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MECHANICS
MEXAHUKA
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On joint efficiency of composite anisotropic plate rigidly fixed along outside edges”

A. G. Akopyan'”

'Moscow Automobile and Road Construction State Technical University (MADI), North Caucasus branch, Lermontov, Russian Federation

o o o skokok
(0] IPOYHOCTHU COCAMHEHUA COCTABHOU AHU30TPOITHOH MJIACTHHBI, KECTKO 3alI€eMJICHHOU 110 BHCIIHUM KpasiM

A.T. Akonsin'™

'MocKoBCKHii aBTOMOGHIIBHO-IOPOKHBIH TOCYIapCTBEHHbIH TexHuueckuii yuusepcuter (MAJIN) Ceepo-Kapkasckuii duiuan, JIepMOHTOB,

Poccuiickas @enepanus

Introduction. Modern processes of welding, surfacing,
soldering and bonding provide producing structural elements
of monolithic interconnected dissimilar anisotropic materials.
The combination of different materials with qualities
corresponding to certain operating conditions offer
comprehensive facilities to improve the technical and
economic characteristics of machines, equipment and
structures. It can contribute to a significant increase in their
reliability, durability, and to reduction of the production and
operation costs.

Materials and Methods. The work objective is to study the
boundary state of stress of anisotropic composite plates in the
framework of the classical theory of plate bending. The outer
edges of the plate are considered free. Using the classical
theory of bending of an anisotropic plate in the space of
physical and geometric parameters, hypersurface equations are
obtained that define low-stressed zones for the contact surface
edge of a cylindrical orthotropic composite plate.

Research Results. Finding the criteria for engineering
structures to determine the limiting strength characteristics of
structural elements is one of the urgent tasks of the deformable
solid mechanics. Strength problems in structures are often
reduced to elucidating the nature of the local stress state at the
tops of the joints of the constituent parts. This paper is devoted
to solving this problem for composite anisotropic plates in the
area of their bending.

Discussion and Conclusions. The solution proposed in this

paper may be useful for increasing the strength of composite

products.

Keywords: low-stressed level, plate bending, anisotropic,
composite, rigidly fixed, angle rib, classical theory of bending,
linearly elastic.

" The research is done within the frame of the independent R&D.
" E-mail: manakofoto@yandex.ru
" PaBoTa BBINOIHEHA B pamkax uHMImatuBHONH HUP.

Beeoenue.  CoBpeMEHHBIE  TEXHOJOTHYECKHE  IPOLECCH
CBapKW, HAIUIaBK{, MAiKM M CKJICHBAHUS IO3BOJIIIOT
W3TOTOBJIATH  OJIEMEHTHl KOHCTPYKIHMH M3  MOHOJIUTHO

COEIMHEHHBIX MEXIy CO00H pPa3sHOPOMHBIX AHU30TPOIHBIX
MarepranoB. KoMmOMHMpOBaHME pa3iIMYHBIX MaTepHajoB,
o0JIafalomuX KadyecTBAMH, COOTBETCTBYIOIIMMH TEM HIIH
HUHBIM  YCJIOBHSIM Gonbiine

OKCIUlyaTalluvd, OTKPBIBACT

BO3MOXXHOCTH JUIS MTOBBIICHUS TEXHUYCCKHUX u
JOKOHOMHYECKHX XapaKTepUCTUK MAIIHH, O0OpYIOBaHUS U
coopyxeHnii. OHO MOXKET CIOCOOCTBOBATH 3HAYUTEIBHOMY
YBEJIMYCHHUIO UX HAJEKHOCTHU, JOJITOBEYHOCTH, YMCHBIICHUIO
Pacxo/10B Ha H3TOTOBJIEHHE H SKCILTyaTalHIoO.

Mamepuanet u memoowvi. Lenbio paboOThI SIBISIETCS U3ydIEeHHE
NpPEeIebHOTO  HANPSDKEHHOTO  COCTOSTHHSL  @HHU30TPOIHBIX
COCTAaBHBIX IUIACTHH B PaMKaxX KJIACCHYECKOW TEOPHH H3ruda
IUTacTHH. BHeIIHe Kpast TIIACTHHBI CUUTAIOTCS CBOOOTHBIMH.
Hcnonp3ys KJIaCCHYECKYIO TEOpHIO H3rnba aHMW30TPOINHOM

IUTACTHHBI B TPOCTPAHCTBE (H3MYECKUX M TE€OMETPUUECKHX

[apamMeTpoB, IIOJlydeHbl YpaBHEHUS TI'MICPIOBEPXHOCTH,
ONpeNeNAoIUe 30HBl  MaJOHANPSKEHHOCTH U Kpas
KOHTaKTHOM  TIOBEPXHOCTU  COCTaBHOW  IWJIMHAPUYECKU
OPTOTPOITHOM IJIACTUHBI.

Pesynomamer  uccneoosanus.  HaxoxpeHwe  KpUTepHEB
UH)XEHEPHBIX COOPYXKEHHUH, MO3BOJAIOLIMX  ONPEAEIUTh
IpefeabHble NPOYHOCTHBIC  XAapAaKTEPUCTUKU  3JIEMEHTOB

KOHCTPYKIMH, SBISIETCS OJHOH W3 aKTyalbHBIX 3ajad
MEXaHUKHA JIehOpPMHUPYEMOTo TBEpAOro Tena. I[IpoGiiemMbl
HNPOYHOCTH B KOHCTPYKIHMSX YacTO CBOJATCS K BBIICHEHHUIO
XapakTepa MECTHOTO HANpPSDKEHHOTO COCTOSIHUSL Y BEpIIMH
CTBIKOB COCTABJISIIONIMX 4acTed. J[aHHas cTaThs MOCBSAIICHA
PCIICHUIO 3TOW NPOOIEMBbI IS COCTABHBIX AHM30TPOMHBIX
IUIACTHH B 00JIaCTH UX U3rHoa.

Obcyaicoenue u 3akniovenusi. Pemenue, mpemnaraemMoe B
JaHHOW paboTe, MOXKET OBITh IOJE3HBIM Ul IOBBIIICHUSL

MNPOYHOCTHU KOMITO3UTHBIX I/ISJIGJ'[I/II\/'L

KnioueBble cjI0Ba: MalOHaNpsHKEHHOCTb, W3THO IUIACTHH,
AQHM30TPOIIHBIN, COCTABHOH, KECTKO 3allleMJICHHBIH, yriioBoe
pedpo, KIraccuieckast TeOpHs H3rH0a, TMHEHHO YIIPYTHH.
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For citation: A.G. Akopyan. On joint efficiency of composite Odpaszey ona yumuposanusn: AxorsiH A. I. O mpoyHocTH

anisotropic plate r1g1d1y fixed along outside edges. Vestnik of COEIMHEHNUS COCTaBHOM aHHSOTpOHHOfI IUIACTHHBI, KECTKO
DSTU, 2019, wvol. 19, mno. 4, pp. 304-309.
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https://doi.org/10.23947/ 1992-5980-2019-19-4-304-309

Jonckoro roc. texH. yH-ta. — 2019. — T. 19, Ned. —
C. 304-309. https://doi.org/10.23947/1992-5980-2019-19-4-304-309

Introduction. A low-stressed state near the angle rib of the edge of the contact joint surface of two different,
cylindrical orthotropic plates of the same thickness [1-5], rigidly fixed along the outside edges, in the framework of the
classical bending theory of linear-elastic anisotropic plates [6, 7], rigidly fixed at the outside edges, is considered.

The behaviour of stresses at the angular vertex under bending a homogeneous isotropic plate that has an angle
rib was studied in [8] using the classical theory of plate bending. The subsequent consideration of this problem through
the refined Reissner theory has shown that the shearing forces in this edge are finite [9]. The existence and location of
zones of low tension and stress concentration at the compound plate corners were experimentally shown in [10]. The
case of bending of an inhomogeneous compound plate was considered in [11].

The surface connecting two plates is vertical to the median plane. Such a compound plate is subject to bending
under total shear loading. The neighbourhood of the angle rib of the joint contact surface is free from external forces.
We place the cylindrical coordinate system origin at the corner point of the median plane of the plate. Fig. 1 shows the
plane z=0. Assume the main anisotropic axes coincide with the axes of this cylindrical coordinate system. The thickness
of the plate is denoted by h, and the values in the vicinity of the point r=0 referring to the regions 0<6<a, -h/2<z<h/2
and -B<0<0, -h/2<z<h/2, note by the indices i=1, 2, respectively.

Fig. 1. Compound plate schematic

Materials and Methods. The deflection w; of each region of the orthotropic plate about the point r=0 is
determined from the equation [3]:

16wl 1 9*w; 16w 1 33w; 16wl 1 0w; _
DT‘L 2Dr91 72 912902 +Dgi — 4 694 —a 12Dy 7013 5,502 —Dg; 2—+2(D91 + +Droi) % 592 —21Dpi 3 or =0.(1)
where Dn-, Dyg;, D,g; are stiffness of each reglon of the anisotropic plate:
o Eri 3.0 — Egi 3. D o .p.. —Gip3
DT’l - 12(1-vyive1) 5 DBL 12(1-vyve;) h 5 Drel DTLVHL + ZDku Dla 12 h

Here, E,;, Egi, Vs, Vi, G; are anisotropic parameters of each region.
Presenting the plate deflection in the form

w;(r,0)=r**1£,(8 ), 2
where f; and A are the required functions and the constant,
fi""+2(ku/12 +1) f{”r(/12 — 1) (kyi#* = 1f; =0, (3)
will follow from the equation (1), where kq;= Droi / :D” / Dy; *

The roots of the corresponding characterlstlc equation for (3) are determined from the following expression

The following three cases are wanted to be considered:
1) All four roots (4) are imaginary (a = b, b is real value)

T(1,234) = TWk;l,
Where the case k=1 corresponds to the lower character under the radical (4), and k=2 - to the upper one.
2) All roots (4) are complex (b is imaginary value).

Mechanics
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T(1230i = (& £ iny).
3) One pair of roots is real and the other is imaginary (a< b, b are real).
T(1,2)i = ¢, T(3,4)i = Ml
For each of the cases, we write the general solution of the equation (3):
1) fi=A; cos wq; 6+B; sin w,; +C; cos w,; 8+E; sin w,; 6
2) fi=A; cosh; 8 cosn; 6 + B; sinh ;6 cosn; 6 + C; cosh§; 0 sinn;0 + +E; sinh ;0 sinn;0 )
3) fi=A; cosh §; 6+B; sinh §;6 + C; cosn; 0+E; sinn;0,

where 4;, B;, C;, E; are arbitrary constants.
Then we have for the moments:
My = =Dpr ™ e " + A+ DA + vy ]
Mg; = —Doir* M [f{" + (A + D) (v A + 1)fi]
M,g; = —2Djr* 1 f] (6)
The shearing forces will be calculated by the formulas:
Qri = —r*2[(Dygid — Do) fi" + (A + 1) (DA% — Do) f;]

Qo = =17 2[Dif;" + (A + 1)(Drgid + Dy f{] (7
For a generalizing cutting force, we will have
OMygi - m !
Voi = Qoi + =2 = =12 (D" + 9if)), ®)

