBapUITHON CHTyaIlnw,
criocobubl  powsBectu noJiHblii  octanop MHII. Ha pwuc. 5 wmszobparkena crpyKTypHas
cxeMa ylIpaBJjieHHs [IPOTUBOaBapuiinoil cucreMbl. Vudopmarius 0 BKIIOUEHUN TAKUX CUCTEM
zamuThl nocrymaer Ha APM oneparopa, KOTOpbIit MOXKET OTMEHUTH 3aIlyCK CUCTEMbI WU
[IOJITBEP/IUTH €r0, YTO UJLTIOCTPUPYET.

Coop mepBuIHON HHMOPMAIMH OT OT/IEJIBHBIX yIACTKOB HE(TEIPOBOIa OCYIIECTBIISIETCS
POrPAMMUPYEMBIME KOHTPOJIJIEpAMU U XPAHUTCS B BUJIEC MACCUBOB JIAHHBIX B OIEPATUBHOI
aMsITH.

MyckaTtene > >
WCMNOMHUTENBHOro 3aumTa KoHTponnep APM onepaTtopa
MeXaHU3IMa o«

Pucynok 5: Cxema npoxXoxKIeHUs CUTHAJIOB B CUCTEMe aBapUWHON 3alluThI

Ob6mMmen nnaboOpMaImeil MexK/1y KOHTPOJIJIEPOM U CEPBEPOM OCYIIECTB/IACTCH € MOMOIIBIO
coobmennit. Ilpum 5TOM, KOHTpOJ/UIEDp BBIJAET CHUTHAJT IPH HU3MEHEHHH KaKOro-JuO0
IapaMeTpa BbIIIE JIOIYCTUMOIO 3HadeHus. B mporiecce paboThl COOOIEHNS 3allUChIBAIOTCS B
crienuaJIbHBIN Oydep HakalmmBaeMoil maMsaTu. Kpome Toro, B maMaTi KOHTPOJLIEPa BeJIeTCs
MacCCHUB, COJIepKaIil MHPOPMAIUIO O TEKYIIEM COCTOAHUHU TapaMeTpPOB.

B asromarmueckom pexkume c¢ JIIT moouepesno omnpammuBaeTcd KayKJIblii KOHTPOJLIED
B otrnejabHoctu. Jlasmee konTposuiep Qopmupyer makeTbl coobmienuit w3 Oydepa
TEXHOJIOTHYECKON MHMOPMAIINN U 30HLI WH(MOPMAIME O TEKYIIEM COCTOSHUU TapaMeTpPOB.
[TakeTnl mepejsiatorcs 1o kanasty cBsa3um Ha JIII m 3ammcbiBaloTcd B ollepaTwBHYIO 0a3y u
6a3y JaHHBIX apXUBHON wHMOpManun )kypraJsa. Oueparnsnas 6a3a JaHHBIX U KCTOPUICCKUT
JKyPHAJT MIPEJICTABIAIOT co00i HAOOP TAOJIUIL, COJAEPKAIINX OIEPATUBHYIO, HCTOPUUIECKYIO U
HOPMATUBHO-CIPABOYHYIO HH(MOPMAIIUIO O apaMeTpax CUCTeMbI [2].
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4 PesynbTaThl u 006Cy2XK/IeHUE

[IpousBenen anaym3 UHAOPMAIMOHHBIX CHCTEM MAIMCTPAJIbHBIX HE(PTEIPOBOJIOB U
aBTOMaTH3aIu mporecca mepekadkn HedTu. Vexoas n3 MTPOBEIEHHOIO UCC/ICIOBAHUS,
OYEBHJIHO, YTO OBICTPBIIl POCT MH(MOPMAIMOHHBIX TEXHOJOIUH TPUBOJUT K ITOCTOSHHOIM
PEKOHCTPYKIIUU CHUCTEM ABTOMATH3AINU, WHMOOPMAIMOHHO-U3MEPUTEILHBIX CUCTEM YUeTa
wedptu u T.i. B s10#t cBA3U cozganue mHMGOPMAIMOHHON CHCTEMbI W 0a3bl JAHHBIX JIJIsd
obecriedeHnsi MOHUTOPUHTA TEMIIEPATyPHOTO pexKuMa HedTernpoBoia CTAHOBUTCA OCOOEHHO
AKTYaJIbHBIM.

PesynbraTtom paboTbl sBJsieTcs JajibHeiinee co3janue UHMOPMAIMOHHONW CHUCTEMBI,
KOTOpas IMO03BOJIsIeT (PUKCUPOBATH IMapaMeTPhbl TEILIOBBIX IPOIECCOB, KOHTPOJIUPOBATH
mporecc mnepekadku HedTH, o0becrednBaeT BbISBJICHHE W YCTPaHEHWE HENOJIaI0K
000pPY/IOBAHUSI.

[IporpaMMHubIif  MPOJYKT AaBTOMATU3AIMK IIPOIEcca IepeKadku HedTH, BKIIIOYAET
OCHOBHBIE PE3Y/IbTATHI:

e Cucrema «BJIsieTCAd 3aKpPLITOl W JOCTYIIHA  TOJBKO  3apPEruCTPUPOBAHHBIM
MI0JIL30BATEISIM;

e BriBoj pe3ysibTaToB u rpaduka MaTeMATHICCKAsT MOJICIIN;

e BrIBOJI TEIIOBBIX MapaMeTpoOB B BHUJE I'PA(pPUKOB U TaOJINIIL;

e BhbIBO/I OCHOBHBIX ITAPAMETPOB MArUCTPAIBLHBIX TPYOOIIPOBOJIOB;

e Brisox napamerpos omosroit Hacocuo-Temmosoit Cranmuu (THTC);

[

BriBos mapamerpos [Ipomeskyrounoit Hacocuno-Tertosoit Cranmuu (ITHTC);

TabuIel BKIIIOIAIOT T0JI€ TOMCKa 3HAYEHUH, CODTUPOBKY IO KaXKI0MY CTOJIOIY, BHIOOD
OIIpe/IeJIEHHBIX CTOJIONOB /I OTOOPaKEeHNS U AJIbTEPHATHBHYIO CTPOYHYIO TaOJIHILY;

e Orobpazkenne KapThl HedTepoBoa U yuacTkoB mex 1y 'HTC;

e Obecrieuenne JTMHAMAYIECKOTO TIPEICTABIEHNs TAHHBIX;

e OopmupoBanne or4yeroB B pasandnbix dpopmarax (PDF, XLSX);

e VipaBjieHue 000PY/I0BAHUEM;

e llcropusa nuarnocTuku padoThl 000OpPYIOBAHUS;

e ObpaTrHasi CBSI3b U JIp.

B kauecTBe npumepa ObLT paspadboTaH OJIOK yIIpaBJIeHUS COCTOSHUEM ODOPY/JIOBAHUEM, a
UMEHHO JIBUTATEISIMU HACOCOB, KJIAIIAHOB U ITOJIOI'PEBATEIHLHBIX 9JIEMEHTOB.

[Tpu mazkarun Ha KHONKY True/False (BK/IIOUMTB/BBIKIIIOUATH) CHCTEMa ABTOMATHIECKH
ornpasiser 3anpoc Open Automation Software (OAS) cepepy, rjie M3MEHSIETCS CTATYC
ycrpoiicrsa (puc. 6).

Ha pwuc. 7 mupencraBinena crpanuna «Vcropum amarHocTukum — 0O0OPYIOBAHUS»,
[IOKa3bIBaIOIIasl TEKyIne M Ipeblayline u3MeHeHuss B pabore obopyaoBanug. [Ipu
HOPMAJILHOM PezKIMe PabOThI 00OPY/I0BAHNS, TEKCTOBBIE CTPOKH OKPAIIIEHBI B TOJTyOOil 1IBET.
OjHako, B cIydae U3MEHEHUs COCTOSAHUsT 0DOPY/I0OBAHMsA, TEKCTOBasg CTPOKA aBTOMATHIECKH
MeHseTcs Ha (HUOJeTOBbIN 1BeT. [ljas TOoATBep:KieHnsl CUrHaJIa TPEBOI'M HEOOXOIUMO
JIBOWHBIM IIEJTIKOM HaYKaTh Ha CTPOKY 0DOPY/IOBAHUS.

[Ipu BeIOOpE TTO3UIIN «OOpaTHOI CBA3MY», OTKPBIBAETCS MOJAIBLHOE OKHO, COAEPKAIIEE TI0
BBIOODY CIIUCOK JleficTBum Jiuist cBa3u co cuermajuctamu JII1. ITocste wero coorBeTcTByIOIIMit
TEKCT OTHpaBJsgercd Ha noury cueruasaucty 11

ISSN 1563-0277, eISSN 2617-4871  Journal of Mathematics, Mechanics, Computer Science, N.2(102), 2019



UccnenoBanne naGOPMAIHOHHBIX CUCTEM TPAHCIIOPTUPOBKU HEPTH . . . 65

@ Open Automation Softw:
P

48 namge @ b

[ Corfig -
Q localhost Is Running D@ | b | & Load | [ Save | (@) Start Runtime | (@) Stop Runtime | (2] Add Group |[53 Add Tag | o] CSV Import | 4 CSV Export 1]
Demo License with 30 days remaining
Network Node [ocathost V][ ssea  [[@] WCF Port @hw
Live Data Cloud | Fowardng ||| [ Classic NET Remoting Lo

g Ei:?"»::i: Ayra A1 TagName [vaive_aPHS_Uzen |
eat_MPHS_Arau

g Preheat_MPHS_Uzen T2 vae Uf Honvion | U vion | U Low | Y Lowtow | T oora | Y moc| S e

= Pump —

g Eump ;T;:gilve Deta Type [Bokn v @ []ResetVaetoFase i [ Trend Poirt
oy

Shee s sy

e [ 8l

S i Pr—"

1 Pump_MPHS _Atyrau
{53 Pump_MPHS_Uzen Eeankon ‘ @

-5 Ramp Units: [ ‘

.@ Ramp3 Document ‘ ‘
B - e T

- Random2 [ Enable Time On and Courts @

.@ Seconds [ Acknowledge Alam Groups & Mam Growps To Adk | | (@] e

sapoN pompy

¥

{5 Tank Level

2 Valve

{31 Valve_IPHS1
{21 Valve_IPHS2
-{E Valve_IPHS3
{3 vaive_IPHS4

=1 Valve_IPHS5
MPHS_Atyrau

23] Valve_MPHS_Uzen [P
S Ve | [Velve WPHS Uzen [ R¥  ApplyChanges

Pucynok 6: Cepep Open Automation Software

Search:

|

Alarm Date/Time Text Alarm Type

Preheat MPHS_Atyrau Digital Alarm Digital

o]

05/27/2017 02:28 pm

05/27/2017 02:28 pm Valve_MPHS_Atyrau Digital Alarm Digital

R

05/27/2017 02:27 pm Pump_MPHS_Atyrau Digital Alarm Digital

‘

05/27/2017 02:27 pm Preheat_IPHS5 Digital Alarm Digital
05/27/2017 02:27 pm Valve_IPH S5 Digital Alarm Digital
05/27/2017 02:26 pm Pump_IPHSS Digital Alarm Digital