where
gi = A+ DDg; + A[(A + 1)Drg; + 2(A — 1)Dy].
On the contact surface (6 = 0), the conditions of deflection continuity, rotation angle, bending moment and
generalized shear force should be observed.
fi=f2.f{ = 12, Dor fI" + 91f1 = Do2f2"+9212, )
Do, [fi" + A+ D (v d + Dfi] = Do, [f2' + (A + D (vrad + D]
Consider the boundary conditions at the outside edges (0 = a, 6 = -B) of the plate. In case of rigid restraint
fi=fi=0, (10)
Substituting the value f; from (5) into the boundary conditions (9) and (10), we obtain three systems of eight
linear equations relatively eight constants A;, B;, C;, E; for each of the three cases in (5)
For case 1:
A+ C; — Ay,— =0 (11)
w11 B1+ Wy By —w12 By — w23 E;=0
Dg1q1141 + Dg1q21C1 — Dg2q1242 — Dp2q22C>=0
w11P11 Bitwa1P21 By — w1ap12 By — woapan E; =0
A4 cos w1, a+B; sin wy;a+C; cos wyq a+E; sin w,q a=0
Aiwq1 SINwqq & — Bywq4 COS W11 a+C Wy SIN W, @ — Ejwyq COS Wy a=0
A, coswq, f — B, sinw;, B +C, cos w,,f — E, sin w,, =0
Ay w1,5IN Wy, f + By w1,€05 Wy ff 005, SiN Wy, + Ey w5,€08 wyy f=0
The following notation is used here:
pji=(A+ 1= w};) Do+ A[(A + 1)Dyg; + 2(A — 1) D]
4=+ D(vd + D-0};, j=1,2
For case 2:
Ay — Ay =0,8B; + 110 — B, =m0, =0 (12)
w1Dg141 + 2Dg1§1m Ex — wyDgr Ay — 2Dgr85m2E, = 0
p1 B1tq1C; — p2 B, — q,0,=0
A; cosh & acosn; a + B; sinh & acosny a + C; coshé; asinn; < +E; sinh§; «sinn; «x =0
A; (&;sinh & acosny @ —ny cosh & asinn;a)
+B; (cosh & a cosny a —ny sinh §; xsinn; )
+C; (&;sinh & asinn; < 4+ n, cosh&; acosn, a
+E;(§,coshé; xsinn; « +n;sinh & acosn,a) =0
A, cosh &, B cosn, f — B, sinh &, cosn, B — C, cosh &, Bsinn,B+E, sinh &, L sinn,f =0
A, (§2sinh &, B cosn, B —ny cosh &, B sinn,B)
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—B,(§,cosh &8 cosn, B — 1z sinh &, 8 sinm, B)
— C; (§sinh &, B sinm,f +1; cosh &8 cosn, B) + E;($;cosh &, sinmy B + 1, sinh §; B cosn, B)
=0,
where the following is indicated:
w; =& —nf + A+ DA+ 1)
pi=&i{(&7 — 307 + A+ 1) Dgi+A[(A + 1)Drg; + 2(A — DDy}
q; = 0:{B3&7 —nf + A+ 1DDg; + A[(A + 1)Drg; + 2(A — DDy}
For case 3:
A+ € —Ay,— C,=0 (13)
$1By + mEy — §B; —mE; =0
a1D914; — b1Dgy €y — a;DgpA5 + by Dg,C, = 0
$1P1 By —mqiEy — §3p2 By +12q2E,=0
Aycoshé a+ Bysinh&a+ C,cosn; « +E; sinn; « =0
A& sinh & a + Bi& coshéa — Cinysinny, < +En, cosn, « =0
A, cosh &, — By sinh &, + €, cosn,f — E,sinn,f =0
Azé, sinh &8 — By§, cosh &, — Comy sinnyf — Exny cosn, B =0,
where
a; =&+ + 1), by =nf = A+ Dy + 1)
Pi=(&? + A+ 1) Dgi+A[(A + 1)Dyg; + 2(A = 1)Dyy]
q; = 7 — 2= 1)Dg; = AL(A + 1)Dyg; + 2(A — 1)Dy]

For a nontrivial solution to the homogeneous systems (11), (12) and (13) of linear algebraic equations with

respect to the coefficients A;, B;, C;, E; , it is necessary that the determinants of these systems be equal to zero
A4, a, B, Vri, Vi, Eriy Egiy Gi)=0 (14)

From (2) and (6), it follows that if 0< Red; <1, then under approaching the edge of the joint surface (r— 0)
the stresses (moments) increase unlimitedly, and the order of the singularity is | ReA; —1|. And if Red; >1, the stresses
decrease to zero when approaching the vertex of the angle.

Research Results. Thus, the study of the nature of the stressed state near the rib of the edge of the joint surface
of a compound anisotropic plate under bending involves finding the root A of transcendental equation (14) with the least
positive part for constraint angles and mechanical characteristics of the materials being joined.

Setting the determinants of these new systems to zero, we obtain equations relatively A for each of the three
cases, respectively. A numerical solution of these equations is carried out for the following groups of parameters:

Dy=16=p;2)y =16, =4u;3)y =16, = /4
Dy =1/2,G,=p: 5y =1/5.6,= 46 = 2.6, = 4.

In the numerical calculations, Voigt's remark [6] on equality E,; = Ej; is accepted.

Some results of a numerical study of the root 4, depending on the angle ¢ =« +f, are shown in the table
where = 10°.

Table 1
Parameter A values depending on the angles o and 3
7] 1 2 3 4 5 6
140 1.533 0.845 2.34 1.574 0.784 0.88
160 1.288 0.703 1.72 1.146 0.653 0.73
180 1.000 0.596 1.51 0.910 0.556 0.61
200 0.816 0.516 1.039 0.756 0.485 0.53
230 0.652 0.436 0.817 0.614 0.416 0.447
290 0.519 0.373 0.60 0.508 0.367 0.375
360 0.500 0.325 0.563 0.474 0.311 0.333

The table shows that for these angles, depending on the anisotropy parameters, there may or may not be stress
concentration at the vertex.

We can solve the inverse problem [1-5] as well. We construct curves that, for fixed values of the mechanical
characteristics of materials on the « £ plane, separate the regions of finite and infinite stresses (moments).
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Assuming that the smallest root of the equation (11) is real near the boundary of high stress concentration
region, we put A=1 in this equation (preliminarily clearing of the double root A=1) and find the smallest positive values
of the angles o< and B depending on the anisotropy parameters. The geometrical loci in the «f plane form those limiting
curves that separate the concentration region (above the curves) from the low-stressed regions (below the curves). The
numerical implementation of the obtained equation allows for the determination of a low-stressed region for the edge
that provides the joint strength in the space of the parameters &, §, V,;, Vgi, Eri, Egi, G-

Fig. 2 shows these curves for various values of the anisotropy parameters. Lines 1-9 correspond to the

following parameters: 1)y = 1,G; = py;; 2) y = 1/2,Gi =u;3)y=2,G6=u;49Hy=1G =4u;
SYy=1/5,6=41;6)y =2,G,=pu; Ny = 1,6, = /4% 8)y =15, G = wi/4; 9y = 2,6, = /4

Bl

[S=]

6
0 v mRS ¢ ow®m T o

Fig. 2. Distribution of low-stressed zones

In the graphs, straight lines correspond to a homogeneous plate, and curves correspond to a compound plate.

Discussion and Conclusions. If for a homogeneous isotropic plate with a corner angle larger than & there is
always a stress concentration at the apex, and with an angle smaller than & there is no stress concentration, then for a
homogeneous anisotropic plate and compound isotropic and anisotropic plates, this pattern is violated as it is shown in
the graphs (Fig. 2).

It can be seen that the degree of concentration of the shearing forces near the angular point is higher by 1 as
compared to the moments, which is explained by the imperfection of the classical theory of plate bending.

In a similar way, we can consider the boundary conditions when the plate is freely supported along the outside
edges, the outside edges are free, as well as the mixed boundary conditions.

The problem considered here can also be investigated using the refined theory of bending of anisotropic plates
[12, 13], which enables to go beyond the restrictions imposed by the Kirchhoff approximation and to compare the
results.
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Influence of wave effect on fiber stress limit under tensile tests of composite material”
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ETH Zurich, Zurich, Switzerland

Buinsinue BoTHOBOIo 3¢ (peKTa HA MpeeJ1 IPOYHOCTH BOJIOKHA NMPH HCHBITAHHAX KOMNO3UTHOIO MaTepHaJia HA

kkok
pacTsKeHHe

W. P. Autuéac', Amep Kapuyo’, A. I Jipsiuenko’

13 JTonckoii rocynapcTBeHHbIH TeXHHUecKuit yruBepeutet, Poctos-na-Jlony, Poccuiickas denepanmus

ETH Zurich, Ljopux, Iseituapus

Introduction. The response of composite materials to the im-
pact of a certain kind of load is difficult to predict, therefore,
research in this area has often been neglected. The work objec-
tive was to study the influence of the wave effect on the tensile
strength of polymer composites of a fibrous structure.
Materials and Methods. In the tests, samples of multilayer
materials of various thicknesses with continuous, long and
short fibers that form a fabric, as well as a layered structure,
were used. The number of layers corresponds to the resistance
to the applied loads. Fibers of glass, carbon, kevlar, or their
combinations were used. Isotropic materials — epoxide, polyes-
ter and vinyl ether — were used as binders.

Research Results. The tensile test results of homogeneous
samples and samples of fibrous structure are obtained. In this
case, the values of fiber angle varied. The stability of their
intercomparison test results is established. The dependence of
the maximum tensile stresses 6,,,,, MPa, (on the vertical axis)
on the fiber angle 0,,,, is obtained. These stresses for a fibreless
material amounted to 250 MPa. Normal and tangential stresses
acting perpendicular to the fibers, as well as shear stresses of the
layered material, are calculated. As follows from the analysis
of the dependences for the significant tensile stresses and from
the study on refraction in the section of the sample damage, it
was established that the shear stress Ty, was the cause of the
fracture. Using an equation providing the compensation for the
angle of inclination 6 = 45, it was determined that the shear
stress of the polyester is t,, = 35 MPa. This was the stress that

caused subsequently the destruction of the samples.

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

Bseoenue. Peaknysi KOMITO3WIIMOHHBIX MaTepuajoB Ha BO3-
JIEHICTBHE ONpPEAETIEHHOTO poJa HArpy30K TPYIHO IPOrHO3H-
pyemMa, IO3TOMY HCCIEHOBaHHSM B 3TOW 0ONacTH He ymems-
JIOCh JOJDKHOTO BHMMaHU. llenbio HacTosIeil paboTsl ObLIO
U3yveHHe BIMSHUS BOJIHOBOTO 3 deKTa Ha Ipeael IPOIHOCTH
IPU PACTSHKCHUU IOJMMEPHBIX KOMIIO3UTOB BOJOKHHCTOH
CTPYKTYPHI.

Mamepuanet u memoovi. B HCHBITAHUSIX HCHOJIB30BAIUCH
00pas3Ibl MHOTOCIIOHHBIX MaTepPHAIOB Pa3JIMYHOM TOJIIMHEI C
HETIPepBIBHBIMY, JUIMHHBIMUA M KOPOTKMMH BOJIOKHaMH, 00pa-
3YIOIIUMH TKaHb, a TAK)KE CIOUCTYIO CTPYKTYpy. Uncno cioes
COOTBETCTBYET CONPOTHBIIEMOCTH IIPHUIOKEHHBIM Harpys-
KaM. [IpuMeHsUINCh BOJIOKHA CTEKIa, yriepoja, KeBjlapa Wi
nX KoMOMHanuu. B kadecTBe CBA3YIOMNX HCIOJIB30BAIH H30-
TPOTIHBIE MAaTEPHANBI: STMOKCHA, MOMMI(pHP ¥ BHHUIOBBII
3¢wup.

Pesynomamer uccnedosanusa: IlomydeHsl pe3ynbTaThl HCIIBITa-
HHS Ha pacTsDKEHHE TOMOTEHHBIX 00pasloB M 00pasloB BO-
JIOKHUCTOM cTpyKTyphl. IIpu 3TOM BapbHpOBaIMCh 3HAYCHUS
yTJIa HaKIOHA BOJIOKOH. YCTaHOBJIEHA CTAOMIBHOCTH PEe3yilb-
TaTOB UCIIBITAHUS IIyTEM UX B3aUMHOTO cpaBHeHHUs. [loydyeHa
3aBUCHMOCTh MAaKCHMAJbHBIX HANPSKEHUH TMPH PACTSHKEHUN
Omax, MIIa, (Ha BepTHKAIBHOI OCH) OT yIijia HAKJIOHA BOJOKHA
Omax- OTH HampsDKEHUS Ui MaTeprana ¢ Oe3BONHOBBIMHU
BoJIokHamu coctaBmwid 250 MITa. Paccuntanbl HOpManbHbIe U
KacaTellbHble HaNpsDKEHMs, JeHCTBYIOIIUE NEepIEeHIUKYIIPHO
BOJIOKHAM, a TAaKXKe HANPSDKEHUS CIOMCTOTO MaTepHaia IpH
casure. B pesynbprare aHamu3a 3aBUCUMOCTEH AJIsL XapakTep-
HBIX HANPSDKEHUH NIPH PacTSDKEHUH U HCCIISIOBaHUS pedpak-
MM B CEYCHHH pa3pyIleHUs OOpa3loB YCTAHOBJIEHO, 4YTO
TIPHYMHON Pa3pyNIeHHUs SBISAETCS HANPSKEHHE CABATA Tyy. C
IIOMOIIBIO YPaBHEHUsI, KOTOpOE MO3BOJSAET KOMIIEHCHUPOBATh
yron HakioHa 0 =45°, Obuto ompemeneHo, YTO 3HAYCHHE
HaNpPSOKEHHS CJIBMTa TOJIMACTEPA Ty, = 35 MIla. D10 M ecTh
HalpsDKEHWe, KOTOPO€ BIOCIEJCTBHH SIBHJIOCH IPHYNHOM
paspyleHus oopasIos.

** E-mail: imad.antypas@mail.ru, amerkarnoub@gmail.com, alexey-a2@mail.ru

*¥%* PaboTa BBINOIHEHO B paMKax nHuLMatiuBHo HUP.
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Discussion and Conclusions. The tensile stresses of the com-
posite material decrease with increasing the fiber angle in
certain areas. The destruction of all fiber samples occurred
when the shear stress reached a value approximately equal to
the shear stress at which the destruction of samples made only
from a binder material happened. When the specimen broke,
the fracture mode had the form similar to the shear failure;
besides, at the moment of fracture, the object having a rectan-
gular shape, being deformed at an angle, took the form of a

parallelogram.