05/27/2017 02:26 pm Preheat_IPH54 Digital Alarm Digital

QXX

05/27/2017 02:25 pm Valve_IPH 54 Digital Alarm Digital

05/27/2017 02:25 pm

K

Pump_IPHS4 Digital Alarm Digital

‘

05/27/2017 02:23 pm Preheat_IPHS3 Digital Alanm Digital

«Q

05/27/2017 02:22 pm Valve_IPHS3 Digital Alarm Digital

05/27/2017 02:22 pm

Q

Pump_IPHS3 Digital Alarm Digital

05/27/2017 02:22 pm Preheat_IPHS2 Digital Alarm igital

05/27/2017 02:22 pm Preheat MPHS_Uzen Digital Alarm Digital

QX

05/27/2017 02:20 pm Valve_IPH S2 Digital Alanm Digital

R
=]
5

05/27/2017 02:20 pm Pump_IPHS2 Digital Alarm ig

05/27/2017 02:19 pm Valve MPHS_Uzen Digital Alarm Digital

Q0

05/27/2017 02:18 pm Preheat_IPHS1 Digital Alarm Digital

Pucynok 7: Ucropust quarnoctuku o00py0BaHus

W3 mpoBesieHHOTO WCCJIEIOBAaHUST MOYKHO CJEJaTh BbBIBOJ, YTO IOSIBJIEHUE HOBBIX
TEXHOJIOTHIl W TOBCEMECTHOEe yBeJaudeHue 00bau HedTH, CIOCOOCTBOBAJIO IOBBIIMICHIIO
YPOBHSI aBTOMATU3AIMNA TEXHOJOIMIECKUX IPOIECCOB B HEDTSIHONW OTPACIH U CO3JIaHUe
IPUHIMNINAJIBLHO HOBBIX aBTOMATU3WPOBAHHBIX CUCTEM YIIPABJICHUA, IVIABHAS IE€JIb KOTOPBIX
- obecrieuenne OecriepeboitHON, HageKHONH U 3PdEKTUBHON padOThI MAruCTPaIbLHOTO
nedrenpoBoga. [Iporecc ropsueil mepekadky BHICOKOBA3KOM M BBICOKO3aCTHIBAIONIEH HeMTH
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OTJIMYAETCH BBICOKMMU TPEOOBAHUAMU, TPEIbABIdAeMble K TpaHncroprupoBke nedru MHII,
U UMeeT psiJi OCOOEHHOCTEl, CBA3AHHBIX C BJIUSAHUEM IIEPENaJioB TEeMIIEPATyPbl OKPY2KaroIieit
Cpespl Ha MepeKadKy HedTH.

5 3akJroueHue

B pesyapraTe TpPOBEIEHHOIO  WCCJIEOBAHWSA  aBTOMATH3AIMM  IIpOIecca  Topsdeif
IepeKavKN BBICOKOBA3KOM W BBICOKO3ACTHIBAIONIEl HedTH, W aHa m3a WHOOPMAIMOHHBIX
CUCTEM  MAIUCTPAJIbHBIX  HeMTENpPOBOJIOB, TOKa3aHa HEOOXOAUMOCTh B  CO3JAHUH
aBTOMAaTU3MPOBAHHON CUCTEMBI yIIpaBJIEeHUS], MTO3BOJIAIONIEN CTPYKTYyPUPOBaTH
MHOTOYHUCJICHHBIE JIAHHBIE B IPOIECCe IE€PEeKAYKU HePTU U [IPOBOJUTH MOHUTOPHUHT
OCHOBHBIX TEXHOJIOTHYECKUX ITapaMeTPOB HeTEIPOBO/IA.

Pazpaborka 10/00HO0#  CHUCTEMBI HUCIHOJIB3YET HOBbIE TEXHOJOIUU, CPEJCTBA U
MaTeMaTHIeCKHe METO/bl C IeJbI0 OCBODOXK/IEHMs dYeJIOBeKa OT yYacTHsl B IIPOIEeccax
HoJIydeHus, mpeodpaszoBanus, nepejadn nadopmarmu. Takxke mHOPMAIMOHHAA CHCTEMA
IIO3BOJISIET  TOBBICUTH ITPOM3BOJUTE]BHOCTh  TPYy/Aa, VAYUIIATH KadecTBO IIpoIlecca,
ONITUMU3UPOBATh yIPaBJeHNe, OTCTPAHUTH 4YeJIOBEKa OT IPOU3BOJICTB, OIACHBIX JIJIs
3/I0POBBAI.

B pesynabrate uccienoBaHus IUIAHUPYETCH paspadoTaThb WH(MOPMAIMOHHYIO CHCTEMY
KOHTPOJIA W yHOPaBJIEHWd IPOIECCOM Tropsdeil mepekadykn HedTU MarucTpaJbLHOrO
HedTernpoBoia, MOCTPOUTH MaTEMAaTUYECKYIO MOJIE/]b TEIJIOBOIO PEeXKMMa U Pa3zpadoTaThb
IIPOrPaAMMHBIA ITPOIYKT.
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4-60J1iM Paznen 4 Section 4
Koananbpliimagbl  IIpukiannas Applied
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IRSTI 27.37.17

Research of controllability of dynamical systems with constraints on control
using interval mathematics

Jomartova Sh.A., Al-Farabi Kazakh National University, Almaty, Kazakhstan,
E-mail: jomartova@mail.ru
Nikulin V.V., State University of New York, USA, E-mail: vnikulin@binghamton.edu
Karymsakova N.T., Al-Farabi Kazakh National University, Almaty, Kazakhstan,
E-mail: nkarymsakoval@gmail.com

The article is devoted to the actual problem of the mathematical theory of controllability. It
investigated the mathematical model of control, described by ordinary differential equations, taking
into account the restrictions on the control. As is known, the problem of finding controllability of
dynamic systems with phase and control constraints is still relevant. There are many approaches to
solving the determined problem. The classical control theory is being modified today and it finds
new methods for solving problems of controllability, optimal control and stability, the solutions
obtained. In the course of studying the controllability of a dynamic system, the authors applied
interval mathematics, which made it possible to obtain an effective controllability criterion for
dynamic systems with phase and control constraints. This method is applicable for a certain class
of problems in which the data are described by the normal distribution law.

The constructiveness of the proposed criterion is demonstrated in two examples. The first is a
model problem described by 2-nd order equations. The second is an electromechanical tracking
system of an automatic manipulator, described by equations of the 3rd order. Thus, for dynamic
systems, we obtained a sufficient condition for controllability.

Key words: criterion, controllability, control, interval mathematics, dynamical systems, interval,
interval vector, differential equation.

VHaTepBaiibl MaTeMaTUKAHBI KOJIJIAHA OTBIPHIN, DacKapyFa MIeKTey KOWbIIFaH Ke3aeri
IUHaAMUKAJIBIK, XKYhJaepaid 6acKapblLIyblH 3€pPTTEY

Jxomaprosa II1.A., On-Papabu areiagarsl Kazak yiTTelk yHuBepcuteTi, Asmare! K., Kazakcramw,
E-mail: jomartova@mail.ru
Huxymus B.B., Heo-Vopk mransmss Menmtexerrik yausepenreri, AKIII,
E-mail: vnikulin@binghamton.edu
Kapsivcakosa H.T., Oin-®Papabu areiparst Kazak yarreik yausepcureri, Anvars K., Kazakcran,
E-mail: nkarymsakoval@gmail.com

Becrauk KasHY. Cepusi maremaruka, Mexanuka, naopmaruka, N.2(102), 2019



70 Jomartova Sh.A. et al.

Makana OackKapy/blH MaTeMaTHKAJBIK TEOPUSICHIHBIH ©3€KTi MoceseciHe apHayran. 2Kone
MakaJaga — KapanalbiM - IudOEpeHINAIbIK, — TEHJACYJAePMEH  CHMATTAJIFaH  OACKADPYIbIH,
MaTeMaTHKAJIBIK, MOJIEN, backapyra KATBICTBI MEKTEYIepIl eCKepe OTBHIPBIN 3epTreseai. bemrimi
Oosrramail, (a3ablK IMEKTEyIepMeH KoHe OacKapyra KATBICTHI IeKTeysepi 6ap AUHAMUKAJIBIK,
KyitesiepiiH, 6acKapbUIyblH Taby IpobsieMachl Ka3ipri yakbITTaja MaHbI3AbL. ATajfaH MoCcejeHi
HIENTYIiH TYPJii 2Kojaapsl 6ap. Kiaccukasibik 6ackapy Teopusichl OYIiHIT TaHJIa ©3repTuIyIe KoHe
bGacKapyIblH, OHTANIBI 0ACKAPY/IbIH 2KOHE TYPAKTBUIBIKTHIH, AJBIHFAH MIEMNMIEP/IiH MOCeIeIepin
MIENTYIiH YKaHA 9JicTepl TaObLIyAbl. InHaMuKaJIbIK KyHeHiH 6aCKapPbLIYybIH 3epTTEy OaPBICHIHIA
aBTopsap Ga3aJblK KoHe OacKapyra KOULLIFAH IIeKTeyjepi 6ap JMHAMUKAJBIK Kyieaep yIIiH
TriMIl OACKApBLIATBHIH TaJalKa KOJ KEeTKi3yre MYMKIHIK OepeTiH MHTepBAJIbI MAaTeMaTUKAHDI
KOJIJTaHIbI. Byt 9/1ic KapanaiibiM TapaJiy 3aHbIMEH CUTIATTAJIATHIH apHANDBI ecenTep TOOBIH MIeNTyTre
apHAJIFaH.

YcoiubuIran KpuTepwii €Ki MbIcasa KepceTiaren. Bipimmiici — 2-mi perTik TeHmeyaepMeH
CHUIATTAJITAH MOENIBIIK Mocese. Exinmrici - 3-m1i perTi TeHaeyaepMeH CUMaTTAIAThIH aBTOMATTHI
MAaHUITYJISITOP/IBIH, JIEKTPOMEXaHUKAJIBIK, KaJlarasiay Kyiteci. Ocpuraifina, JUHaAMIKAJIBIK, KYiieaep
VIIiH 6acKaAPY/IbIH KETKITIKTI MAapThl AJTbIHIbI.

Tvyiiin ce3xaep: kpurepuii, OakblIay, WHTEPBAJJIBl MATEMATUKA, IUHAMUKAJBIK Kyiienep,
WHTEPBaJI, HHTEPBAJIIBI BEKTOD, AuddepeHInaiibl TeHIEY.

ViccienoBanue ynpaBiisieMOCTH OUHAMWYECKUX CHUCTEM MPU HAJIWUYUAU OTPAHUYIEHUS HA
yIpaBJ/IeHUsI C IPUMEHEHNEM NHTEPBAJIbHON MaTeMaTUKU

Ixomaprosa I11.A., Kazaxckuit HarmoHaabHbIH yHEBepCcuTeT nMeHn ajib-Papabu, 1. Anmarsr, Kazaxcram,
E-mail: jomartova@mail.ru
Huxymur B.B., Tocynapcrsennsiii yansepcurer mrara Hero-Mopk, CITIA,
E-mail: vnikulin@binghamton.edu
Kapoivmcakosa H.T., Kaszaxckuii HallmoHa IbHBIN yHEBEpCUTET uMeHU ajib-Papabu, r. Anmarsr, KazaxcraH,
E-mail: nkarymsakoval@gmail.com

CraThsi TOCBSIEHa aKTyaJbHON mpobjieMe MaTeMaTHIeCcKON Teopuu yrpasjiasgemocTtu. B
Hell WCCjIeOBaHA MaTEeMATHYECKas MOJeb YIIPABJIEHUs, ONHUCHIBAEMas OOBIKHOBEHHBIMU
nuddepeHInaIbHBIMI YPABHEHUSIMH, YIATHIBAIONIAS OTPAHIYEHNS Ha yIIpaBienne. Kak n3BecTHo,
npobyieMa HAXOXKJEHUsT YIPABIIEMOCTH JUHAMUIECKUX CHCTEM C (Pa30BBIMU OT'PAHHMICHUSIMU
¥ OIPAHWYEHUsIMA Ha YIPaBJEHUE IO CHX IIOP OCTAeTCs akTyajbHO#. CylmecTByeT MHOYKECTBO
MOJAXOJ0B K PEIIEHUI0 Ha3BaHHOW 3ajadu. Kiraccudeckass TeOopusl YIPABJICHUS CErOTHS
MOIMMDUIIAPYETC W HAXOAUT HOBBIE METObI PEIeHMs 3a7ad YIPABISIEMOCTH, ONTHMAJIHHOTO
VIpaBJIEHUS W YCTONYMBOCTH, IOJYyYEHHBIX pelreHnii. B Xome wucciemoBaHus yrIpaBIseMOCTH
JUHAMHUYECKOIl CHCTEeMBbl aBTOPBHI IIPUMEHMJIN WHTEPBaJIbHYIO MaTeMaTHKy, KOTOpas IIO3BOJIIJIA
MOJIyIUTh 3MDQPEKTUBHBIN KpUTEPUl yIIPABJIIEMOCTH JIMHAMUYECKUN cucTeM C (a30BBIMU
OT'PAHUYCHUSIMH U OTPAHMYCHUSIMH Ha, yIpaBjieHusd. JlTaHHbII METOI MPUMEHUM I OIIPEICICHHOTO
KJjacca 3aJia9, B KOTOPBIX JIAHHBIE OIMCHIBAIOTCA HOPMAJbHBIM 3aKOHOM PacIpe/eIeHUs.

KoHcTpyKTUBHOCTD TIPEJIOKEHHOTO0 KPUTEPUS JIEMOHCTPUPYETCs Ha JBYX npumepax. Ilepsorit —
MOJIeJIbHAS 33/1a9a, OIMCHhIBAeMasl YPABHEHUSIMU 2-T0 HOpsi/iKa. BTopoil — 3jieKTpoMexaHndecKas
cJIeIAIAsl CUCTEMA aBTOMATUYECKOIO MAaHUITYJISTOPA, OIUChIBAEMAasl YPaBHEHUSIMU 3-T'O IOPSIKA.

Takum 06pasoM Jjist JUHAMUYIECKAX CHCTEM IIOJIYyYH/IN JTOCTATOYHOE YCJIOBHUE yIIPABJISEMOCTH.
KiroueBble cJioBa: KpuTepwii, yIPaBISA€MOCTb, yIpAaBJEHNE, WHTEPBAJbHAS MAaTEMAaTHUKA,

[QUHAMAYECKNE CUCTEMbI, HHTEPBAJI, HHTEPBAJIBHBIN BEKTOD, aAuddepeHInaibHoe yPaBHEHNE.

1 Introduction

The need to obtain effective criteria for ensuring the transfer of a dynamic system from a
certain initial state to the desired final state for a certain period of time is an urgent task.
For example, the inability to transfer electric power system after the electric circuit (or other
emergency) the operating mode for a particular time interval leads to large economic losses.
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The above technical problem in mathematical control theory is called the problem of con-
trollability [1].

The main approaches used in the mathematical theory of controllability imply the accuracy
of the presentation of the initial data. However, in real dynamic systems physical parameters
are measured with some error related to wear and operating conditions (temperature, etc.).
To take into account these features, you can use the new direction of computational mathe-
matics - interval analysis, the main idea of which is to replace arithmetic operations and real
functions on real numbers with interval operations and functions that convert the intervals
containing these numbers [2|. The use of the “classical” interval analysis in solving the prob-
lem of controllability of dynamic systems makes it possible to obtain a criterion of guaranteed
stability. However, these solutions are obtained “super-sufficient”, which in practice is a strict
limitation. In work [3] “practical” interval mathematics was introduced, which allows one to
expand the field of application (with appropriate restrictions on the systems under study).
Interval analysis is currently actively developing in many countries. Initially, interval methods
appeared as a means of automatic control of rounding errors on a computer and later turned
into one of the sections of modern applied mathematics. Interval methods have long gone be-
yond a purely theoretical study and are widely used in practice with the help of appropriate
software. As a result, there were interval arithmetic, interval algebra, interval topology, inter-
val methods for solving problems of computational mathematics, optimal control, stability,
etc. [2].

In scientific research, technology and mass production, it is often necessary to measure any
values (length, mass, current strength, etc.). When repeating measurements of the same ob-
ject, performed with the same measuring device with the same care due to the influence of
various factors, the same data is never obtained. Such factors include random vibrations of
individual parts of the device, physiological changes in the sensory organs of the contrac-
tor, various unaccounted changes in the environment (temperature, optical, electrical and
magnetic properties, etc.). Although it is not possible to predict the result of each individual
measurement in the presence of random dispersion, it corresponds to the “normal distribution
curve”. In this case, the bulk of the results obtained will be grouped around some central
or average value of a, which is answered by an unknown “true value” of the object being
measured. Deviations in one direction or another will occur even less often, the greater the
absolute value of such deviations, and are characterized by the value of ¢ - the standard
deviation. On the section from a — o to a+ o the share on average is equal to 0,6287 (68,27%)
of the total mass of repeated measurements. Within the limits (a — 20, a + 20 ) an average
of 0,9545 (95,45%) of all measurements is placed, and in the area (a — 30, a + 30 ) - already
0,9973 (99,73%), so, only 0,0027 (0,27%) of the total number of measurements goes beyond
the “three lung” limits, i.e. insignificant share of them.

“Classical” interval arithmetic assumes that all values of the interval are equally probable.
Therefore, all the results obtained with its help encompass all possible values and are “super-
sufficient”.

We introduce the formal concept of the interval a in the following form:

a=1lla—c¢eqa+e]] = (a,e,)
where a - the middle of the interval (or the mathematical expectation), ¢, - interval width

(or variance). Denote the set of all such intervals as Iy, (R).
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Let a, b, ¢ are intervals from I, (R). We introduce the following interval arithmetic operations
(assuming that the intervals are independent normally distributed quantities):

1. Addition of two intervals a,b € I ep,(R) : ¢ = a + b,

¢=a+b, €. = /€2 + &2,

2. Subtraction of two intervals a,b € Iep(R) : ¢ =a — b,

=a—0b, €. =1\/€2+ €3

3. Multiplication of two intervals a,b € Iep(R) : ¢ = a % b,

F—2a-b — /7222 4 p222
c=a-b, €. = ¢/ a*cy + b%e2.

]

reverse interval a,b € L, (R) 1 ¢ = 1;
1 _ Ca
c e w
4. division of two intervals a,b € Ip(R) : ¢ =+
a =522 2
__a _Jale; | €2
T eV T

For the numerical computation of interval expressions developed software that allows you
to operate as classical interval arithmetic [2]|, and interval arithmetic, introduced in the
paper [3,4] (taking into account the uneven distribution of values within the interval).

2 Literature review

Management problems in various areas of scientific research have been relevant for a long
time, today we are exploring various objects for which it is necessary to find the required
management.

The classical theory of control of multidimensional systems [5,6], which was actively devel-
oped in the 20th century, is being modified and strengthened in new, expanded problems.
One of the current trends is the construction of models of controlled systems with a priori
taking into account the uncertainties arising in the input data and parameters.

In this article, we consider one of the classical problems of control, the problem of control-
lability of dynamic systems [7], based on the ideas of interval analysis actively developing
from the second half of the 20th century [8,9].

The complexity of real objects often does not allow us to give an exact model description of
the object. Thus, the uncertainty was originally incorporated into the model under study. In
such systems, controls are used to satisfy a certain, often extreme, criterion that specifies the
characteristics (properties) of the system that are desirable for the user. The construction
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of managements adjusted for accounting for uncertainties is a current, actively developing
area of research [10-13|. Recently popular interval analysis methods, which suppose known
changes to the boundaries of segments (intervals) of parameter changes, are actively used in
control problems. In [14], interval methods in control theory were divided into the following
groups:

Methods based on the use of the apparatus of sensitivity functions, the frequency rep-
resentation of the object [12,15,16].

Methods with infinite gains [17]

Adaptive methods [18].

Methods of modal control [19-23].

Optimal control [24,25].

One of the disadvantages of using interval analysis: the operation of interval multiplication
greatly expands the interval [9], which overestimates the degree of uncertainty of the initial
data in the calculation process when solving a problem. The second significant disadvantage
is that in many cases, building control requires the condition of complete controllability for
all independent realizations of the system’s interval parameters.

To address these shortcomings, various approaches are used [26-32]. The control constructed
for the deterministic system is applied to the interval system. Based on the analysis of the
beam [13] of the trajectories of a closed system, estimates are made for the size of the in-
tervals, which preserve the required properties of the constructed control as a whole for the
interval system.

Pros of the variational approach. First, conventional deterministic methods of solution are
used that do not involve the apparatus of interval arithmetic, which leads to simpler algo-
rithms from a computational point of view. Secondly, the requirements of controllability are
usually put forward only with respect to the chosen deterministic system, which is a much
milder condition compared with the requirement of controllability for all systems from the
allowable intervals.

The disadvantage of this approach is the overestimation of estimates when constructing the
external approximation of the beam of trajectories of the interval system, and, as a result,
the narrowing of guarantees for the fulfillment of the criterion. Such an approach is suitable
only for fairly small initial uncertainty intervals. Our approach to the use of interval analysis
allows us to obtain an effective controllability criterion for dynamic systems with a control
constraint.

3 Materials and Methods

3.1 Formulation of the problem

The control system described by the following linear ordinary differential equations

& = Az + Bu, (1)
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where A —n x n - constant matrix, B —n - dimensional constant vector, x —n - dimensional
vector of system state, u - scalar control.
The following restriction is imposed on management

ll S U(t) S l2, te [O,T] . (2)

The task is to determine whether there is a control that satisfies the restriction (2) and
transfers the system (1) from the initial state

z(0) = o (3)
to the final specified state
2(T) = a1 (4)

for a fixed time T

The study of the problem in the presence of restrictions on the management of the forms (2) is
of some interest, since there are still no effective criteria [1]. In addition, the results can be used
in solving practical problems of optimal control of systems described by ordinary differential
equations with fixed ends and restrictions on the control actions. In particular, equations of
the form can describe robotic or electric power systems, where the coefficients of the matrix
and vector are determined through parameters (such as weight, metric characteristics, inertia,
etc.), which are usually calculated with some error.