Keywords: composite material, binding material, fibrous ma-
terial, filler, structure defect.

For citation: 1.R. Antypas, et al. Influence of wave effect on
fiber stress limit under tensile tests of composite material.
Vestnik of DSTU, 2019, vol. 19, no. 4, pp. 310-316.
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Obcyscoenue u 3axnoyenusa: HanpsokeHUs! MPU pacTSHKEHUU
KOMITO3UTHOTO MaTepuaja YMEHBIIAIOTCS C YBEIHYCHHEM
yIJla HaKJIOHA BOJIOKOH B OIIPEZCNICHHBIX 30HaX. PaspymieHne
BCEX 00pa3loB BOJOKHA HACTYNMaJO TOr[A, KOTAA BEIHYMHA
HaNpsDKEHHS CIIBUTa JOCTHIaNa 3HAYCHUS, IPHMEPHO PABHOTO
BEJIMYMHE HANpPSOKCHUS CIBUIA, NMPH KOTOPOM IIPOUCXOJHIO
pa3pylieHne oOpasIoB, M3TOTOBICHHBIX TOJNBKO M3 CBSI3YIO-
mero Marepuana. I[Ipu paspsiBe o0pasia Gpopma pazpyrieHus
UMeNa B, aHAJIOTMYHBIA pa3pyIICHHIO NP CIBUTE, IPHYEM
B MOMEHT pa3pyIlIeHHsS OOBEKT, UMCIOIIUHA MPSIMOYTOJIbHYIO
¢dhopmy, nehopMHUpYCH IO YIIIOM, IPUHUMANT (OpMy Mapai-

JiejaorpaMmma.

KiloueBble cj10Ba: KOMIIO3UTHBIA Marepuai, CBS3YIOIIMHA
MarepHal, BOJOKHUCTBIA MaTepHal, HalOIHHUTENb, ACPEKT

CTPYKTYPBHL.

Odpasey ona yumuposanua: Brivsaue BoaHOBOTO dddexra Ha
mpezieNl MPOYHOCTH BOJIOKHA IIPH HCHBITAHUSX KOMIIO3UTHOTO
Marepuaia Ha pactspkeHue WM. P. Aatubac [u np.] Bectauk Jlos-
CKOro roc. TexH. yH-ta. — 2019. — T. 19, Ne 4. — C. 310-316.
https://doi.org/ 10.23947/1992-5980-2019-19-4-310-316

Introduction. The studies employed composite materials widely used in construction. Samples of various
thicknesses from multilayer materials containing continuous, long, short fibers and fibers forming the fabric were used.
The number of filler layers corresponded to the resistance to the loads applied. Fibers of glass, carbon, kevlar, or their
combinations with binders were used. Binding materials are designed to develop adhesion bonds between fibers, to pro-
tect them from the environment and load distribution., Isotropic materials such as epoxide, polyester and vinyl ether
were used as binders [1].

The cost of products from polymer composites depends mainly on the cost of the ingredients and the number
of production stages. Violations of technological regulations causes deviations from the required structure of the mate-
rial, the formation of various kinds of defects. At that, a wavy shape of the fibers is implemented (Fig. 1), the uniformi-
ty of the heterogeneous structure is violated. All this causes deterioration in the complex of mechanical-and-physical
properties of the composite [2].

Resin-rich zone

Fig. 1. Formation of waves in the fibers caused by the lack of structure of composite materials

A number of disadvantages of the reinforced composites are largely associated with impurities and flaws in the
product. Flaws are formed in the process of curing the binder, which, initially being in a state of viscous flow, translated
gas inclusions in the form of bubbles into the volume of the composite under the gravity die casting. Heterogeneity of
the concentration of fibers and the binder in the bulk of the material occurs due to the presence of functional additives
or additional filler, for example, sand (Fig. 2).

Fig. 2. Cross section of composite material containing a number of bubbles
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Ha puc. 3 nmoka3aHo, 4TO BOJHOBAsI OPUEHTAIMS BOJOKOH MOXKET PAcIioiaraThesi B INIOCKOCTH TKaHH, 110 CTPYK-
Type aHAJIIOTMYHOI (UOPO3HOH, a Takke B IVIOCKOCTH CILIETEHHBIX BOJIOKOH. DTU BOJIOKHA 0OECIeUMBAIOT CTaOUIIb-
HOCTb CTPYKTYpPBI IIPU TPAHCIOPTUPOBKE, 00pabOTKe, a Takke OOJEryaroT TEXHONOTHYECKYI INPOHHIAEMOCTh CIOEB
KOMITO3UTHBIX MaTepHajoB. DTO MO3BOJSIET COCAMHATH BOJOKHA B TPYIITBI MPOJOIBHO MM NEPIEHANKYISIPHO IPYT K
nIpyTy [3], 9TO He MPEmATCTBYeT 0Opa30BaHMIO HEOOIBIINX BOJIH B TKaHH.

a) b)
Fig. 3. Waves located in the layer plane:

a) section of the composite; b) spatial structure

Spatial wave structures (Fig. 4) are implemented using textile equipment. These structures are able to take the
final shape of a product made from a composite material. Then, such a structure is impregnated with a binder, and the
product is mold using one of the known methods.

Fig .4. The location of waves in spatial fibers

In [4, 5], a method for testing spatial fiber structures with various components and in the presence of defects is
described. The formation of the wave configuration of fibers in such materials can have both negative and positive ef-
fects on the properties of composite materials. In [6], a theoretical and practical search is conducted. It considers the
nonlinear behaviour of composite materials reinforced with unidirectional fibers, in which waves are observed that arise
under the action of tensile loads and pressure.

The work objective is to study the effect of waves on the tensile strength of a composite material consisting of
polyester and fiberglass, to analyse the arising stresses, and to study the destruction of the sample due to various factors.

Analytical research. A composite material with a long-fibered filler can resist heavy load acting along the fi-
bers, which follows from Fig. 5, a. However, a load that does not correspond to the direction of the fibers is distributed
between them and the binder. This load depends on the angle between the direction of its action and the direction of the
fiber orientation. To determine the stresses acting perpendicular to the fiber and along it, the authors used the coordi-
nates obtained by rotating the x-y-z general coordinates by an angle 0 about the z axis [7] (Fig. 5, b).
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X\
Y X
A

Ae_x > 5

a) b
Fig .5. Interlocal coordinates of material plates: a) with straight fibers, b) with fibers at an angle.

If an infinitesimal volume element (Fig. 6, @) is removed from the general coordinates and rotated through an
angle 0, then, using equations (1), (2) and (3), we can determine the normal and tangential stresses developed in the new
position (Fig. 6, b) [8].

O,/ :Ux:—ay+@c0529 + Ty, sin 20, (1)

Tylyl = = % sin26 + Tyy COS 20, )
__ox+oy | O0x—0y .

0, ==+ =205 26 — Ty sin 26. (3)

_l;f;cy JS/ k.: T A
Yoo :
— T g\ <

a) b)

Fig. 6. Stresses of an infinitely small volume element:
a — in the general coordinate system, b) in the coordinate system at an angle

In the case of the wave configuration of the fibers, the stress state of the material is most dangerous at the max-
imum value of the angle (0,,,) since normal stresses are oriented perpendicular to the layer of the reinforcing filler. If
we consider an infinitesimal element in this state (Fig. 7), then after calculating the stress values from equations (1), (2),
(3) and comparing their values, we can establish causes of the sample failure.

Fig.7. Infinitely small volume element at the point of maximum fiber inclination angle (0,,,y)

Materials and Methods. The influence of the wave impact on the tensile strength was studied according to
ASTM D 638-90 [9]. Samples of sheet form made of polymer composites containing a reinforcing filler (fiberglass) and
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a binder (polyester) were tested; the hardener content was 2% of the total volume. Samples were prepared through the
gravity die casting [10]. At that, a template consisting of glass plates with dimensions 38 x 25 X 6 mm, which contained
10 layers of fiberglass was employed; and cellophane layers were used as a buffer to prevent adhesion.

During the molding process, a small vibration was used for five minutes. Exposure for curing in the form was
for 24 hours. Exposure to stabilize the structure and properties of the samples in a free state before testing was 25 days.
Using special boards, samples were made without waviness and with the wave orientation of the filler. Moreover, the
latter differed from each other in wave amplitude. Fig. 8 shows the formation of waves in a single board.

Fig. 8. Single Board Wave Formation

Results and Discussion. Tensile tests were carried out for samples with fibers without waviness and with fi-
bers having a sinusoidal half-wave shape at angles of inclination: 6,,,, = 10°, 18°, 22°, 28° and 38°. The stability of the
test results was established through their mutual comparison for samples without filler waviness made on five different
boards. Fig. 9 shows a curve of the tensile stress variation with a change in the angle of inclination of the fiber. In this
case, the tensile stress 6,,,, for a material with waveless fibers was 250 MPa.

300
—— Waveshape fiber
250 -
Stringless fiber
200

150 \
100 \
\\

50

tensile stress, Opmax

10 18 22 28 38
Inclination, 0
Fig. 9. Curve of variation of maximum tensile stresses o, With increasing fiber angle 0,

Using the equations (1) and (3), the normal and tangential stresses acting perpendicular to the fibers, as well as
the stresses of the layered material under shear, were calculated according to the equation (2).

200
| \ " Normal stresses parallel to the fibers
180 “*~ Normal stresses perpendicular to the fibers
160 T == Shear stresses
140
<
= N
s 120 ¢ \
g 100 | "
]
o 80 |
=2 \\‘\
«\ 60 \
20 o
0
10 18 22 28 38

Inclination, 0,

Fig. 10. Curves of changes in the angles of inclination of the wave 6,,,,, with normal stresses parallel to the fibers o, and normal
stresses perpendicular to the fibers oy, as well as shear stresses at shear t,,.

http://vestnik.donstu.ru

As aresult of the analysis of dependences for the characteristic tensile stresses in the point position with the in-
clination of fibers 0,,,, and the study on the area of fracture of the samples (Fig. 11), it was established that the shear
stress Ty, is the cause of the fracture. Comparison of this stress with the maximum shear stress of the sample of polyes-
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ter without fibers is given in [10]. The yield strength (c,) was taken equal to 70 MPa. Using the equation (2), which pro-
vides compensation for the angle of inclination 8 = 45°, it was found that the shear stress of the polyester is tp,, = 35
MPa. This is the stress that subsequently caused the destruction of all samples. The equation (2) enables to determine
the deformation of the samples at the breaking point, and also displays deformations and angular displacements proving
that the destruction of the layered material is a consequence of shear stresses.

Fig.11. Refraction in the fracture section

Conclusion. Based on the research results, the following conclusions can be drawn:

1. The tensile stresses of the composite material decrease with increasing the angle of inclination of the fibers
in certain areas. The result showed a coincidence with the earlier studies [11, 12].

2. It was established that the destruction of all fibrous samples occurred upon reaching a shear stress approxi-
mately equal to the shear stress at which the samples made only from a binder were destroyed. This is in agreement
with [13, 14], the data differed only in respect of the stresses developing in the bonding material.

3. When the sample ruptures, the fracture form is similar to shear fracture, and at the moment of fracture, the
rectangular object, being deformed at an angle, took the form of a parallelogram.

4. It is recommended to continue research in this area, the key objectives of which should include studying the
effect of smaller fiber pulsation angles on the tensile strength of a composite material, as well as investigating the influ-
ence of the wave effect on the flexibility coefficient.
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Introduction. Precision elements of the target equipment and
sensitive elements of the stabilization and orientation system
of the advanced spacecraft are considered in the framework of
this research. A method and software for modeling the dynam-
ic characteristics of these elements are developed and validat-
ed. At that, the processing data results from the experimental
studies on active and passive oscillators are taken into account.
Materials and Methods. 1t is shown how the method of
weightlessness provides simulation of the conditions that as
much as possible conform to the real-time use of advanced
space vehicles, precision structural elements, target equipment
and their drives. Schemes of the corresponding experimental
facilities are presented. Mathematical modeling methods,
techniques of machine mechanics and dynamics are applied.
Basic parameters of the proposed design dynamics, which are
governing parameters in terms of the implementation of the
target functions of the spacecraft, are calculated. Rational ver-
sions of layout and approximate cycle patterns of the operation
of advanced space vehicles are formed to reduce micro-
perturbations from driving gear with rotating masses.

Research Results. A simulation technique for the dynamic
characteristics of the drives of advanced space vehicles con-
sidering the regular oscillator operation is developed and vali-
dated. A complex of methods is presented for solving the
problems of identifying dynamic parameters of a mathematical
model of an advanced spacecraft based on the processing data
results obtained through the experimental testing of active and

passive oscillators. Two types of vibration from flywheel en-

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

Beéeoenue. B pamkax DaHHOTO HCCIENOBAHHSA PAaCCMOTPEHBI
MPEI3HOHHbBIC AJIEMEHTHI IIeJICBOH ammapaTypbl U 4yBCTBH-
TEJIbHBIE JJIEMEHTHl CHCTEMBI CTa0WIM3AlUM W OpPHEHTAINU
MEPCIEKTUBHBIX KOCMHYECKHX amnmaparoB. OOOCHOBaHBI M
pa3paboTaHBl METOI M NPOrpaMMHO-AITOPUTMHIYECKOe obec-
MeYCHHE MOJENUPOBAHUS UHAMHYECKHX XapaKTEPHCTHK
YKa3aHHBIX 3JeMeHTOB. [Ipn 3TOM ydTeHBI pe3ynbTaThl oOpa-
OOTKM JaHHBIX MO IKCHEPUMEHTAJIbHBIM HCCIIEOBAHHSIM aK-
TUBHBIX M TACCUBHBIX OCIIUITOPOB.

Mamepuanvt u memoowt. TlokazaHo, KaK METOJ 00€3BEIINBA-
HUS TIO3BOJISIET BOCCO3JATh YCJIOBHS, MAKCHMAIIEHO COOTBET-
CTBYIOIINE PEabHOW JKCIUTyaTaluHl MEePCHEeKTHBHBIX KOCMH-
YECKHX allapaToB, MPELUU3HOHHBIX 3JIEMEHTOB KOHCTPYKIIHH,
LENICBON anmapaTypbl U UX MPUBOJIOB. [IpencTaBieHsl CXeMbl
COOTBETCTBYIOIINX KCIEPUMEHTANBHBIX YCTaHOBOK. Mcnoub-
30BaHbl METOJbI MaTeMaTHYeCKOTO MOICIHPOBAHHS, METOJBI
MEXaHWKH U IMHAMUKH MalliH. PaccunuTaHbl OCHOBHBIE Mapa-
METpPBI ANHAMHKH NPEAIaraeMoil KOHCTPYKIIUH — OIIPEaesi-
IOLIME C TOYKH 3PEHUs pealn3aliii IeNeBbIX (YHKIHHA KOC-
mudeckoro ammapara. CopMHpOBaHBI palMOHATIbHBIE BapH-
aHTBl KOMITOHOBKH ¥ MPHMEPHBIX MUKIOTPaMM (PYHKIIHOHH-
pOBaHUs MEPCIEKTUBHBIX KOCMUYECKHUX alIapaToB C ILENbI0
CHIDKCHHSI MHKPOBO3MYILEHHH OT TPHUBOIHBIX YCTPOHCTB C
BPANIAIONIAMHUCS MacCaMH.

Pesynemamul uccreoosanus. O60CHOBaH U pa3paboTaH METOX
MOJICTUPOBAHNS JIHHAMAYECKAX XapaKTEPUCTUK TIPHUBOIOB
NEPCIIEKTUBHBIX KOCMHUYECKHUX allapaToB C YyU4E€TOM (I)yH](LlH—
OHHPOBAHMS IITATHBIX OCHWILIATOPOB. lIpencraBieH KoM-
IUIEKC METOJHK PEIIeHUs MpoOiieM WACHTHOUKAIIMA JUHAMHA-
YEeCKHX IMapaMeTpOB MaTeMaTHYECKOW MOJENH IMEepCIeKTHB-
HBIX KOCMHYECKHX allapaToB C y4ETOM pe3yJbTaToB oOpa-
60TKI/I JAHHBIX, MOJY4a€MbIX IIPpHU 3KCHepHMeHTaﬂbHOﬁ oTpa-
0OTKe aKTUBHBIX M MMACCHBHBIX OCHIIUIAITOPOB. OTMEUEHHI 1Ba
BUJa BUOpalMu OT JBUraTened MaxoBHKOB. IlepBriif: mo ko-

™ E-mail: slsova@mail.ru, madi.1965@mail.ru, vladislavsovaa@gmail.com, bykovartem1994@yandex.ru
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HccnenoBanue BBIMOIHEHO B paMKkax nHUIKHaTHBHOI HUP.
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gines are noted. The first type is according to the commands of
the position control and stabilization control system. The se-
cond type is due to residual imbalance from the solar constant
meter. It is shown how these vibrations affect the dynamic
characteristics of the gyro mounting seats and of the multi-
spectral scanner for hydrometeorological support of the space-
craft. The data obtained are meant to solve the problems of
assurance of the dynamic accuracy of advanced space vehi-
cles.

Discussion and Conclusions. A technique for modeling the
dynamic characteristics of advanced space vehicles when op-
erating in the precision orientation mode is proposed. The
solution is based on the results of theoretical and experimental
studies presented in the paper, and it considers the operation of
standard oscillators. The implementation of this method is
brought to software and algorithmic support for assessing the
dynamic characteristics of standard oscillators of an advanced
space vehicle. Recommendations to reduce the effect of active
oscillators are established. Initial data are selected to deter-
mine the dynamics of advanced space vehicles from the point
of view of fulfilling their target functions. The layout and ap-
proximate cycle patterns of the operation of advanced space
vehicles to identify the driving gear with rotating masses as

sources of micro-perturbations are proposed.

Keywords: amplitude of oscillations, damping ratio, dynamic
accuracy, spacecraft, mathematical simulation, method, micro-
perturbation, displacement, precision stabilization, drive, soft-
ware and algorithmic support, velocity, acceleration, oscilla-
tion frequency.

For citation: AN. Sova, et al. Background for modeling the
dynamic characteristics of advanced spacecraft drives consid-
ering the operation of oscillators. Vestnik of DGTU, 2019,
vol. 19, no. 4, pp. 317-327. https://doi.org/10.23947/1992-
5980-2019-19-4-317-327

MaHZaM CHUCTEMBI YIIPaBJICHUS! OpHCHTAalWed M CTa0MIn3anu-
eil. Bropoii: 00yciaoBIeHHbBI OCTaTOYHBIM IUCOATIaHCOM, OT
H3MEPUTENSI CONHEYHON nmocTosHHOM. [loka3aHo, kakuM o0pa-
30M 3TH BHOpAIMN BIMSIOT Ha JMHAMHYECKHE XapaKTePHCTH-
KU [IOCAJO0YHBIX MECT TMPOCKOIMMYECKOIO M3MEPHUTEINs BEKTO-
pa YIrIIOBOH CKOPOCTH W MHOTO30HAJIBHOTO CKAaHHPYIOLIETO
YCTPOICTBA IMAPOMETEOPOIOIHYECKOT0 00ECTICUEHHSI KOCMH-
4eckoro ammapara. [loyueHHbIe JaHHbIE TPEeAHa3HAYEHbI UL
penieHus 3agad 00ECIEeUYeHHs] THHAMHUYECKOH TOYHOCTH Hep-
CIIEKTUBHBIX KOCMHYECKHUX alIapaToB.

Obcyscoenue u 3axaroyenus. TIpennoxkeH METo] MOACTHPOBa-
HHS JMHAMHYECKHX XapaKTEPUCTHUK NEPCHEKTHBHBIX KOCMH-
YEeCKUX amllapaToB NpH (QYHKIMOHMPOBAHUH B PEXHME IIpe-
[3HOHHOI OpHeHTanuu. PelmeHne OCHOBaHO Ha IPEACTaB-
JICHHBIX B cTaThe pe3yibTaTax TEOPETHKO-
IKCIIEPUMEHTAIIBHBIX HUCCIEAOBAaHUH M YYHTHIBaC€T pPaboTy
IITATHBIX OCHMULITOPOB. Peanu3anust yKa3aHHOTO MeToja
JIOBEJICHA JI0 IMPOrPaMMHO-aITOPUTMHYECKOTO 00eCIIeueHUs
OLICHKU JTMHAMUYECKHX XapaKTePUCTUK MITATHBIX OCLHILIATO-
POB MEPCIEKTUBHOTO KOCMHUYECKOro ammapara. OO0CHOBaHBI
PEKOMEHallMK 1O CHIDKCHUIO BIMSHUS aKTHBHBIX OCIIMIIIS-
TOpOB. BBIOpaHbI MCXOAHBIC JaHHBIC AJIS OIPEACIICHHS JHHA-
MHKH TIEPCIEKTHBHBIX KOCMHYECKHX allapaToB ¢ TOYKH 3pe-
HMS BBINOJHEHHS MX LeNeBbIX (QyHKuui. IIpeanoxeHbl KOM-
NOHOBKA M HPHMEpHbIE HHKIOrPaMMbl (YHKIHOHHPOBAHHUS
MEePCIEKTUBHOTO KOCMHYECKOTO amnmapara C Lelbio BBISBIIE-
HMSl IPUBOJHBIX YCTPOWCTB C BPAILAOIIMMUCS MaccaMH Kak
HCTOYHUKOB MUKPOBO3MYIIICHHH.

KnwueBble cjioBa: aMIinTya KoineOaHui, TeKpeMEHT 3aTy-
XaHHUs KOJIeOaHWi, JWHAMHYECKAas TOYHOCTh, KOCMHUYECKUI
anmapar, MaTeMaTHYeCKOe MOJCIMPOBaHHE, METOJl, MHUKPO-
BO3MYIIICHHE, IEPEMEIICHNE, MPEIM3UOHHAsS CTaOWITU3aIIns,
NPUBOJI, MPOTPAMMHO-AITOPUTMHYECKOEe O0ecreYeHune, CKO-
POCTh, YCKOPEHHUE, YaCTOTa KOJICOAHUIA.

Oopasey ona yumuposanus: TeOpPETUUECKHE OCHOBBI MOJIE-
JUPOBAaHUs JUHAMUYECKUX XapaKTEPUCTHUK IPHBOJOB Iep-
CIIEKTHBHBIX KOCMUYECKHX allllapaToB ¢ y4eTOM (yHKIHOHH-
poBanus ocummiatopos / A. H. Cosa [u ap.] // Bectauk JloH-
cKkoro roc. TexH. yH-ta. — 2019. — T.19, Ned4. —
C.317-327.  https://doi.org/10.23947/1992-5980-2019-19-4-
317-327

Introduction. At the present stage of development of the aerospace industry, some practical tasks of maintain-

ing the dynamic accuracy of the angular and linear movements of precision structural elements (PSE) and target equip-
ment (TE) of advanced spacecraft (SC) under the impact of internal disturbance sources, remain relevant. Such sources
are devices, tools and drives of the spacecraft and scientific hardware. Moving and rotating masses of the specified
equipment under the precision guidance modes generate vibrational disturbances [1, 2]. In the course of theoretical and
experimental studies, a complex of the following particular research problems was solved [3, 4].

1) Analysis of the requirements for modern spacecraft with precision stabilization depending on their purpose
and the scientific hardware installed on them. The goal is to unify these requirements.

2) Classification and analysis of the major sources of internal disturbances. The goal is to determine the most
active vibration sources and to identify the possibility of weakening and (or) eliminating their effects.

3) Validation and development of experimental methods and means for determining micro-perturbations, as
well as methods for their mathematical modeling.

4) Conducting experiments to determine the dissipative properties of spacecraft structures at low levels of dis-
placement (of order of 0.5 microns).

5) Validation and development of sufficiently accurate mathematical models of spacecraft and scientific hard-
ware for the analysis of dynamic accuracy in both the low-frequency and medium-frequency regions of disturbances.
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6) Validation and development of mathematical modeling methods to study dynamic accuracy considering the
experimentally determined parameters of perturbations.

7) Analysis of the study results on dynamic accuracy and general requirements for its parameters for an ad-
vanced spacecraft including TE. Following this analysis, to justify and develop subrequirements for vibration activity of
the major sources of internal disturbances.

Materials and Methods

Research objective. Schemes of experimental facilities are proposed, the implementation of which using the
method of weightlessness provides conditions that are most compliant with the actual operation of advanced SC, PSE,
TE and their drives [3—5]. Mathematical simulation and experiments enabled to validate and develop proposals on cor-
recting the dynamic characteristics of PSE and TE of advanced SC under the effect of internal disturbance sources.

Methods for solving the research problem. To solve the research problems, mathematical model approaches,
techniques of mechanics and dynamics of machines were applied. A method for modeling the dynamic characteristics
of advanced SC when operating under the precision guidance mode considering the operation of standard oscillators
and a method for processing the experimental study results of micro-perturbations are proposed.

Pilot unit schematic. To solve these problems, experimental research schemes are implemented (Fig. 1).