3.2 Application of interval analysis to obtain the criterion of controllability

In recent years, such a direction of computational mathematics as interval has been devel-
oped, that operate not with numbers, and intervals (which allow to take into account the
error of the initial data) [2].

Next, we apply the results of interval mathematics to the problem of controllability. If
O(t,7) = 0(t) - 671(7), where 0(t) = e?* - the fundamental matrix of solutions of the system
described by a homogeneous vector differential equation

T = Ax. (5)
Introducing the notation:

114—12 12_11
U=+ 5 5

Then the system (1) can be represented as

L+ 1y

©=Ax+ B + Bu, (6)

Where
—L S U(t) S L,Vt € [to,tl] . (7)
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The solution of equation (6) can be represented as

2(1) = DL, to)a(ty) + L2

/ (1. 7)Bdr + / (1 7) Bo(r)dr. (8)

to to

L+l (T

®O(t,7)Bdr, f(r)=D(T,7)B.

0
Then the problem of controllability is reduced to the existence of the solution of the integral
equation

Introducing the notation y; = x1 + ®(7,0)zg —

U1 —/0 fi(r)v(r)dr, 9)

satisfying the condition (7).
To solve this problem, we apply the results of interval analysis [2].
Replace the integral in the right part (9) with the next

h:Zfiviwheren:%, h>0, —-L<vw<L, i=1,n.
i=1
Denote by f; = (fi,0) — the interval centered in f; and radius of 0, ¥; = (0, L) - the interval
from —L to L [2].
If i = 1. Calculating f;v; = (0,]|f1, L|) - the interval with the center at point 0 and radius
of |f; * L|, here all arithmetic operations are performed according to the rules defined for

interval calculations |[2].
Obviously multitude

{hfivi|Vv1 € (=L,L)}
same as interval
R(0,|f1L]) ¥h > 0.

By the method of mathematical induction it can be shown that the set of

{hZfiVi | Vvi € (—L,L),i = L_n}
i=1
same as interval
i=1
It can be seen that the set
T
[ soneir vy e e o)
0
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T
same as interval y, = f(T)vdr, where all arithmetic operations are performed using

interval calculations [2].

Thus, the following theorem is proved.

Theorem. In order for the system (6)-(7) to be controllable, it is necessary and sufficient that
the vector belongs to the interval vector ys.

For numerical modeling in Pascal language the software is developed, which implements
calculations of the proposed criterion and uses the library of interval calculation [4].
Lemma (Gronwall-Belman) [5]. If a scalar continuous function z(¢) and g(t) > 0 satisty the
inequality

z(t) < at) +/O g(s)x(s)ds, t>0,

where «(t) — some non-decreasing function. Then

2(t) < a(t)ezp ( /0 t g(s)d5> |

Applying the Gronwall-Belman Lemma to the problem (1) and (4) we obtain the following
inequality

t1

lofel < el + [ 1B ur)dress ( [ 14 df) . (10)

n
Choose as the norm of the vector ||z| = Z|:cz| and the norm of the matrix [|A| =

i=1
n

max (Z \aij|> :

1<j<n
i=1

3.3 Verification of the obtained controllability criterion with examples

Example 1. The second order system is considered as an example

x'1:3x1+2:c2+u
:ﬁzle—xg—u,

(11)
when partial conditions

To — (1, 1) to = O, tl = 1. (12)
The conditions for management and endpoint will vary.

a)if — 1.5 <wu(t) <1.0, telo,1]. (13)

39.97,17.99)
(9.33,7.50) )

Calculate the value of the interval vector y, = ((
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Substituting the values of the example parameters in (10) we get ||z (t)|| < 4e* =~ 218, 3.
Consequently, when z; = (109, 110)* according to the Gronwall-Belman Lemma, the system
(11)-(13) is not controllable, i.e. there is no control satisfying the restriction —1.5 < u(t) <
1/0 and translating system for time 1 of point xy = (1,1)* into the point z; = (109, 110)*.
Applying the proposed criterion, we obtain that the vector z; = (109, 110)* does not belong
to the interval vector ys, since 109 > 39.97 + 17.99 and 110 > 9.33 + 7.5, that means there is
no controllability for both variables.

b) at the point z; we take the solution of the Cauchy problem (11)-(12) at time ¢; at man-
agement u = 0, which satisfies the restriction (13): z; = (41.13,9.43).

Applying the proposed criterion, we obtain that the vector belongs to the interval vector s,
since 39.97 — 17.99 < 41.13 < 39.97 + 17.99 and 9.33 — 7.50 < 9.43 < 9.33 + 7.50, i.e. the
system is controllable.

Example 2. A system of equations of the third order of the form (1) describing the state
of the circuits of an Electromechanical tracking system of an automatic manipulator is
considered [5], where © = x(t) = (ia(t),2(t),0(t))* — the state vector of the system,
u=u(t) = (Qo(t),0(t))* — control input vector-system signal, with restrictions

I <u; <17, i=1,2; te [t t], (14)
_ (T%{ 4 kockg:Rm) _ (f_ﬂ X klkzﬁkm) _klkZ:kn _klkg:kp klkg:kn
A= kM _1 0 , B = 0 0
J T
0 1 1 0 0

Numerical values of matrix coefficients A and B depend on parameters and structure of the

tracking system.
If

o= (1,1,1) (15)

T=1,
Ty =2 Ly=3, koe=1, kyy =15, Ry =11, ke =2.1,
ki =01, kyp=2, kn=4, kp =6, J =5, Ty = 4.

Then the system of equations (1) is represented as
1y = —1.05%,; — 0.802 — 3.00 — 3.0Q + 2.00,,

Q = 0.4, — 0.25Q,
6=0Q+6.

Setting a constraint on the control vector u = (Qy(t), 0o(t))* in form
04<Q <06, telo,1]. 16)
025 <6, <125, telo,1].
(4.94 12.29)
Calculate the value of the interval vector y, = | (0.14 1.62)

(4.33 5.87)
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Substituting the values of the example parameters in (10), we obtain
|z(1)]] < (34 3% 1.85)e* ~ 466.6

Then at x(1) = (160,160, 150)* the system is not manageable, i.e. there is no manage-
ment of the translating system in time 7" = 1 from the point (1,1,1)* to the point
z(1) = (160, 160, 150)*.

4 Results

Applying the proposed criterion, we get that the vector z(1) = (160,160, 150)* does not
belong to the interval vector y,, as 160 > 4.94+12.29,160 > 0.14+41.62 and 150 > 4.33+5.87,
that means there is no controllability for the three variables.

As the point z(1) we’ll take the solution of the Cauchy problem (1) at a time 7" at management
u = 0, which satisfies the restriction (16), then z(1) = (—4.87,0.12,4.1)*.

Applying the proposed criterion, we obtain that the vector belongs to the interval vector s,
as 4.94 — 12.29 < —4.87 < 4.94 +12.29,0.14 — 1.62 < 0.12 < 0.14 4+ 1.62 and 4.33 — 5.87 <
4.1 < 4.33 + 5.87, that means that the system is manageable.

5 Conclusion

For a linear control system with limited control on the basis of interval mathematics, a
controllability criterion is obtained. A feature of the obtained criterion is its algorithmic con-
structiveness.

Results of numerical calculations show the effectiveness of the proposed controllability crite-
rion and the possibility of their application in practical applications.
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Cluster analysis application in the compulsory insurance of civil-legal liability of
the vehicles’ owners
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With an increase in flow of the processed and stored information in insurance organizations in
Kazakhstan, associated with the building of customers’ base, mergers and acquisitions process-
es and implementation of the new insurance products; the relevance of the problem of prelimi-
nary information processing for its structuring, allocation of distinctive attributed, generalization
and sorting grows. Without appropriate scientific and methodological approach, data processing
and analysis will be more difficult for insurance organizations and, may require the utilization
of significant informational-computing and financial resources. In the present article as a modern
scientific-research approach to the solution of this problem, it is suggested to apply a procedure of
the cluster analysis by k-means algorithm, which makes it possible to simplify the processing and
further analysis of data set by arranging data in relatively homogeneous groups. Particularly, the
present article describes a process of the cluster analysis application by the k-means algorithm to
the data on losses by a class of Compulsory insurance of civil-legal liability of the vehicles’ owners.
The purpose of the present article is to split the losses by this class of insurance into homogeneous
qualitative groups (clusters) based on frequency and severity of losses and, to interpret acquired
clusters. Results of the k-means algorithm confirm that each acquired cluster has statistically sig-
nificant data with similar impact upon losses’ process, which may be employed in the future for
evaluation of losses of the insurance organization. Methodological approaches and results obtained
in this article will, first of all, be interesting to the professional participants of insurance market
of the Republic of Kazakhstan to conduct better underwriting research on the formation of the
efficient structure of the insurance portfolio of Compulsory insurance of civil-legal liability of the
vehicles” owners in accordance with tariff rates.

Key words: cluster analysis, unsupervised machine learning, k-means algorithm, insurance, un-
derwriting analysis.
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Kazakcrangarsl cakTaHIbIpy YHBIMIAPBIHIA OHJIEIETIH YKOHEe CAKTAJATBhIH aKIapaT arbIHBIHBIH,
ocyiMeH, OHBIH, iImiHIe KJANEHTTIK 06a3aHbl apTTBIPYMEH, Oipiry 2KoHe CiHipy mpolecTepiMer
JKOHE JKAaHA CAKTaHIBIPY OHIMJIEPIH eHri3yMeH OailIaHBICTBI, AKIApPaTThl AJJIBIH ajla OHIEY
pobJIeMaJIaPbIHBIH, OHbI KYPBLIBIMIAY, CHIATTHI OeJsrijiepdi 0eJry, KOPBITY KoHE CYpPBIITay
VITiH e3eKTimiri ecyme. TwicTi FpUTBIMU KoHE OJIICHAMAJBIK TOCIJICI3 NEepeKTep/li OHJIey KoHe
TaJgmay TpOIeci CaKTaHABIPY VYHBIMIAPHI VIMH HEFYPJAbIM KHBIH OOJBII TaObLIyAa YKOHE
ejleyJli aKIapaTThIK-€CEeNTey KOHe KapKbl PeCypCcTapblH TaiijlajiaHy TaJjal eTiyl MYMKiH.
Byn makanama ochl mpob/ieMaHbl IMENTY/IiH Ka3ipri 3aMaHFbl FLLIBIMU-3€PTTEY TOCLII peTiHge
CAJIBICTBIPMaJIbI OIPTEKTI TONTapFa JIepeKTep/ii peTTey KOJIbIMEH JIepeKTep MACCUBTEPIH OHJey/I
JKOHE OJaH opl Tajfaylbl KEHIIIeTyre MyMKIHIK Oeperin k-opramma omiciMeH KjacTepiik
Tajiay pociMiH maiimanaHy yChIHBUIAABL. Atan  afiTKaHIa, MaKaJaja  KeJIK KypaJapbl
WeIepiHiH a3aMaTTHIK-KYKBIKTHIK, KAyAITKEPIIITiH MiHJIETTI CAKTaHIBIPY CHIHBIOBI OOWBIHIIIA,
IIBIFBIHIAD 2KOHIHJEr JiepekTepre k-opTaia 9iciMeH KJacTepJiK Taaaayabl KOJIIaHy IIpoIieci
cumnaTTaaabl. MaKaJaHblH MaKCaThl CAKTAHJIBIPYIBIH OCHI CBIHBIOBI OONBIHITIA IIBIFBIHIAD/IHI,
NIBIPBIHJAPABIH, KULIL MeH aybIpJbIFbl Herizinge GiprekTi camasbl TonTapra (KjacrepJepre)
GeJty KoHE aJIbIHFAH KJIACTEpJepl Tyciumipy Oosbin Tabblianbl. K-oprama omicinin, HoTHKeIepi
opbip Oesinren KjacTepie OJAH Opi CAKTAHABIPY VYHBIMBIHLIH 3aJajiIapblH Oarasay YImiH
MaiaJIaHblIybl MYMKIH TIBIFBIHJAP IIPOIIECiHE YKCAC CTATUCTUKAJIBIK, MAaHBI3JIbl JIEPEKTED
0ap ekeHiH KyoJsiaHIbipajibl. Makasiajia aJiblHFaH OJIiCHAMAJBIK TOCLIAEP MEH HOTHUXKEJEep €H,
apiven Kasakcran PeciryO/iMKachIHBIH, CAKTAHIBIPY HAPBIFBIHBIH, KATHICYIIBIIAPBIHA TApUMTIK
CTaBKajapra CoUKec KOJJIK KypasJapbl WeJEepiHiH a3aMaTThIK-KYKBIKTHIK, YKayallKepIIiIirin
MIHIETTI CAKTAHIBIPY OOMBIHINA CAKTAHIBIPY MOPTQETIHIH THIMII KYPBLIBIMBIH KAJIBIITACTHIPY
OOMBIHITIA HEFYpPJIBIM CallaJbl AHAECPPANTUHITIK 3€pTTEey KYPridy VIMH KBI3SBIKTHI OOJIBIIT
TaObLIIA/IbI.