Weightlessness system

Load simulator

Fastenings of load simula-
tor to module output shaft

Drive module output shaft

Attachment points
of drive module to
fixture

A Drive module

Force platform

Fixture of fastening
drive module to
platform

a)

Direction of rotation of module
output shaft with load simulator

Weightlessness system

Load simulator

Fastenings of load simulator to
module output shaft

Attachment points of

drive module to ﬁxtureJ

Fixture of fastening drive <
module to platform

Drive module output shaft

Drive module

Force platform

b)
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Attachment points of
drive module to fixture

Drive module output shaft

Fixture of fastening Drive module

drive module to
platform

Force platform

<)

Fig. 1. Schemes for conducting an experiment on a power test bench with load on the output shaft of the drive module: a) horizontal
axis of rotation; b) vertical axis of rotation; ¢) load on output shaft J = 4.75 kgm2

Experimental studies on the selected schemes provided assessing the influence of the gravity field effect and
the weightlessness system on the valid signal [5-8].

Research Results
Method for modeling the dynamic characteristics of advanced spacecraft drives taking considering the

operation of standard oscillators. To provide dynamic accuracy, the research procedure presented in Fig. 2 [8—11] is

specified.

Development of math model for advancing Disturbance source testing to determine
'E of micro-oscillations from disturbance their force and moment impact on SC design

sources to places of precision TE

Calculation of TE dynamic

2 response to impact of micro-perturbations
TE performance evaluation under conditions Development of requirements for acceptable
of micro-oscillations caused by the action of vibrational impact on attachment points of
3 disturbance sources devices

When necessary

Introduction of the necessary structural
4 modification to SC design and/or
disturbance sources

Recurrence of performed operations starting
from point 1 until the necessary
5 characteristics are obtained

Fig. 2. Research procedure adopted under the development of dynamic accuracy

In addition, micro-perturbations of physical free-scale models of the advanced SC were experimentally inves-
tigated. When analysing the information obtained through the experimental testing of active and passive oscillators,
problems arise in identifying the dynamic parameters of the product mathematical model. This paper presents ways and
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methods to solve these problems.

Method for processing the experimental study results of micro-perturbations of advanced SC. The tech-
nique for determining the major parameters of a dynamic circuit assumes that the obtained free motion sample is a gen-
eral solution to a system of linear differential equations, that is, it has the form [3, 4, 7, 8]:

n
ot .
y(t)=ZAje 7 sin(2nfit+¢;), (1)
j=1
where n is the total number of desired components in the sample; 4; is the amplitude of the contribution of the j-th tone;

) ; is where n is the total number of desired components in the sample; 4; is the amplitude of the contribution of the j-th

tone; f;is the frequency of the j-th tone; ¢ ; 1s phase of the j-th tone of oscillations; 7 is time.

It is necessary to bring this dependence as close as possible to the vibrational part of the signal from the device
obtained via telemetry channels [7, 8]. To fix the identified signal, the following prior operations should be conducted
[3,4,7,8,10, 11]:

- to assign the area of telemetric information at angular velocities or angles, where oscillations determined by
the impact of liquid filling are observed;

- to remove from the received signal the low-frequency and constant components due to the angular movement
of the spacecraft relative to its centre of mass (produced through filtering the low-frequency component and (or) remov-
ing the polynomial trend corresponding to solid-state forms of product motion);

— to bring the signal to a constant recording interval,

— to determine frequency ranges of the major harmonic components of the signal based on the fast Fourier transform
algorithm;

— to displace the signal so that the time of the first measurement in the studied part of the signal corresponds to the
beginning of the time axis (this is necessary for a correct assessment of dissipative and phase characteristics).

The converted signal is used as a tabulated function (x;) when it is approximated by a dependence to determine
the process parameters. When selecting parameters, the least-squares method is used. The parameters 4;, 3, f;and @;

are determined through minimizing [3, 4, 7, 8]:

m n
—Ojxt, _: 2 :
D= Aje P sin@nf it +¢;))° — min, ()
i=l j=1
where x; is the value of the signal obtained through processing the test results; #; are time points corresponding to

measurements of x;; m is the number of measurements; 4; is the amplitude of the contribution of thge j-th tone; & is
damping factor of the j-th tone; f; is frequency of the j-th tone; ¢ ; is phase of the j-th tone.

The simulation results and experimental studies consider the following key factors:

— the number of harmonic components occurring in the sample under study;

— proximity of the frequency arrangement of these components;

— the length of the sample (it determines and provides reliable estimation of the required number of periods of
motion at the lowest frequency);

— signal recording step (it determines the required number of points on the period of motion of the highest
frequency);

— spread of the amplitudes of single motions of the sample components;

— presence of unobservable input effects in the sample.

It is understood that all these factors are interdependent, and their influence on the accuracy and reliability of
the result is determined by their combination. Therefore, the study is carried out for each factor with variation of the
others.

The developed method was tested under the operation of oscillators, as a result of which force factors affect the
attachment points. When determining the frequency response function (FRF) of forces and moments (operation of the
module at the nominal pulse frequency of the step motor (SM) 130 Hz) with account of the kinematic circuit of the
structure, the following sequence of module development was used:

— selection from the data array of the most characteristic measurement results (selection criteria included peak
amplitudes of the measured power parameters and the maximum set of peaks in the FRF of the power parameters);

— analysis of the measurement results of the external background and oscillations of the fastening and weight-
lessness systems in the frequency domain to identify frequencies of noise signals;

— compiling a list of noise frequency ranges for each power parameter;

— filtration of the power parameter variation in the selected results of measuring the noise frequency ranges
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from the initial processes (a special application package is used);

— saving the measurement results of the filtered processes and analysis of their spectra to identify the main
oscillators of the kinematic chain of the module.

Separate module development steps are described in [3, 4, 7, 8, 10, 11].

According to the diagrams presented in Fig. 1, the forces and moments at the module mounting points for three
load cases on the output shaft with inertia values: 1) J; = 1.53 kgmz; 2)J,=6.1 kgmz; 3)J3=7.6 kgmz, were measured.

The purpose of the experiments is to determine how the torque peaks relative to the axis of output shaft rota-
tion depend on the value of the load inertia on the shaft, and then to make a forecast on the torque value for the standard
load. When determining this dependence and torsional rigidity on the output shaft of the module, measurements of the
moment M, relative to the axis of rotation of the output shaft were taken for analysis.

Torsional rigidity was determined from the formula:

e=JAn’f2, 3)

where J; is load inertia on the output shaft, kgm?; f; is the lowest frequency of torsional vibrations relative to the axis of
rotation of the output shaft, Hz; i is the number of the load case on the output shaft of the module.

From the useful signal of the moment (filtration), a process was separated in which this moment changes at the
lowest eigenfrequency of torsional vibrations. This provided the determination of the decrement of vibrations.

The decrements of torsional vibrations of the output shaft at the lowest eigenfrequency with different load cas-
es were determined from the formula:

o= %m(Am IApin) > @)

where 4,, is the acceleration amplitude on the m-th oscillation cycle; 4, , is the acceleration amplitude on the (m + n)-
th oscillation cycle; # is the number of vibrational cycles taken for analysis.

When determining the rigidity of the output shaft and the decrements of torsional vibrations at the lowest ei-
genfrequency, the following sequence of actions was used.

1) Selection of the three most characteristic processes of changing the moment M, for three load cases on the
output shaft of the module.

2) Determination of the lowest eigenfrequency of torsional vibrations. In this case, the frequency range, within
which the value of the lowest eigenfrequency of torsional vibrations assumedly falls, is determined from the maximum
amplitude in the FRF of the moment .. Using narrow-band filtering, narrow frequency ranges in the selected region
are analysed (the criterion of the lowest eigenfrequency of torsional vibrations among the analysed filtered processes is
a monotonic decrease in amplitude in time and with no beating).

3) Values of the lowest eigenfrequency of torsional vibrations and the moment of inertia of the load using for-
mula (3) determine the rigidity of the output shaft.

4) From the obtained time process of the amplitude variation of torsional vibrations at the lowest eigenfrequen-
cy, the values 4,,, 4, + », 1, are determined, and from the formula (2), the decrement of these oscillations is specified.

Specifics of processing the research results of the impact of power factors arising from the operation of
oscillators on the attachment points. The format of the primary measurement data is automatically converted to a
format convenient for graphical presentation and analysis of information. The application of a special program can sig-
nificantly reduce the time of preprocessing of measurement results. To exclude noise signals from the original process,
a special application package is also used.

For each of the measured power parameters (F,, F,, F., M,, M,, M), not only noise signals (e.g., a line electri-
cal interference at a frequency of ~ 50 Hz or a stable external ground disturbance within the frequency range from 16 to
17.5 Hz) are common with all of them, but also their own ones due to the influence of the weightlessness systems and
drive mounting. For each of the power parameters, an average of twelve frequency ranges should be excluded. Accord-
ingly, in each set of measurement results selected for analysis, it is required to exclude different sets of noise signals for
each of the power parameters if the problem of determining the dynamic characteristics of the module considering the
kinematic circuit is solved (in this case, the analysis of the measured force parameters within a wide frequency band
from 0 to 200 Hz). Criteria for selecting the force factor measurement results are as follows: peak amplitudes of force
parameters; maximum set of peaks in the amplitude-frequency characteristics of power parameters.

When processing the measurement results in the problem of determining the module rigidity on the output
shaft and the decrement of oscillations at the lowest eigenfrequency, it is necessary to separate a process, in which the
power parameter variation occurs at the lowest eigenfrequency of torsional vibrations, from the initial signal (filtering).
This procedure is successfully implemented in a special package of application programs [3—4].

Methodology for selecting characteristic test modes and the corresponding measurement results. The
main test patterns and operating modes (pulse frequency of a SM is 130 Hz) of the module were selected with account



Sova A. N., et al. Background for modeling the dynamic characteristics of advanced spacecraft drives considering the operation of oscillators
Cosa A. H. u 0p. Teopemuueckue 0CHO8bL MOOSTUPOSAHUA OUHAMUYECKUX XAPAKMEPUCIUK NPUBO008 NEPCHEKMUBHBIX KOCMUYECKUX AnNapanos

of the maximum approximation to the operating conditions of the spacecraft in orbit. Criteria for choosing the most
characteristic modes to solve the problem are the following:

— no load on the output shaft;

— vertical axis of rotation of the output shaft;

— the sampling frequency of the measurement data is at least 500 Hz (the frequency band under examination
is from 0 to 200 Hz).

The selection criteria for the measurement results to determine the dynamic characteristics of the module due
to the kinematic chain are:

— peak amplitudes of the measured power parameters;

— the maximum set of peaks in the FRF of power parameters.

Methodology for selecting characteristic modes and measurement results to determine the rigidity and
decrement of torsional vibrations of the output shaft of the module. The criteria for the selection of characteristic
modes to solve the task are:

— vertical axis of rotation of the output shaft (see Fig. 1, b);

— three load cases on the output shaft (load value of at least 0.5 kgmz);

— sampling rate of measurement data is not less than 50 Hz (the studied frequency range is from 0 to 10 Hz).

The file selection criterion is peak amplitudes of the measured moment ..

Methodology for determining the dynamic characteristics of a module considering the kinematic chain.
After processing the initial measured signal, a useful signal is formed, which reflects the dynamics of the kinematic
chain links of the module under the SM operation at a frequency of master pulses of 130 Hz. Analysis of the FRF of
each of the power parameters (£, F, F., M, M,, M.) detected the main frequency bands at which the increased ampli-
tudes of these parameters took place. As a result of the studies, time processes and spectra for the forces F, F), F. and
the moments M,, M,, M, were determined. Fig. 3 presents examples of time processes and spectra for the force F, and
moment M,.
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Fig. 3. Time process (a) and spectrum (b) of force F; time process (¢) and spectrum (d)
of the moment M, at a frequency of SM 130 Hz

Results of determining the dynamic characteristics of the module at the lowest eigenfrequency of tor-

sional vibrations of the output shaft. The calculation results are given in Table 1.
Table 1

Frequency characteristics on the parameters of forces F,, F), F. and moments M,, M,, M, when the module operates at
the SM pulse frequency of 130 Hz

No Load parameter Frequency f, Hz (average value of load amplitude is indicated in brackets)
1 FN 0.5+0.9 (0.014); 5+6.1 (0.08); 8.2 (0.04); 12.3 (0.03); 26.2 (0.04); 45 (0.022);
v 91(0.02); 105 (0.014); 130 (0.39); 170 (0.01); 205 (0.04)

5 FON 5+6.1 (0.014); 8.2 (0.02);12.3 (0.02); 26.2 (0.044); 45 (0.014); 91 (0.017); 130
2 » (0.47); 170 (0.02); 205(0.04)
B 3 F,N 0.5+0.9 (0.07); 26.2 (0.04); 45 (0.015); 91 (0.04); 130 (0.1); 170 (0.02)
% 4 M. Nem 0.5+0.9 (0.01); 8.2 (0.0025); 12.3 (0.03); 26.2 (0.025); 91 (0.0026); 105 (0.003); 130
o v (0.3); 170(0.001); 205 (0.0045)
'é 5 M. Nem 5+6.1 (0.016); 8.1 (0.0062); 26.2 (0.016); 45 (0.004); 91 (0.008); 105 (0.005); 130
% ” (0.075); 170 (0.01); 205 (0.0055)
% 6 M. Nem 0.5+0.9 (0.0025); 5+6.1 (0.005); 18.5 (0.004); 26.2 (0.011); 45 (0.006); 105
§~ 2 (0.0018); 130 (0.3); 170 (0.015)
R=)

After processing the initial measured signals by the proposed method, data were obtained to determine the ri-
gidity of the output shaft from the formula and decrements of torsional vibrations. The analysis of torsional vibrations
of the module output shaft was carried out for moments of inertia: 1.53 kg-m?; 6.1 kg-m*; 7.6 kg-m’. In the studies of

324 torsional vibrations of the module output shaft, two situations were compared:
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— SM is on, and the kinematic chain is in operation;

— SM is off.