Tyiilin ce3aep: KjacTepiik Tajjay, OKBITYIIBICHI3 MaIMHAJLIK, OKBbITY, k-oprama omici,
CaKTaHJBIPY, aHJIEPPAUTHHT TAJIIAY.

IIpuMmeHeHMEe KJIACTEPHOrO aHAJIN3a B 00s3aTEJIbHOM CTPAXOBAHUM I'PAXKIAaHCKO-IIPABOBOM
OTBETCTBEHHOCTHU BJIAJIEJIBIEB TPAHCIOPTHBIX CPEICTB
CuxoB M.B., Kazaxckunit HanmoHaJbHBI yHUBEPCUTET nMeHn ajib-Papabu,
r. Asvarer, Kazaxcran, E-mail: mirbulats56@gmail.com
Beiibirbexkos A.B., Kazaxckuii HalmoHa/IbHBIN yHUBepCcUTET NMeHH ajib-Papadu,
r. Anmarer, Kazaxcran, E-mail: beibitbekov.almas@gmail.com
Camuu A.M., Kazaxckuii HanmoHaIbHBII yHUBepcuTeT nMenn ajtb-Dapadu,
r. Anmarer, Kazaxcran, E-mail: azat.sapin@gmail.com

C poctoM moToka obOpabarbiBaeMoOil M XpaHuMOW HHQOPMAIMH B CTPAXOBBIX OPraHU3AIMAX
B Kazaxcrane, CBsS3aHHBIX, B TOM 4YHCJE, C HAPAIMBAHUEM KJIMEHTCKOH 0a3bl, IpoleccaMmu
CUSHUI W TOTJIOMIEHN! W BHEAPEHWEM HOBBIM CTPAXOBBIX IIPOIAYKTOB, PACTET AKTYaJbHOCTH
mpobIeM TIpeIBAPUTEIHHON 00paboTKN WHMOPMAIIMN JJIsT €€ CTPYKTYPUPOBAHUSI, BbIICTICHUS
XapaKTePHBIX IPU3HAKOB, OOODINEHUST W COPTUPOBKHU. DBe3 COOTBETCTBYIOIIETO HAYYIHOTO U
METO/IOJIOTUYIECKOr0 TOJX0/[a HpoIece 0OpabOTKM W aHAJIU3a JIAHHBIX Oy/eT CTAHOBHUTCS BCE
boJiee 3aTPYIHATEIBHBIM JIJIsI CTPAXOBBIX OPraHU3alWi, I MOYKET HOTPEDOBATLCS HCIIOIH30BAHNE
3HAYUTEIHLHBIX MHMOOPMAITMOHHO-BBIYUC/INTEIbHBIX 1 (DUHAHCOBBIX PecypcoB. B HacTosiieit crarbe
B KadeCTBE COBPEMEHHOIO HAYIHO-HCCJIEIOBATEHCKOTO MOIX0/a K DPENeHUI0 JAHHON ITPOOIeMbI
[Ipe/IJIaraeTcs NCIO0JIH30BaTh IPOIELYPY KIACTEPHOIO aHa m3a k-means algorithm, mossosisronyo
YOPOCTUTH 00pabOTKY M JaJbHEHINNI aHaIiM3 MACCUBOB JIAHHBIX IIyTEM yIOPSIOUNBAHUS JAHHBIX
B CPaBHUTEJIBHO OJHOPOJHBIE TPYIIIBI. B 9acTHOCTH, B CTATHE ONUCHIBAETCS IIPOIECC IPUMEHEHUS
KJIACTEPHOrO aHajm3a k-means algorithm K mamHbIM 1O yOBITKAM IO KJIACCY O0S3aTEIHHOIO
CTPaXOBAHUS T'PAKIAHCKO-IIPABOBOI OTBETCTBEHHOCTH BJIAJIEIBIEB TPAHCIOPTHBIX cpencTB. Llesn
CTATbU COCTOUT B TOM, YTOOBI PA3/IEINTH YOBITKH 110 TAHHOMY KJIACCY CTPAXOBAHUS HA OJHOPOJIHBIE
Ka94eCTBEHHBIE TPYIIBI (KJIacTephl) Ha 0a3e YacTOTHI M TSKECTH yOBITKOB U WHTEPIPETHPOBATH
[OJIyIeHHbIE KJracTepbl. Pe3ynbrarsl k-means algorithm cBuseTesibcTBYyIOT 0 TOM, 9TO B KaXKJI0M
13 BBIJIEJICHHBIX KJIACTEPOB HAXOJATCHA CTATUCTHYECKH 3HAUYMMbBIE JIAHHBIE CO CXOKUM BIIMSHUEM
Ha MPOIECC YOBITKOB, KOTOPBIE MOTYT OBITH MCIIOJIH30BAHBI B JAJbHEHIIEM JjIs OIIEHKN YOBITKOB
CTPaxoBOil
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opraamsaruu. MeTo10/I0rnIecKre MoIX0Abl U PE3yJIbTaThl, [TOJIyYeHHbIE B CTAThE, OYAYT IpexkK e
BCEr0 MHTEPECHBI yYACTHUKAM CTPAXOBOro pbiHKa Pecrybimku Kazaxcran mjs nmpoBenenust 60see
Ka4IECTBEHHOTO AHIEPPANTHHIOBOIO UCCJIEIOBAHUS 110 (DOPMHUPOBAHUIO 3(DDEKTUBHON CTPYKTYPHI
CTPaxoBOro moprdesis M0 00sA3aTEIFHOMY CTPAXOBAHUIO I'DaXKIAHCKO-IIPABOBOI OTBETCTBEHHOCTH

BJIAJIEJIBIIEB TPAHCIIOPTHBIX CPEJICTB B COOTBETCTBUU C TAPUMHBIMU CTABKAMH.
KurrogueBble ciioBa: KilaCTEPHBIH aHaIN3, MalIMHHOE 00y4ueHne 6e3 yunTess, k-means algorithm,

CTpaxoBaHUe, aHJIePPAUTHHIOBBIM aHAJINS.

1 Introduction

In the general insurance market of the Republic of Kazakhstan, one of the main classes of
insurance is Compulsory Insurance of Civil Liability of Motor Vehicle Owners [1]. Due to
the compulsory nature of insurance and the annual growth of automobile sales, this class of
insurance prevails in the overall structure of premiums in Kazakhstan [2].

To date, in the general insurance branch the insurance companies of Kazakhstan have
accumulated enough statistical data on this class of insurance required for underwriting
research on the formation of an effective structure of the insurance portfolio and the allocation
of target segments in accordance with certain tariff rates [3], which, in its turn, is necessary
for the financial stability of insurance companies [4].

However, due to the growing flow of the information processed and stored in insurance
companies, it is becoming more and more difficult to structure it accurately and highlight
characteristic features, as well as generalize and draw rational conclusions [5].

As a modern scientific research approach to solving this problem, the authors of this article
propose to use the k-means algorithm procedure, which allows to simplify the processing and
further analysis of complex data by organizing it into relatively homogeneous groups [6].

In general, cluster analysis is one of the types of multidimensional classification in the
absence of prior information about the number and type of classes into which the set of objects
is divided [7]. In the framework of this article, the purpose of cluster analysis using the k-
means algorithm is to split losses of the aforementioned insurance class into homogeneous
qualitative groups (clusters) based on the frequency and severity of losses, each of which
corresponds to a certain risk group.

Knowledge of the main descriptive characteristics in each cluster can be used further in
the framework of underwriting to identify ineffective insurance portfolio and pricing errors,
if any, in order to minimize the risks of losing funds and improve the financial stability of
insurance organizations [§].

2 Literature Review

As already mentioned, cluster analysis provides an opportunity to learn about the structure
of complex data by splitting them into similar objects (parts) [9]. In cluster analysis there
are no pre-classified classes and no differences between dependent and independent variables.
Cluster analysis algorithms detect similarities and group data into clusters.

Clustering methods are widely used in many areas such as marketing, pattern classifica-
tion, biology, mathematics, etc. [10]. In business, clustering helps a marketer to characterize
customer segmentation [11] and then direct marketing efforts to the most attractive segment.
In biology, cluster analysis can be used with a view to classify genes [12| and to obtain
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taxonomies of plants and animals [13]. Cluster analysis is used not only as a method of
classification and segmentation, but also as a method of detecting fraudulent actions in the
banking sector [14], property insurance [15] and health insurance [16].

There are many publications and research projects on the application of cluster analysis
in the field of auto insurance. However, most of them approach the issue of application of
cluster analysis from a marketing point of view and investigate the issue of identifying the
most optimal customer segmentation for insurance organizations. For example, the authors
Thakur S.S. and Sing J.K. [17] identified target customer segments for insurance companies in
terms of customer interest in insurance by using cluster analysis. In another paper, the authors
Kaveh K-D., Farshid A., and Shaghayegh A. [18] identified target segments for customers in
terms of their profitability for insurance organizations using cluster analysis as well.

Among the articles dedicated to the study of losses of the insurance portfolio of auto
insurance with the help of cluster analysis, we could highlight the article of the authors Ai
C.Y., Kate A.S., Robert J.W. and Malcolm B. [19]. In this article, the authors consider the
problem of forecasting claims and losses, taking into account the estimated risks for groups
of policyholders. However, as noted above, only a small part of foreign clustering research is
dedicated to the study and prediction of losses in the field of auto insurance. Moreover, in
Kazakhstan, research on issues of claims and losses in the class of Compulsory Insurance of
Civil Liability of Motor Vehicle Owners on the basis of cluster analysis has not been conducted
to date, which only underlines the relevance and importance of this research direction for the
local insurance market. The implementation of cluster analysis is not simple due to two
factors [20]. First, the same clustering method can often produce different results. Thus, the
final results in the framework of the same method will depend on the choice of parameters,
such as the initial setting or the number of clusters [21]. Secondly, the interpretation of cluster
structures is not simple. In this case, the detected clusters depend not only on the data, but
also on the user’s goal and the degree of granulation [22]. Ultimately, the resulting clusters
should be considered as a representation of the data that can be used to restore the original
data from aggregate clusters [23].

After an in-depth study of the available clustering methods [24], the authors of this article
came to the conclusion that the k-means algorithm is the most optimal method for studying
the nature of losses in the class of Compulsory Insurance of Civil Liability of Motor Vehicle
Owners. The undoubted advantages of this method include the fact that it is relatively
scalable and efficient in processing data sets [25]. Also, in favor of the choice of the k-means
algorithm, its popularity among researchers is also due to its ease of use [26]. The k-means
algorithm is used as a method of segmentation and classification more often than other
clustering methods [27].

3 Materials and research methods

The following describes k-means algorithm — the most popular method of cluster analysis. In
general, the k-means algorithm is a cluster analysis method, the objective of which is to split
[ observations from the multidimensional space R™ into k clusters, but each such observation
relates to the cluster (group) whose centroid (average) it is closest to [28].

To begin with, let us take a detailed look at the following series of observations:
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(x(l), A ,x(l)) , 2% e R® (1)

K-means algorithm splits { observations into k clusters (k <), G = (G1,Ga,...,Gy) in
order to minimize the total squared deviation of cluster points from the centroids of these
clusters:

k
min Z Z |29 — |||, (2)

i=1 z()eq,

where, ) € R, i; € R™ — centroid for a G; cluster.

Thus, if the measure of the distance to the centroid is defined, then splitting objects into
clusters is reduced to the determination of the centroids of these clusters. In this case, the
number of clusters k is set in advance.

Let us consider the initial set of k centroids gy, po, ..., ur in clusters Gy, G, ..., Gg.
At the first stage, cluster centroids can be selected randomly. Further, we will assign each
observation to the cluster whose centroid is closest to it. Each such observation should belong
to only one cluster, even if it can be attributed to two or more clusters.

After the first iteration, the centroid of each i-th cluster is recalculated using the following
formula:

s = 1 S a0, (3)

G e,
Thus, the k-means algorithm involves recalculation of the centroid at each iteration step
based on the information obtained in the previous step.
In this case, the iterative process of the algorithm of the k-means algorithm stops when

the values of y; stop changing ugt) = pgtﬂ).

4 Application of cluster analysis in Compulsory Insurance of Civil Liability of
Motor Vehicle Owners

Let us suppose that we have the following aggregated data for the class of Compulsory
Insurance of Civil Liability of Motor Vehicle Owners (Tab. 1 - Aggregated insurance data):

Table 1. Aggregated insurance data

Number of insured persons 100 000
Insurance premium per 1 insured per- | 20 000

son in tenge

Total premium in tenge 2 000 000 000
Number of insured events 831

Monthly Calculation Index (MCI) in | 2 525

tenge [29]

Total insurance loss in tenge 1013 105 750
Total loss in MCI 401 230
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Further, let us suppose that the above insurance losses have a distribution that is described
according to the following table (Tab. 2 - Distribution of insurance losses):

Table 2. Distribution of insurance losses. Insurance losses

Insurance losses in MCI | Average compensation in | Frequency | Number of in-
MCI (average severity of sured events
losses)

0 40 20 0,0000 1

40 80 60 0,0002 24

80 120 100 0,0004 35

120 160 140 0,0003 31

160 200 180 0,0002 24

200 240 220 0,0004 36

240 280 260 0,0009 88

280 320 300 0,0003 31

320 360 340 0,0003 33

360 400 380 0,0005 52

400 440 420 0,0003 34

440 480 460 0,0005 52

480 520 500 0,0005 52

520 560 540 0,0006 56

260 600 580 0,0011 113

600 680 640 0,0001 11

680 760 720 0,0002 17

760 840 800 0,0002 19

840 920 880 0,0005 45

920 1000 960 0,0006 62

1000 1100 1050 0,0000 0

1100 1200 1150 0,0000 1

1200 1300 1250 0,0000 2

1300 1400 1350 0,0000 4

1400 1500 1450 0,0000 1

1500 1600 1550 0,0000 1

1600 1700 1650 0,0000 2

1700 1800 1750 0,0000 1

1800 1900 1850 0,0000 0

1900 2000 1950 0,0000 3

For the convenience of the study, the data on insurance losses in Table 2 are divided into
groups in multiples of MCI with an average compensation (average severity of losses) equal
to the average value of insurance losses per group. Also, the frequency indicator presented in
Table 2 is determined according to the following formula:
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number of insured events

(4)

Based on the above data, the risks of Compulsory Insurance of Civil Liability of Motor
Vehicle Owners can be divided into 2 significant interdependent factors: the frequency and
average severity of losses. These factors are used further in the k-means algorithm cluster
analysis.

Moreover, in view of the fact that the k-means algorithm in the framework of cluster
analysis requires estimates of the distances between clusters according to formula (2), it
is necessary to specify a certain measurement scale when calculating distances. Since the
factors chosen by us use completely different types of scales, the data must be standardized
(normalized), so the values of each factor will lie in the segment [0; 1].

Below there is a representation of the correspondence of the normalized frequency values
to the normalized mean severity of losses in MCI as a graph (Fig. 1 - Compliance of the
normalized frequency values with the values of normalized severity of losses in MCL.).

Frequency = :
number of insured persons

I e T e nnt IR
0,0 oo
T T S S
1 B e

Frequency

Figure 1: Correspondence of the normalized frequency values to the normalized values of
the average severity of losses in MCI

Based on the visual presentation of the compliance results in Figure 1, it can be assumed
that five natural clusters are formed. Having split the initial data into 5 clusters, we perform
calculations according to the k-means algorithm and check the significance of the difference
between the obtained clusters.

Let us set the values of the initial coordinates of the centroids in random order. In this
case, the initial coordinates of the centroids are the diagonal points of the coordinate axis
[0; 1] x [0; 1] (Tab. 3 - The initial coordinates of the centroids in random order):
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Table 3. Initial coordinates of centroids in a random order

Normalized frequency | Normalized severity
of losses of losses

Centroids X y

C1 0,1000 0,1000

C2 0,2000 0,2000

C3 0,3000 0,3000

C4 0,4000 0,4000

Ch 0,5000 0,5000

Further, in the framework of iteration No. 1, we will calculate the distances according
to the Euclidean distances formula using the selected initial coordinates of the centroids.
The results of calculations in the framework of iteration No. 1 are presented below (Tab.4 -

Results of calculations in the framework of iteration No. 1):

Table 4. Results of calculations in the framework of the iteration No. 1

X y Distance | Distance | Distance | Distance | Distance | Cluster
from C1 | from C2 | from C3 | from C4 | from C5
1 ]0,0088] 0,0103| 0,1279 0,2693 0,4108 0,5522 0,6936 1
2 10,2124| 0,0308/ 0,1320 0,1697 0,2831 0,4142 0,5504 1
3 10,3097 0,0513] 0,2153 0,1848 0,2489 0,3602 0,4874 2
4 10,2743| 0,0718| 0,1766 0,1482 0,2296 0,3514 0,4840 2
5 10,2124| 0,0923| 0,1127 0,1084 0,2254 0,3604 0,4989 2
6 |0,3186| 0,1128] 0,2190 0,1472 0,1881 0,2985 0,4276 2
7 1 0,7788| 0,1333] 0,6796 0,5826 0,5069 0,4632 0,4606 )
8 10,2743 0,1538| 0,1825 0,0875 0,1484 0,2764 0,4132 2
9 10,2920 0,1744| 0,2059 0,0955 0,1259 0,2501 0,3864 2
10 | 0,4602| 0,1949| 0,3725 0,2602 0,1916 0,2138 0,3077 3
11 | 0,3009| 0,2154| 0,2317 0,1021 0,0846 0,2095 0,3474 3
12 | 0,4602| 0,2359| 0,3850 0,2626 0,1725 0,1748 0,2671 3
13 | 0,4602| 0,2564| 0,3927 0,2662 0,1660 0,1557 0,2468 4
14 | 0,4956| 0,2769| 0,4333 0,3054 0,1969 0,1558 0,2231 4
15 | 1,0000| 0,2974| 0,9214 0,8059 0,7000 0,6087 0,5395 )
16 | 0,0973| 0,3282| 0,2282 0,1642 0,2046 0,3111 0,4378 2
17 | 0,1504| 0,3692| 0,2739 0,1763 0,1648 0,2514 0,3732 3
18 | 0,1681] 0,4103| 0,3177 0,2127 0,1719 0,2321 0,3438 3
19 | 0,3982| 0,4513| 0,4608 0,3201 0,1804 0,0513 0,1128 4
20 | 0,5487| 0,4923| 0,5960 0,4550 0,3144 0,1750 0,0493 )
21 | 0,0000| 0,5385| 0,4497 0,3931 0,3832 0,4233 0,5015 3
22 1 0,0088| 0,5897| 0,4982 0,4341 0,4108 0,4347 0,4993 3
23 | 0,0177| 0,6410| 0,5472 0,4772 0,4427 0,4519 0,5025 3
24 | 0,0354| 0,6923| 0,5958 0,5191 0,4732 0,4673 0,5028 4
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25 | 0,0088| 0,7436| 0,6500 0,5762 0,5306 0,5206 0,5482
26 | 0,0088| 0,7949| 0,7008 0,6248 0,5742 0,5558 0,5729
27 | 0,0177] 0,8462| 0,7507 0,6714 0,6148 0,5875 0,5937
28 | 0,0088| 0,8974| 0,8026 0,7232 0,6646 0,6328 0,6318
29 | 0,0000| 0,9487| 0,8546 0,7750 0,7147 0,6790 0,6718
30 | 0,0265| 1,0000| 0,9030 0,8186 0,7515 0,7067 0,6886

QU O O b | | >

The affiliation of a particular point to a particular cluster in the Table 4 is determined
on the basis of the minimum distance between the point and the centroid:

min(Distance toCy; Distance toCsy; Distance toCs; Distance toCy; Distance toCs)  (5)

Now let us find the new coordinates of the centroids for each cluster. For a particular
cluster, they are defined as the average value of the coordinates of points (abscissas and
ordinates) located in this cluster (Tab. 5 - Recalculated coordinates of the centroids after
iteration No. 1).