In the first case, the lowest eigenfrequency of torsional vibrations is lower than in the second case. The analysis results

are given in Table 2.

Table 2

Results of determining rigidity of the module output shaft with load at the lowest eigenfrequency

Load inertia, The lowest eigenfrequency of tl.le system, Hz Output shaft rigidity, N:nﬂdeg
kg-m? During mpdule During m.odule
operation operation
1.53 6.2 5.3 40.5 29.6
6.1 2.63 2.34 29.1 23
7.6 2.44 2.1 31.2 23.1
29 1.22 1.07 31 23

The obtained averaged values of the amplitudes of the moments Mz and decrements of vibrations for the lowest

eigenfrequencies of the system are given in Table 3.

Table 3

Torsional vibration decrements and averaged moment amplitudes relative to the axis of rotation of the output shaft

Load inertia, kg-m’ Amplitude Mz, N-m Decrement of vibrations
1.53 0.022 0.06
6.1 0.115 0.14
7.6 0.14 0.14
29 ~0.5 0.14

Examples of the time process of the moment Mz and its spectrum for the case of load on the module output
shaft J, = 7.6 kgm® are presented in Fig. 4.
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Discussion and Conclusions. The studies enabled to determine the dynamics of the drives of an advanced SC
and its components as sources of internal disturbances. The analysis of the research results showed that to reduce the
influence of active oscillators on the dynamic accuracy of an advanced SC under the precision orientation mode, it is
necessary:

- to conduct experimental validation of the initial data on the on-board sources of disturbances;

— to carry out an experimental study on the dissipative characteristics and structural rigidity characteristics of
an advanced SC;

— to develop criteria for assessing the impact of actions of the airborne disturbance sources on the target oper-
ation of an advanced SC in the frequency band up to 100 Hz;

— to refine a midfrequency dynamic model of an advanced SC based on the results of experimental studies;

— to analyse the sensitivity of the onboard instruments of an advanced SC to vibrations and to develop re-
quirements for the vibration activity of micro-disturbance sources;

— to determine the vibration activity of sources of vibration disturbances: a reaction wheel (RW), an MSU-GS
mirror drive, an ISP-2M solar constant meter.

The results of theoretical and experimental studies provided the solution to the problems listed below.

1) Analysis of sources of micro-perturbation:

— analysis of the composition, operating modes and characteristics of onboard sources of micro-disturbances;

— assessment of vibration disturbances of the SC structure generated by electromechanical executive bodies
(EMEB);

— assessment of the moments created by RW according to the commands of the stabilization and attitude con-
trol system (SACS);

— assessment of the vibration disturbances of the SC structure generated by a multizone scanning device for
hydrometeorological support (MSD-HS);

— assessment of vibration disturbances of the SC structure generated by a solar battery (SB) drive;

— evaluation of vibration disturbances of the SC structure generated by a high gain antenna (HGA) drive;

— assessment of the vibration disturbances of the SC structure generated by a solar constant monitor (SCM-
2M).

2) Assessment of the dynamic characteristics of the mounting seats of the gyroscopic angular velocity sensor
(GAVS) of the advanced SC under vibration effects from SCM-2M, as well as from:

— MSD-HS,

— RW (vibrations due to the SACS commands and residual imbalance).

3) Evaluation of the dynamic characteristics of the MSD-HS mounting seats of an advanced SC under disturb-
ances from RW by the commands of the SACS, RW, caused by a residual imbalance, SCM-2M.
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Analysis of the initial stage of fatigue wear in heterostructure materials under contact cyclic

*
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AHaJIH3 HAYAJIbHOM CTaluN YCTAJTOCTHOI'O M3HOCA I'ETEPOCTPYKTYPHBIX MATEPHAJIOB B YCJIOBUAX KOHTAKTHBIX

*
HNUKIHYECCKUX HATPY30K
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1.2.3:4.5 TTonckoit rocyIapcTBeHHbIH TeXHHUecKuil yuusepeuter, Pocros-na-Jlony, Poccuiickas denepanms

Introduction. The process of formation of fatigue defects in
metal alloys with different structural morphology is consid-
ered. The work objective is to develop a computational tool for
determining the moment of the defect nucleation under cyclic
loading.

Materials and Methods. A physical model is built, calculation
expressions are presented. The physical model is based on the
theory of dislocations. It is shown that a structure factor is
particularly important in the process of fracture nucleus origi-
nation under dynamic cyclic loading. Depending on the struc-
ture and properties of the material, as well as on the nature of
the loads, the critical fatigue defect develops in the form of
cracks, pores or micro-crater wear.

Research Results. A numerical experiment was performed to
determine the moment of nucleation of the critical-size defect
in iron-base alloys under the drop hypervelocity impacts.
Comparative data of calculations and bench tests for droplet
impingement erosion of steels and alloys with the structure of
ferrite, austenite, sorbitol and martensite are presented. The
efficiency of the nucleation stage during the incubation period
of erosive wear of the materials studied was evaluated.
Discussion and Conclusions. There are no strict instrumental
methods for determining the duration of the nucleation stage;
therefore, it is recommended to use the proposed analytical
model. In addition, the work performed gave a significant
application result, i.e. it showed that the focused design of the
material structure can significantly increase the wear re-

sistance.

Keywords: iron-base alloys, alloy substructure, cyclic load-
ings, fracture nucleus origination, physical model, numerical
experiment, droplet impingement erosion.
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Bseoenue. PaccmoTpeH nponece (GOpMHUPOBaHUS YCTaIOCTHBIX
neeKToB B METAUTMYECKUX CIUIAaBaX C PA3IMYHOU CTPYKTYp-
HoW Moponorueit. Llenp paboTel — co3maHHe PacyeTHOTO
ammapara Juisl ONpeesIeHUs] MOMEHTA 3apOXKICHUSI YKa3aHHBIX
Je(heKTOB B YCIOBHUSIX IUKIMIECKOTO HATPYKESHUS.
Mamepuanst u memoowi. IlocTpoeHa ¢usuueckas MOJEIb,
Hpe/ICTaBIICHBI pacYeTHbIE BRIpOKEHUs. B 0CHOBY (u3ndeckoit
MOJIENM TOJIOKeHa Teopusi aucinokauuil. [lokxazaHo, 4yro mpu
JIUHAMUYECKHX LUKIMYECKUX HArpyXEeHHIX OIpelelsioniee
3HAYCHHUE B IPOIECCE 3aPOKACHUS 09aroB Pa3pyIICHUs] IMEET
CTPYKTYpHBIH (pakTop. B 3aBHCHMOCTH OT CTPYKTYypHl H
CBOICTB MaTepHaia, a Takke OT XapaKTepa Harpy3ok, KpUTH-
YECKHI YCTaJOCTHBIN Te(EKT pa3BUBAETCA B (POPME TPEIIUHEL,
MOPBI WIIK MUKPOKpaTepa U3HOCa.

Pesynomamul uccredoganus. BBIIOTHEH YUCIEHHBIA JKCIle-
PUMEHT TI0 ONpENeNCHUI0O MOMEHTa 3apoXXAeHHs aedekta
KPUTHYIECKOTO pa3Mepa B CIUIaBaX Ha OCHOBE JXele3a IIpH
BBICOKOCKOPOCTHBIX KaleJIbHBIX coyaapeHusx. [IpencraBnensr
CpaBHUTENBHBIC JAHHBIE PACUYETOB M CTCHJOBBIX HCIIBITAHUI
[0 KaIrjleyAapHOW 3pO3UM CTallell U CIIaBOB CO CTPYKTYpOH
¢epputa, aycrenura, copobura u maprencura. OIeHEeH BKIag
CTaJN¥ 3aPOXKICHUS B HHKYOAIMOHHBIA MEPHO SPO3HOHHOTO
M3HOCA MCCIIEJOBaHHBIX MAaTEPHAJIOB.
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Introduction. Modeling specific unpredictable phenomena is a pressing challenge in terms of preventing their
undesirable consequences. For example, in aeronautics, heat power engineering, gas turbine production and agriculture,
the problem of droplet impingement erosion remains unsolved. The issue is discussed on the world level [1-4]. The first
success in modeling this phenomenon concerned single0020 droplet collisions [5—10]. Some papers [11-13] attempted
to quantify the ability of materials and coatings to resist the action of dynamic cyclic loads. In particular, it was possible
to create an analytical model tested under the conditions of liquid droplet shock [14—18]. Many authors [19-21] do not
differentiate the behaviour of a material or coating at the stages of nucleation and development of fracture. Nucleation is
problematically identified in the experiment. In the model mentioned above, it was estimated using empirical coeffi-
cients that did not have a universal theoretical foundation, and this is a clear drawback of the solution. This work objec-
tive is a deeper theoretical study of the stage of the defect nucleation in the coating causing its wear and destruction, as
well as the creation on this basis of a calculating apparatus for determining the moment of nucleation of cracks or pores
in various materials and coatings under cyclic loading.

Materials and Methods. Difficulties in evaluating the stage of fracture and wear nucleation under the repeat-
ed exposure (for example, at high-speed liquid-droplet collisions that provoke droplet impingement erosion of metal
products) are associated not only with instrumental determination of nuclei of cracks or pores. At this stage, the pres-
ence of structural elements in the material does not allow us to present the process as a continuum and to use linear frac-
ture mechanics (for example, the Paris-Erdogan fatigue theory) for calculations. Therefore, in the fracture mechanics,
the initial stage of the fatigue defect nucleation is singled out in a special stage. It is called “microstructural fracture
mechanics” and proceeds until the defect reaches the size of /.= (4...10)-d, where d is the size of a structural element of
the material [22]. An analytical estimation of the stage of fatigue defect nucleation requires, first of all, a metal physical
approach. The task is to find a calculated expression for the number of cyclic loads N; necessary for the formation of a
critical size fatigue defect in the material. As an empirical foundation for the computational model, the experimental
data of bench tests for droplet impingement erosion, where the number of drop collisions plays the role of N, can be
used.

In the general case, the equation for the number of dynamic cyclic loads N; should include three components:
mechanical, kinetic, and structural.

The metal physical concept of a mechanical component is related to the number (density) of mobile disloca-
tions p,, arising from a single shock loading (collision).

. In the process of multiple collisions, the number of mobile dislocations increases, they move in the metal ma-
trix along slip planes under the action of tangential stresses o, until they form flat clusters with critical density py, at the
nearest impassable barriers. Exceeding py,. causes spontaneous breaking of interatomic bonds in the metal and the origi-
nation of a crack nucleus. The py, values for various materials and coatings are known [23]. A mechanical component of
the number of collisions is expressed in the form of the dependence N; =f (pi-/pym)-

A kinetic component of the number of collisions N; takes into account the dependence of the dislocation ener-
gy on its velocity V,. From the theory of dislocations, it is known that with an increase in speed of dislocation, its ener-
gy increases according to the expression of Einstein for bodies moving at speeds close to the light speed. The only limit
for the dislocation velocity is the sound speed in a Cj crystal, at which the dislocation energy becomes infinite. There-
fore, considering the specifics of the drop impact, a kinetic component of the number of collisions is expressed as
Ny =f(Val Co).

A structural component of the number of collisions N3 has two aspects. The first is that the dislocation motion
under impact is limited by the size of the structural element of the D matrix, within which a free path of dislocations is
possible. In the general case, a grain size is considered as such an element, and its thickness — for thin coatings. The
second aspect considers that within the grain or coating, there can be obstacles to the dislocation motion: second-phase
particles, small-angle boundaries, immobile dislocations fixed by atmospheres, stacking faults, lattice resistance (Peierls
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stress). As noted above, these both aspects are reflected in the structural component of the number of collisions, and it is
a function of two variables N; =f (D, AG), where AG is the Gibbs free energy to activate the process of obstacle negoti-
ation within the structural element D. The negotiation mechanism depends on the nature of the obstacle, which deter-
mines the value of AG for each specific case of the material structure (their classification is given in [23]).

Thus, all the components of the desired number of collisions N; affect the process of fatigue defect nucleation
at the same time — with each collision. This fact determines the commutative nature of the interaction of the mechani-
cal, kinetic, and structural components. Then, in the most general form, N; is determined from the expression

V : D Ag
stp_kr. 1_[_51] e KT (1)
Pm Co) o

where £ is the Boltzmann constant; 7 is thermodynamic temperature, K; / is the path covered by mobile dislocations in
one loading cycle (collision).