Table 5. Recalculated centroid coordinates after iteration No. 1

Normalized frequency | Normalized severity
of losses of losses

Centroids x Y

C1 0,1106 0,0205

C2 0,2541 0,1407

C3 0,1958 0,3994

C4 0,2035 0,5802

Ch 0,3938 0,6282

Further, continuing the process of iteration, we come to the fact that by iteration No. 8
the values of the coordinates of the centroids cease to change. Below there are the tabular
values (Tab. 6 - Recalculated coordinates of centroids after iteration No. 8, after which the
coordinates of the centroids do not change) and a graph of the results (Fig. 2 - Results of
cluster analysis after iteration No. 8 in accordance with the belonging of points to one of 5
clusters):

Table 6. The recalculated coordinates of the centroids after iteration No. 8, after which the
values of the coordinates of the centroids do not change

Normalized frequency | Normalized severity
of losses of losses

Centroids x Y

C1 0,2448 0,1014

C2 0,4705 0,3179

C3 0,0850 0,4472

C4 0,0155 0,8205

Ch 0,8894 0,2154
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Severity of losses

0,5 0,6
Frequency

@ Data [ Centroids

Figure 2: The results of cluster analysis after iteration No. 8 in accordance with the
belonging of points to one of 5 clusters

We carried out identical calculations according to the k-means algorithm based on 2, 3,
4,6, 7 and 8 clusters. The results are presented below (Fig. 3-8):

11 -
1,0
0,9
0,8
0,7
0,6
0,5

Severity of losses

0,4
0,3
0,2
0,1
0,0

0,4 0,5 0,6 0,7 0,8 0,9 1.0 1:4;

Frequency
¢ Data B Centroids

Figure 3: The results of cluster analysis in accordance with the affiliation of points to one of
2 clusters
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Severity of losses

0,0 0,1 0,2 0,3 0,4 0.5 0,6 0,7 0,8 0,9 1,0 L% |

Frequency
@ Data B Centroids

Figure 4: The results of cluster analysis in accordance with the affiliation of points to one of
3 clusters

Severity of losses

0,0 0,1 0,2 0,3 0,4 &5 0,6 0,7 0,8 0,9 1,0 14
Frequency

@ Data B Centroids

Figure 5: The results of cluster analysis in accordance with the affiliation of points to one of
4 clusters
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Severity of losses

0,6
Frequency
¢ Data W Centroids

Figure 6: The results of cluster analysis in accordance with the affiliation of points to one of
6 clusters

14

Severity of losses

0,0
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1.0 abal
Frequency
¢ Data B Centroids

Figure 7: The results of cluster analysis in accordance with the affiliation of points to one of
7 clusters
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Severity of losses

Frequency
¢ Data
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Figure 8: The results of cluster analysis in accordance with the affiliation of points to one of
8 clusters

In order to determine the optimal number of clusters, let us check the significance of the
difference between the results obtained above. To do this, we use the criterion of deviation

of the expectation of insurance losses E|x], belonging to a specific cluster group, from the

actual expected value of insurance losses in the amount of 401,230 MCI according to the

data below (Tab. 7 - Deviation of the expected value of insurance losses E[x] from the actual

expected value of insurance losses):

Table 7. Deviation of the expected value of insurance losses E[z] from the actual expected
value of insurance losses

Number of | Number of | Expected value of | Deviation in
clusters necessary insurance  losses | %
iterations Elz]

2 7 369 300 -8,0%

3 5 416 087 3,7%

4 5 409 903 2,2%

5 8 395 703 -1,4%

6 D 378 040 -5,8%

7 5 393 120 -2,0%

8 6 394 987 -1,6%
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5 Results and discussion

As we see, the use of the number of clusters below 5 in the calculations leads to an increase in
the deviations. Also, splitting data into 6 or more clusters does not increase the accuracy of the
estimates. Thus, the most optimal number of clusters in the above distribution of insurance
losses in terms of accuracy and speed of data processing can be considered a quantity of 5.

So, after analyzing the results of the k-means algorithm with regard to 5 clusters, it can
be noted that in each of the five clusters there are data with a similar effect on the loss
process. Let us select the following distinguishing features of clusters:

1. The first cluster consists of 9 observations and includes insurance losses with an average
frequency and low severity of 200 MCI. The first cluster is characterized by the lowest
risk for the insurance company in a road traffic accident;

2. The second cluster consists of 6 observations and includes insurance losses with a fre-
quency and severity above the average;

3. The third cluster consists of 5 observations and includes insurance losses with a fre-
quency below the average and a severity above the average;

4. The fourth cluster consists of 8 observations and includes insurance losses with very low
frequency and a very high severity of 1,600 MCI. The fourth cluster is characterized,
first of all, by the greatest risk for the insurance organization in a road traffic accident;

5. The fifth cluster consists of 2 observations and includes insurance losses with a high
frequency and severity below the average.

Thus, within the framework of the distribution of insurance losses, we can expect a de-
crease in the severity of losses from 1,600 MCI to 200 MCI as the frequency increases. Then,
with a further increase in frequency, in general, we can expect an increase in the severity of
losses.

In the future, data on the frequency and severity of losses can be combined with additional
data, such as gender, age, driving experience of vehicle owners, in order to highlight target
segments on Compulsory Insurance of Civil Liability of Motor Vehicle Owners in accordance
with the tariff rates [30].

6 Conclusion

In this article, as a modern research approach to the qualitative underwriting analysis of
insurance losses in the class of Compulsory Insurance of Civil Liability of Motor Vehicle
Owners, it is proposed to use the k-means algorithm cluster analysis procedure, which al-
lows to simplify the processing and further analysis of data by arranging it in a relatively
homogeneous groups. In the framework of the proposed approach, losses for this class of in-
surance were divided into homogeneous qualitative groups (clusters) based on the frequency
and severity of losses. As a result, calculations were made taking into account the optimally
selected number of clusters, and clusters with similar effects on the process of losses were
identified and interpreted. In the future, the data can be supplemented in order to highlight
the target segments for Compulsory Insurance of Civil Liability of Motor Vehicle Owners in
accordance with the tariff rates.
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Crarbsi JIOJ2KHA COIPOBOXKIATHCS IIUCHMOM OT yUYPEXKJEeHNsI, B KOTOPOM BBIIIOJIHEHA, JaHHAsT paboTa,
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PUCYHKOB Ha OHOM Jucke. st dailjioB pUCYyHKOB PEKOMEH/IyeTCsI HCII0JIb30BATh CPEJICTBA OCHOBHOIO
naxera WTEX2e nim dbopmar eps [em. 1.7]. B peakimio Takake IpeJcTaBisieTcsi OTTUCK PaBOTHI B IBYX
9K3EMILISIPAX.

O06beM cTaThbu, BKJIIOYAs CIUCOK JINTEPATYPbI, TabJUILI U PUCYHKU € TNOAPUCYHOYHBIMUA HAJIIACIMU,
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4) Aunoramus obbemom 150-500 cJIOB Ha PYCCKOM, Ka3aXCKOM U AHIVIMACKOM s3bikax. CTpyKTypa
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OIIBITA IIPEJINIECTBEHHUKOB COODIIaeTcsd O HaJuduu IpobJeMHON cuTyanuu (OTCyTCTBHE KaKUX-
Jmbo MCCJeIoBaHNUll, NOfABJIEHUE HOBOIO O0bEKTa U T.J1.). AKTYaJbHOCTH TEMbl OLDPEIEIACTCSI
OOIIMM MHTEPECOM K HM3y9eHHOCTH ZAHHOTO OOBEKTa, HO OTCYTCTBHEM HMCYEPIBIBAIOIINX OTBETOB HA
MMEIOIUECs BOIPOCH], OHA JOKA3BIBAETCA TEOPETUYECKON WM NMPAKTHYECKON 3HAYMMOCTHIO TEMBI.
"Onpenenenne 06beKTa, IpeaMeTa, Iejei, 3a1ad, METOAO0B, IMOAX0A0B, TUIIOTE3bl U 3HAYCHUs BaIlIei
paborel. Ilesb ucciieoBanms CBsA3aHa € JOKA3aTEIbCTBOM TE3UCA, TO €CTh IPEJICTABIEHUEM IIPEIMeTa
HCCIeJ0BaHus B M30PAHHOM aBTOPOM aCIIeKTe.

7) O630p smTeparypbl. B pasuese 0630p JuTepaTyphl JI0JKHBL ObITH OXBaueHbl (DyHIAMEHTAIbHbIE
U HOBBIE TPYJbI [I0 MCCJE/YyeMOl TeMaTuke 3apy0Oe:KHbIX aBTOPOB Ha AHIJIMICKOM s3blke (He MeHee
15 Tpy/Z0B), aHAJIM3 JAHHBIX TPYJAOB C TOYKH 3DEHHsl WX HAyYHOTO BKJIAJA, & TakxkKe MPOOEesbl B
nccsenoBannn, Koropblie Bol jmomosasiere B cBoeit crarhbe. HEJIOITYCTHUMO nammyme MHOXKECTBA
CCBIJIOK, HE WMEIONIUX OTHOINEHWsS K paboTe, WM HEYMECTHBIE CYXKJEHHWsI O BalllnX COOCTBEHHBIX
JOCTUKEHUSIX, CCBLIKHU Ha Barmm mpeapiaymnme paboThI.

8) Marepuan u meronbl. Pazjiesi JOJKEH COCTOATH U3 OIUCAHUS MATEPUAJIOB U XOJa PabOThI,
a TaK>Ke IIOJIHOI'O OIIMCAaHMA MCIIOJIB30BaHHBIX METOIO0B. XapaKTepI/ICTI/IKa njam oInrucaHue MaTepuaJia
HCCJIEIOBaHUA BKJIIOYa€T €ro IpeacTaB/JeHne B KadYeCTBEHHOM UMW KOJIMYECTBEHHOM OTHOIIIEHUU.
XapaKkTepuCcTHKa MaTepuaJa - OAUH U3 (paKTOPOB, OIPEIEIAIONINA JOCTOBEPHOCTD BEIBOJIOB U METOJIOB
uccyeoBanus. B aToM paszene onucbiBaeTcs, Kak mpodsema Oblia u3ydeHa: nopobHasi mHMOpMAIus
6e3 MOBTOpeHWs paHee OIyOJIMKOBAHHBIX yCTAHOBJIEHHBIX IPOIEILYDP; UCIOJIb3yeTCH MIeHTU(MOUKAIUS
obopyzoBatus (IPOrPAMMHOIO 0DECIIeUeHHsI) U OIUCAHUE MATEPHAJIOB, C OOS3aTeJIbHBIM BHECEHHEM
HOBU3HDbBI IIPKU HCIIOJIb30BaHUU MaTepHuaJJioOB U METOIO0B. Haquaﬂ METOJ0JIOTuA JOJIZKHAa BKJIIOYATDh B
ceBsi: - UCCIIeIOBATENLCKUN BOIIPOC(-bl); - BBIIBATAEMYIO THIIOTE3Y (TE3MC); - STANbl UCCJIEIOBAHNUST; -
METO/JIbI UCCJICIOBAHULA; - PE3Yy/JIbTaThl NCCJIeTOBaAHUA.

9) PesynbraTel u obcyxKAaeHue. B 31oM pasjesie NPUBOAATCA AHAIU3 U 00CYKJICHUE MOJIY IeHHBIX
BaMU Pe3yJIbTATOB WCCJIEI0BaHUs. [IpUBOJAATCS BBIBOJIBI O IOJYYEHHBIM B XOJE WCCJIEIOBAHUS
pe3ysbTaTaM, pacKpbIBAETCS OCHOBHAs CyTb. I 9T0 OJWH M3 caMbIX BayKHBIX Da3JeJOB CTaTbu. B
HEM HeOOXOJMMO IIPOBECTH AaHAJM3 Pe3yIbTaTOB CBOEHl pabOThl M 0OCYXKJIEHHE COOTBETCTBYIONIUX
pe3y/IbTaTOB B CPaBHEHUU C MPEIbIAYIIUMI PabOTaMU, aHAJIM3aMU U BBIBOJIAMHU.