The expression (1) is obtained on the basis of the theory of dislocations and represents a theoretical concept.
To use (1) in assessing the wear resistance of materials and coatings under the conditions of cyclic liquid-droplet colli-
sions, it is necessary to specify its constituent quantities (such as p,,, ¥V, lo, AG) through measured impact parameters
(e.g., impact velocity ¥, and droplet size Ry). The authors have already completed the corresponding refining of the
model (1) and are preparing material for publication.

Research Results. The computational model has been tested for iron-based alloys of various compositions and
structures. This selection is due, first of all, to the difference in the behaviour of dislocations in these alloys and makes
it possible to identify the capabilities of the computational model. So, in ferrite and austenite, the factor hindering dislo-
cations is the lattice resistance (Peierls stress). In a sorbitol structure, the glide of dislocations is determined by the mor-
phology and distribution of obstacles — by carbides Fe and Cr. In martensite, the dislocation motion is hindered as giv-
en. Thus, the subject of research in this part of the work is actually a structure factor.

Since all the materials studied are alloys based on iron, their basic stress-strain properties differ insignificantly.
The following values were used in the calculations: elastic modulus £ = 186 ... 218 GPa; Poisson ratio v=0.20 ... 0.31;
shear modulus = 64 ... 80 GPa; Burgers vector b =2.5-10"'" m. The data of numerical experiments on the implementa-
tion of the presented model and bench tests of Fe-based alloys with different structural morphology, including hetero-

geneous ones, are given in Table 1 and in Fig. 1.

Table 1
Experimental m, and calculated N; values of the number of collisions* for Fe-based alloys
Collision parameters
] Structure parameters Vo=250 m/s; Vo =340 m/s;
Material Ro=0.55 mm Ro=0.32 mm
(structure) ; -
. 6 6 Calculation Exp. Calculation Exp.
Lattice (M,) | o; |D[m”]| /[m™]
N3 Qo my N3 Qo my
ARMKO F
. °| BCC (2.9) 0.5 100 3.0 2197 — — 1187 — —
(ferrite)
X18H10T
08X18 . 0 FCC (3.06) | 0.5 100 3.0 2446 0.253 9680 1322 0.154 8597
(austenite)
20X13 0.35-
B 2. 2. 1 4 2 1 42 254 | 14
(sorbitol) CC (2.9) 0 00 0.50 655 0.280 6630 37 0.25 768
20X13 Tetrag.
. S8 002 | 001 | 001 | 9844 | 0550 | 17861 | 5705 | 0470 | 12140
(martensite) (2.95)
* Number values of droplet collisions falling at one point are presented (determined in the software of the test bench).
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Fig. 1. Dependences of the number of droplet impacts N; necessary for crack nucleation as a function of impact rate ¥, at Ry= 0.55
mm for Fe-based alloys with different structures: @) ARMKO Fe (ferrite); b) steel sorbitol 20X 13; ¢) steel martensite 20X13

Values of some parameters given in Table 1 need explanation. The distance between obstacles / on the path of

mobile dislocations in ferrite and austenite is the distance between dislocations, i.e. [ = 1/ A fp , - Given high plasticity of

these solid solutions, the density of their dislocations is relatively low p,= 10"" m™ which gives / ~ 3 pm. In hardened
steel, the dislocation density is close to critical p,.= 1016 m*, which not only gives the structural parameter value
/= 0.01 pm in Table 1, but also changes the design procedure for the number of collisions in the source model (1).

For hardened metal materials (for example, for strongly deformed or hardened alloys including 20X13 with a
martensitic structure), in the expression (1), the first three factors become a unit. In such materials, the critical disloca-
tion density p. has already been reached; therefore, the concept of mobile dislocations p,, loses its meaning. In terms of

numbers, this is expressed as follows: py/p,=1; V;=0; D=1, = 1/4fp,a, .

As for the exponent in the expression (1), it retains its meaning with the values of the parameters o; and / giv-
en in Table 1. A crack nucleates in such a structure, an external cyclic action should overcome the existing stresses in a

saturated dislocation medium and form a shear defect. Given the above, the designed expression (1) for hardened steel
takes the form [23-26]:

el . )

Here, AF is the activation energy of the process of overcoming obstacles without applying external voltage, the value
AF actually determines the strength of the obstacles from the point of view of their dislocation; o, is the internal stress
existing in the material and allowing dislocations to pass through the obstacle at minimum AG values. The yield stress
of a solid at 7= 0K is taken as o,. The values o, and AF are the material properties and, in the general case, are ex-
pressed through its basic physical characteristics p and b:
C.=p-b/LAF =0, p-b. 3)
In the expressions (3), the coefficient o, classifies obstacles according to their strength [23].
In the expression (2), the shear stress in the slip plane under the action of which the mobile dislocations move,
is considered as the stress o,. Stress o, is the projection of the external stress vector onto the slip plane and is related to
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the lattice slip system through the Taylor factor M, according to the Schmidt - Boas law for polycrystal [27]. It can be
expressed in terms of impact parameters ¥, and R, [28].

The experimental values shown in Table 1 characterize the incubation period of erosive wear of the material
my. This value includes both the stage of the defect (cracks, pores, microcraters) nucleation, and the stage of its devel-
opment before the sample loss-of-mass start. It does not seem possible to instrumentally identify the number of colli-
sions occurring only at the nucleation stage in the experimental values of my; therefore, the values of N; are exclusively
theoretical. The contribution of the nucleation stage to the total value is characterized by the coefficient o,y = N; / my,.

In addition to the numerical values presented in Table 1, the model considers the number of collisions N; nec-
essary for the fracture nucleus origination (cracks, pores, microcraters) and the impact rate ¥} at the specified droplet
size Ry. In addition, using this solution, we can determine the dependence of N; on V;. Some options of such depend-
ences are presented in Fig. 1.

The results show that the designed data N; agree with the experiment (the bench test data my). They also
demonstrate compliance with the basic canons of fracture mechanics. In particular, the coefficient o characterizes the
nucleation energy with respect to the fracture energy. In plastic metallic materials (ARMCO, austenite, sorbitol), the
nucleation energy of fatigue cracks is significantly less than the energy of their growth. In hardened alloys (martensite),
the nucleation energy is almost always higher than the growth energy. As a rule, this ratio is much larger in favour of
the nucleation stage. Table 1 data show that in steel 20X13 with a martensitic structure, the stage of nucleation of fa-
tigue defect N5 is about half of the entire incubation period of the wear formation my: o = 0.47 and 0.55 for collision
velocities ¥ = 340 m/s and 250 m/s, respectively. Whereas for the same steel with a sorbitol structure, the coefficient
o is half as much. The values of o obtained by us correspond to the data of other authors for similar conditions of cy-
clic loading (for example, for steel 30XI'CH2A in [29].

The computational dependences in Fig. 1 also correspond to the experimental data. They are located asymptot-
ically with respect to the values V=~ 100 ... 150 m/s (the numerical experiment did not study this region in detail). The
computational dependences mentioned above correspond to the results of bench tests, which showed that at
Vo< 135 m/s, wear is generally not observed in the iron-based alloys [30—34]. That is, the asymptotic property of the
graphs in Fig. 1 confirms this empirical fact: at the indicated low collision velocities, fatigue defects of a critical size do
not nucleate.

Discussion and Conclusions. There are no instrumental methods for accurate determination of the stage dura-
tion of fracture nucleus origination of materials, therefore, if necessary, the proposed analytical model is used. It is ap-
plicable to materials of various morphologies, in which the mechanisms of defect nucleation (cracks, pores, microcra-
ters) have a dislocation nature. Therefore, under normal conditions, the model is not applicable to ceramic materials
with a high proportion of covalent bonds. Another use restriction for the model is, perhaps, too high sensitivity of the
exponential factor in the expressions (1) and (2). A small error in determining the numerical values of a, o, or / in the-
se formulas prevents from obtaining the results adequate to the experimental data.

The performed work yielded an important applied result, it showed that the focused design of the material
structure can significantly increase wear resistance.
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Introduction. Due to the process reasons, the structure of cast
parts of the railway rolling stock (RRS) often has embedded
flaws that affect drastically their strength. The degree of
impact depends on many factors including the shape and
location of defects in the product. The shape of the defect has
the greatest effect under alternating loads. This often refers to
dynamically loaded parts of the RRS underframe. The defect
oriented perpendicularly to the direction of tensile loads
reduces the component life to the maximum. To identify
embedded flaws, the parts are subjected to ultrasonic testing
by the classical pulse-echo technique. However, such methods
require increased validity and informativity. For example, they
do not provide the determination of the type and orientation of
the defect.

Materials and  Methods.
disadvantages of the classical pulse-echo technique of the

Features, advantages and

ultrasonic non-destructive testing, which is based on the
registration of the following echo signals, are considered:

e sent;

o reflected from the opposite surface (bottom) of the
object;

o reflected from the defect (if any).
The pulse arrival time is proportional to the thickness of the
part. If there is a defect, this time is proportional to the
distance from the pulse input surface to the defect. This
method can determine the presence of a defect, but it cannot
determine its type.
Research Results. To determine the shape of a defect, a dual-
frequency defectometry method is proposed. Its principle,
algorithm and implemented analytical dependencies are
described. When an echo signal from a defect is detected in
the monitoring object, the amplitudes of the bottom signals
and the amplitudes of the echo signals from the defect are
measured at the ultrasonic wave frequencies of 2.5 MHz and
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Beéeoenue. CTpyKTypa JIUTHIX JCTalei MOJBMKHOTO COCTaBa
skene3Hsix gopor (IICXK]I) mo TexHOJOrHm4eckuM HpUYMHAM
4acTO MMeEeT BHYTPEHHHE Ie(eKThl, KOTOpPBIE CYIIECTBEHHO
BIUSIIOT Ha MX HPOYHOCTh. CTENEeHb BIMSHUS 3aBHCUT OT
MHOXXecTBa (DaKTOpOB, BKIIOYas (OPMY U PpaCIOIOKCHHUE
nedexroB B m3menuu. Popma nedexra okaszpiBaeT HaMOONb-
IIee BIMSIHUE TP 3HAKONIEPEMEHHBIX HArpy3kax. JTO 94acTo
OTHOCHTBCS K IUHAMHYECKH Harpy>KCHHBIM JETaJSIM JKHITaK-
Ho#t wactu [ICXK][. MakcuMallbHO CHW)KA€T JOJTOBEYHOCTH
neranu JedexT, OpPHEHTUPOBAHHBIM IEPHEHAUKYIIPHO K
HAIPaBJICHUIO PACTATHBAIOIINX HArpy3oK. JlIs BBIIBICHUS
BHYTPEHHHX Je(EKTOB AeTaay IMOJBEPraloTCs YIbTPa3ByKO-
BOMY KOHTPOJIIO KJIACCHYECKHM DXO-HMITYJIbCHBIM METOJIOM.
OnHAaKO TaKkHe METOAWKH TPEOYIOT MOBHIIIEHHS JOCTOBEPHO-
ctiu ¥ uHbopMmaTtuBHOCTH. Hampumep, OHM He TO3BOJISIOT
OIIPEAENUTh TUII U OPHEHTAINIO JeeKTa.
Mamepuanst u memoovl. PaccMOTpeHBI OCOOCHHOCTH, IIpe-
HUMYIIECTBa M HEJOCTATKH KJIACCUYECKOTO 3XO-HMITYJIbCHOTO
METOJIa yIbTPa3BYKOBOTO HEPa3pyIIAIONIEro KOHTPOIS, KOTO-
PBIif OCHOBAH Ha PETHCTPALMHU CICAYIOLIMX 3X0-CUTHAJIOB:

®  TIOCJIaHHBIN;

® OTPaXEHHBIH OT MPOTUBOIOJIOKHON TOBEPXHOCTH
(nHa) oObeKTa;

®  OTpaXeHHBIH OT eexTa (TPH eTo HAJMIUHN).
Bpemst nmpyxoia MMITyJIECOB HPOMOPIMOHATIBEHO TOJIIMHE JAeTa-
mm. [Tpu Hammamy feekTa 5To BpeMs MPOTIOPIMOHATIEHO PaccTo-
SHHIO OT TIOBEPXHOCTH BBOJIA MIMITYNILCOB 10 Aedexra. OTum
METOJIOM MOXKHO OIpENeNMTh Hajunuue ne(eKra, OJHAKO HET
BO3MOKHOCTH OIPEIEIIUTH €TO THUIL
Pesynomamor uccnredosanus. Jns onpeneneHus (GopMbl Je-
(exTa TpeUIoKEeH ABYXYaCTOTHBI MeTOX He(eKTOMETpHU.
OmnucaHa ero CyIIHOCTb, aITOPUTM U pealn3yeMble aHATNTH-
gyeckue 3aBUCUMOCTH. [Ipn oOHapyKeHnH B 0OBEKTE KOHTPOJIS
9XO-CHTHAJIA OT Je(eKTa U3MEPSIOTCS aMIUIMTY/bI JOHHBIX CHT-
HAJIOB M aMILTHTY/IbI 9XO-CUTHAJIOB OT Jie()eKTa Ha 4acToTaX yilb-
Tpa3BykoBoi BomHbl 2,5 MIm u 5,0 MI'm. PaccuutsiBaercs
ko3 duIeHT GopMbI edeKTa M0 AHATUTHYCCKOH 3aBUCHMOCTH
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5.0 MHz. The defect shape factor is calculated from the
analytical dependence; and the type of defect is determined. It
can be volume (pores, shells, non-metallic inclusions) or
planar (cracks, segregations, etc.).