10) Bakurouenue. OGoOmIeHNE U NOABEIAECHUE UTOrOB PabOTHI HA JAHHOM ITAlle; MOATBEPXKICHUE
WCTUHHOCTH BBIIBUTAEMOTO YTBEPIXKICHNs, BBICKA3AHHOTO AaBTOPOM, M 3aKJIOYEeHHe aBTopa 00
W3MEHEHNN HAyYIHOTO 3HAHWS C YIETOM IIOJYIEHHBIX PEe3y/JAbTATOB. DBBIBOJABI HE IOJKHBI OBITDH
abCTPaKTHBIMKA, OHM JOJI2KHBI OBITH HCIOJIHL30BAHBI JJIsT 0OOOITEHNsT Pe3yIbTaTOB WMCC/IEIOBAHUS B
TOW WM WHOU HaydIHON 00JIaCTU, C OIHMCAHUEM NPEJJIOKEHUIT MM BO3MOXKHOCTEH JlajIbHenei
paborel. CTpyKTypa 3akK/IIOUYeHUs JOJKHA COIEPXKATh CJIEIYIOIe BONPOChl: KakoBBI Tieaum u
MeTombl uccaenoBanna! Kakwe pesyabraThl moaydeHbl! KaxkoBbl BeIBOABI! KaKOBBI MEPCIEKTUBBI 1
BO3MOXKHOCTHU BHEIPEHUS, IPUMEHEHUs pa3pabOTKN?!

11) Buaromapuoctu (ecsu umerorcs). Hanpumep: PaGora BblmosHeHa 1pu HOIJEpKKe IPAHTOBOIO
(UHAHCUPOBAHUSI HAYYHO-TEXHUIECKUX IIPOIPAMM U IIPOEKTOB MUHUCTEPCTBOM HAyKU U 0Opa30BaHUs
Pecny6iuku Kazaxcran (rpant «Hanmenosanue tembl rpantay, 2018-2020 rompr).

12) Cnucok smreparypsbi/References. (0o6a crucka, eciam craTbs Ha PYyCCKOM WU Ka3aXCKOM.
Eciu crarbs Ha aHIMICKOM, TO TOJBLKO OJIWH CHUCOK N0 cTuio Jukaro). CHHCOK UCHOIb3yeMOil
JmTeparypsl, win bubinorpadudeckuii ciiucok cocTouT u3 He Menee 30 HAMMEHOBAHUIT JINTEPATYPHI,
u u3 nux 50% Ha aHrINIICKOM A3bIKe. B cilyuae HAIMYIHA B CIIUCKE JINTEPATYPLI paboT, IPEICTABICHHBIX
Ha KHPUJUIAIE, HEOOXOJUMO MPEJICTABUTH CIMCOK JIUTEPATYPhl B JIBYX BapUAHTAX: IEPBBIH - B
OpHUrHHAJIE, BTOPOH - POMAHU3UPOBAHHLIM ajihaBUTOM (TpaHcauTeparys ). POMaHU3UPOBAHHBINA CIUCOK
JIUTEPATYPBI JIOJIZKEH BBIJISIZIETh B CjeyiomeM Buje: aBrop(-bl) (TpaHciaurepanus) —> Ha3BaHUE
CTaThby B TPAHCAMTEPUPOBAHHOM BAapHAHTE |[IEPEBOJ HA3BAHUS CTAThbU HA AHIVIMICKUN $A3BIK B
KBAJIPDATHBIX CKOOKax|, Ha3BAHME PYCCKOSI3BITHOTO MCTOYHUKA (TPAHCIUTEpANUs, JUOO AHTIHICKOE
HA3BaHUE - €CJIM €CTh), BBIXOJHbIE JaHHbIE ¢ O0O03HAYEHNSIMH HA AHTJIMHCKOM sI3bIKE (TOJ B KPYTJIBIX
ckobkax) —> crpanunpsl. Hanpumep: Gokhberg L., Kuznetsova T. Strategiya-2020: novye kontury rossi-
iskoi innovatsionnoi politiki [Strategy 2020: New Outlines of Innovation Policy]. Foresight-Russia,
vol. 5, no 4 (2011): 8-30. Cuucok aureparypbl npejcrasigercs no Mepe nuruposanus, u TOJIBKO
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Te paboThbl, KOTOPbIe IMUTUPYIOTCS B TekcTe. CCBUIKU Ha JINTEPATYDPY OMDOPMIISIOTCS B KBAJIPATHBIX
cKOOKax ¢ yKazanmeM HOMepa Jureparypbl. Ctuib odopmienus: "Crucok nureparypbl"Ha pyccKoM
n kazaxckoM s3bike coryacio I'OCT 7.1-2003 "Bubsmorpadudeckast 3amuch. Bubsimorpaduaeckoe
onmcanue. O6mue TpeboBaHus W UpaBuia cocraBieHus"(TpeboBaHre K W3JAHUSM, BXOIUSIIUX B
nepederb KKCOH). Crusb odopmienns "References"poMaHn3npoBaHHOTO CIHCKA JUTEPATYPHI (CM.
BBIIIE), & TAKYKE UCTOYHUKOB Ha aHIJIUICKOM (JPyroM MHOCTPAHHOM ) A3BIKE JIJIs €CTECTBEHHOHAY IHBIX
U TexHUYeCKUX HanpasJennii corsiacao Chicago Style (www.chicagomanualofstyle.org).

B nmannom pa3zzesne HEOOXOIUMO yUIECTh:

a) Ilurupyrorcst OCHOBHbIE HayuHble IYOJMKAIUN, [EPEJOBble METOJbl HCCJIEOBAHAS, KOTODHIE
[IPUMEHSIIOTCsI B JIAHHOM 00JIACTH HAYKU M Ha KOTOPBIX OCHOBaHa paboTa aBTOpA.

6) sberaiite upe3MepHBIX CAMOIUTUPOBAHUIA.

B) Usberaiite upesmepubix cebuiok Ha mybiaukanuu apropos CHI'/CCCP, ucnosib3yiite MUPOBOIi OMBIT.
r) Bubsmorpaduueckuii cnmcok JoirkeH cojepxkarb (DyHIaMeHTAJbHble U Haubosiee AKTYaJIbHbBIE
TPY/IbI, OIyOJINKOBAHHBIE U3BECTHBIME 3apPy0OeKHBIMU aBTOPAME U HCCJIEJI0BATESIMA 110 TEMe CTATHU.

6. 2Kypnan npumepKuBaercss €IUHOTO CTHUJIS WM IIOITOMY IIPEIbsBISAET Psili OOmmX TpeboBaHuWii K
odopmtennio pabor. Vexonublil (HeOTTPaHCIUPOBAHHBI) tex-haill JOKeH IIeJIMKOM [IOMEeIaThCs B
FOPU30HTAJIBHBIX PAMKaX 9KPaHa 38 BO3MOXKHBIM UCKJIIOUYEHUEM MATPUIL U TabJIAIL U TPAHCIUPOBATHCS
6e3 nporecroB IWTEX2e 1 cooOIIeHMIT 0 KPATHBIX U HEOIIPEJIEJIEHHBIX METKAX, OOJIBIINX [T€PEIIOJTHEHHBIX
U He3aIoJIHeHHbIX Ookcax. He ciemyer ompenesisitTh MHOINO HOBBIX KOMAH[I, M300peTasi COOCTBEHHBIH
cJIeHT. ABTOPBI MOTYT MOJINPY2KATh APYIHe CTAHIAPTHBIE CTUJIEBbIE TAKETBI, HO TOJBKO T€, KOTOPHIE He
BXOJISIT B IPOTHUBOpedne ¢ makeramn amsmath u amssymb. EcrecTtBenno daiisr, KpoMe BCEro mMpotvero,
JIOJKEH OBbITH MPOBEPEH HA OTCYTCTBHE I'PAMMATHYECKUX M CTHIUCTHIECKHX OMmOOK. Crarbu, He
V/IOBJIETBOPSIOIIIE ITUM TPeOOBAHUSIM, BO3BPAIIAIOTCS Ha JI0PabOTKY.

OTaJIoHHBI 00paser] paboThl ¢ JeMOHCTpalueil rpadukn, ¢ mpeaMOy/Ioil yCTpanBaloIeil PeIaKkIinio,
CIUCKU TUIWYHBIX OMMUOOK 0(POPMJIEHUsST U METOJIbI UX YCTPAHEHUSI MOYKHO MTOJIYIUTh B PEIAKIN WK
Ha caiire KasHY um. anb-®apabu http://journal kaznu.kz.

7. I'padudaeckne daitiabl ¢ pucyHKaAMU TOJKHBI OBITH TOJBKO KAYECTBEHHBIMA YepHO-0estbiMu B (hbopmare
.eps , OO0 BBITTOJTHEHHBIME B JIATEXOBCKOM (popmaTe. Pucynku B 3Tux popMarax JeIaioTcs, HallpuMep,
C TIOMOTIIHIO MOIIHBIX MaTemaTudecknx maketoB Maple, Mathematica wiu ¢ momombio makera Latex-
cad. KagecrBennbie rpacduueckue paitiibl clie/laHHbIE IPYTUME IPAPUIECKIMI ITPOIPAMMAMHY JTOJIXKHBI
OBITH CKOHBEPTUPOBaHbLI B (popmar .eps ¢ nomoibio Adobe Photoshop miu komeeprepa Conver-
sion Artist. Bce pucyHKEM JO/IKHBI OBITH y?Ke€ UMIOPTUPOBAHHBIMU B tex-hailyl U MpeIcTaBIIsIIOTCS
B PEIAKIMI0O BMECTE€ C OCHOBHBIM aitioMm crtarbu. |'paduiaeckme (OPMATHI,OTIUIHBIE OT BBIIIE
YKa3aHHBIX, OTBEPIaIOTCS.

Penaknust BopaBe oTKasaTbCs OT BKJIIOYEHHUsI B pabOTy PHUCYHKA, €CJIA aBTOP HE B COCTOSHUH
00eCIIeInTDh €ro HaJjIesKaliee KadecTBo.

YBarkaeMble UnTATEIH, BBl MOYKeTe MojnucaTbes Ha nam )Kypaaiu "Becrank KazsHY. Cepust maTemaruka,
MexaHuka, nHdopMmaruka’, kKoropbiii BKiodeH B karajgor AQO "Kasmoura""TASETHI U >KYPHAJIBI".
KomuuecTBo HOMepoB B ro — 4. HjieKe J1jist MHAMBULyaJIbHBIX HOIIIUCINKOB, IPEIIIPUITUA U OPraHU3aIUuil —
75872, monmucHasd 1ieHa 3a rof, — 1200 TeHre; WHAEKC JbIOTHON MOIUCKH JJIsI CTYJIEHTOB — 25872, moanucHast
IeHa 3a 1oj1 Jiyisd ctyaeHToB — 600 Tenre.
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