Discussion and Conclusions. A dual-frequency defectometry
method to determine the type of defect under the manual
ultrasonic testing of the RRS cast parts is proposed in the
paper. For an express automated use of the proposed method,
the software product NDTRT-07.04-L is developed, and its
operation algorithm is described. The application of the
technique can increase the validity and informativity of the test
results.

Keywords: ultrasonic testing, defectometry, defect form, dual-
frequency method, software product, validity, informativity.
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u ompenemnsercss tan aegpexra. OH MoxeT OBITh 0OBEMHBIH
(TIOpBI, PAaKOBHHBI, HEMETAJUINUECKHE BKIFOUSHUS) MIIH ILIOC-
KOCTHOU (TpEeIIMHBI, THKBALUK U JIp.).

Obcyscoenue u 3akmouenus. B pabore mpennoxeH AByxda-
CTOTHBIA MeTOJ Ie(pEeKTOMETPUH, O3BOJISIOMUI ONpPEIeTUTh
TUI fedeKTa IMpH PydHOM YIbTPa3ByKOBOM KOHTPOJIE JIUTHIX
neraneit IICXK. Jnsg sKcOpecCHOro aBTOMAaTU3UPOBAHHOIO
UCIIONB30BaHMS TPEAJIOKEHHOTO MeToAa pa3paboTaH Mpo-
rpammebId pogykT NDTRT-07.04-L u omucaH anroputm
paboTsl ¢ HUM. [IpuMeHeHHe NaHHOrO METO/a MTO3BOJISIET I10-
BBICHTH JOCTOBEPHOCTh M HWH(OPMATHBHOCTH pPE3yJIbTaTOB
KOHTPOJIA.

KiioueBble cjioBa: ynbTpa3ByKOBOIH KOHTpPOJIb, AeEeKTOMET-
pust, dopma nedexra, AByXYACTOTHBIA METOM, MPOTPaMMHBIN
HPOAYKT, TOCTOBEPHOCTh, HHPOPMATHBHOCTb.

Oépaszey Onsa yumuposanus: IIOBBIICHHE TOCTOBEPHO-
CTH W WH)OPMATHUBHOCTH YJIBTPa3BYKOBOTO KOHTPOJISI
JUTBIX AeTajell MOJBHKHOTO COCTaBa JKEJIE3HBIX IOPOT
A. H. Kupees [u np.] BectHuk JloHCKOTO roc. TEXH. YH-
ta. — 2019. — T.19, Ne4. — C.335-341.
https://doi.org/10.23947/1992-5980-2019-19-4-335-341

Introduction. Using casting technologies, many vital parts of the RRS underframe are manufactured, for ex-

ample:
« disk wheel centres of diesel locomotives;

* spoke wheel centres of electric locomotives and electric trains;

* truck-side frames of freight wagons;
* bogie brackets of mainline locomotives.

The structure of cast parts often has defects due to process reasons. Fig. 1 shows some types of internal casting

flaws in the parts of the RRS underframe.

<)

Fig. 1. Casting flaws in rolling stock parts: @) localized contraction cavity in cast wheel centre;
b) internal longitudinal hot crack in wheelset axle workpiece;
¢) oxide non-metallic inclusions in casting wheel steel

The degree of impact of internal flaws on the structural strength of parts depends on a number of factors,

such as:
* product operating conditions;
* product loading conditions;
* type and location of defects in the product

Internal flaws in the cast parts of RRS can have the character of both volume defect (pores, shells, non-metallic
inclusions) (Fig. 1, a, ¢), and planar flaws (cracks, segregations, etc.) (Fig. 1, b). Volume defects reduce the cross-
sectional area of the part, due to which its strength properties are lowered. Planar flaws breach the continuity of metal,
concentrate stresses at the edges, and significantly reduce the strength. Moreover, the flatter shape of the defect, the
greater its influence is. In this case, the decrease in strength can be significantly greater than from volume defects. The
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shape of the defect has the greatest impact at the alternate loads, which often refers to dynamically loaded parts of the
RRS underframe.

The defect oriented perpendicularly to the direction of tensile loads reduces the component life to the maxi-
mum. The worst case is the location of the defect in the most loaded area of the part. If the direction of the planar flaw
is close to or coincides with the direction of tensile forces, then the strength of the part practically does not decrease.

To identify internal flaws, vital cast parts of RRS are subjected to ultrasonic pulse-echo control when releasing
from production. However, classical methods based on comparing the working value of the amplitude of the echo signal
to the standard value of this parameter make it possible to determine whether the defect is admissible or not; but they do
provide the type and orientation of the defect in the part. Therefore, an increase in the validity and informativity of such
a control is required.

Materials and Methods. The pulse-echo technique [1-7] of the ultrasonic non-destructive testing is based on
the registration of echo signals from defects in the part volume. In this case, the sent (probing) pulse / and pulse /7 re-
flected from the opposite surface (bottom) of the product (bottom signal) are observed on the screen of the ultrasonic
flaw detector. If any defect in the body of the product, pulse // (an echo signal reflected from the defect) is observed
(Fig. 2.). The arrival time of pulses /II and /I is proportional to the thickness of the part and to the distance from the
input surface of the ultrasonic wave to the defect. If the control circuit is compatible (Fig. 2), the transmitter and receiv-
er are operated by a single converter. If the circuit is independent, two different converters are used.

defectoscope screen
|

A

piezoelectric transducer

H

b
§
;
;
:
:
control range ' ¢ -
-
:
:
:
p
-
-
;

object of control ) o
discontinuity

Fig. 2. Ultrasonic testing circuit by pulse-echo technique

The admissibility of discontinuities is evaluated through comparing the amplitude of the echo signal from the defect
to the amplitude of the echo signal from the standard reflector in the shop reference sample (equivalent sensitivity), or to the
reference sensitivity level tuned on the standard sample (measure) CO-2 (Fig. 3) [ 8] with the addition of a gain factor (condi-
tional sensitivity) [9].

[ : www.ntcexpert.ru
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Fig. 3. CO-2 measure
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The shop reference sample is made from a product identical to the object of control in terms of material, acous-
tic properties and geometry. Various types of artificial reflectors imitating real defects are used as standard reflectors. A
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flat-bottomed cylindrical reflector got the most widespread use under the control of RRS parts. This is a standard reflec-
tor in the form of a flat bottom of a cylindrical hole oriented perpendicularly to the cylinder axis.
Research Results. To determine the defect shape under the manual ultrasonic testing of RRS cast parts, a two-

frequency defectometry method was proposed [10—13]. Its essence is as follows:

1. When an echo signal from a defect is detected in the monitoring object, the following characteristics are
measured at the ultrasonic wave frequencies of 2.5 MHz and 5.0 MHz:

» amplitude of bottom signals;

+ amplitude of the echo signals from the defect;

« distance from the wave input surface to the reflective surface of the defect.

2. The defect shape factor is calculated using the following dependence:

v= Nae(bZ.S _Nz[e(l)S.O +Ny5.0~Np2 5
where N ned2.5 is the amplitude of the echo signal from the defect at the frequency of the ultrasonic wave 2.5 MHz,

dB; N n1ed5.0 is the amplitude of the echo signal from the defect at the frequency of the ultrasonic wave 2.5 MHz, dB;

N 2.5 is the amplitude of the echo signal from the defect at the frequency of the ultrasonic wave 5.0 MHz, dB; N 15.0

is the amplitude of the bottom signal at a frequency of an ultrasonic wave of 5.0 MHz, dB.

3. The boundary value of the shape factor of an ideal planar point defect is calculated from the formula:

X

2 —
A S Ay c-S
" :201g 5.0 a2.5 { 2.5 a50}xﬂ ,

VHJ'I

255850 (5.0 5a25
where: A, 5, As is the ultrasonic wavelength at a frequency of 2.5 MHz, mm, and 5.0 MHz, mm, respectively; Sus, Sus0
is the area of the piezoelectric transducer at a frequency of 2.5 MHz, mm?, and 5.0 MHz, mm?, respectively; x is the
distance from the surface of the input wave to the reflective surface of the defect, mm; x, is the distance from the wave
input surface to the bottom surface, mm.

4. The boundary value of the shape factor of an ideal volume point defect is calculated from the formula:

X

5,0 5425 | 2.5 Sa5.0 [*a
hy 58450 (15,0525

Voo.r. = 201g

5. The boundary value of the shape factor of an ideal planar extended defect is calculated from the formula:

3 -
4/}» -S (k .S n
\Pz.s'sas,o 3,0 "a2.5

6. The boundary value of the shape factor of an ideal volume extended defect is calculated from the formula:

ViuLmp.

Ao oS A S 7
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7. The type of point defect is determined as follows:
a) the defect is considered planar if the following condition is satisfied:

< _ .
Va3Vt 0'3|V06.T vl'lJ'I.T|’

b) the defect is considered volume if the following condition is satisfied:

V2061 _0'3|V06.T _VHJ'I.T| :
If both conditions are not satisfied, the point defect is not planar, however, it is not ideally volume either.

8. The type of extended defect is determined:
a) the defect is considered planar if the following condition is satisfied:

v

vy +0.3 rm.np‘5

= 'm.mp

Vo6.mp ~

b) the defect is considered volume if the following condition is satisfied:



Kireev A. N., et al. Validity and informativity enhancement of ultrasonic testing of cast parts of railway rolling stock
Kupeee A. H. u op. ITosviuenue 0ocmosepHocmu u uHGopmamugHocmu yismpazeyko6020 KOHMPOs IUMbIX Oemainell

V2 Vo6.mp ~93Yo6.mp ~Viwmp |-

If both conditions are not satisfied, the extended defect is not planar, however, it is not ideally volume either.

In the methodology for determining the type of both point and extended defects, a confidence interval of 30%
is assigned for the discrepancy between the actual and boundary values of the shape factor of volume and planar discon-
tinuities. This interval is obtained empirically as a result of the experimental studies; it considers the methodological
and instrumental measurement errors.

A special software product NDTRT-07.04-L is developed for fast automated use of the dual-frequency defec-
tometry method for the ultrasonic testing of cast parts of RRS. Fig. 4 shows its work windows.

NDTRT-07.04-L
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Fig. 4. Software product NDTRT-07.04-L windows:
a) start screen; b) “Planar defect” window; ¢) “Volume defect” window

Work with the software product NDTRT-07.04-L is carried out as follows:

1. Input the following data at wave frequencies of 2.5 MHz and 5.0 MHz in the relative window:

+ amplitudes of bottom signals;

» distance from the wave input surface to the defect;

+ amplitude of the echo signals from the defect;

» distance to the bottom surface.

2. Input the type of defect and the diagram of the dependences of the boundary conditions and the confidence
interval on the ratio of the distance to the defect to the distance to the bottom surface in the relative window.

Discussion and Conclusions. Using manual ultrasonic testing, the acceptability of internal defects of cast parts
of RRS is determined; however, it is not possible to determine the type of defect: volume or planar. At the same time,
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the type of defect significantly affects the structural strength of the product. Planar defects are more dangerous than
volume ones, especially under the dynamic loads during RRS movement. Thus, a different approach is required to eval-
uate the acceptability of different types of defects.

The authors have proposed a dual-frequency method of defectometry, which provides the determination of the
defect type under the manual ultrasonic testing of cast parts, as well as an increase in the validity and informativity of
the control results. High reliability of the dual-frequency defectometry method was confirmed by the results of experi-
mental studies [14].

For an express automated use of the dual-frequency defectometry method, the software product NDTRT-
07.04-L was developed.
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Ensuring of the industrial robot link motion accuracy parameters in the low-speed zone
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OGecneyenne TOYHOCTHBIX IAPAMETPOB IBUKEHUs 3BeHA TIPOMBILLIEHHOr0 podoTa B 30He MaJIoii cKopocTH

H. ®. Kapﬂayxonl, H. A. CMS[].lKl/lﬁz, M. H. (I)mmmonons, K. H. PyzuieB"**

!-2.3-4TToncKoil rocynapcTBeHHbII TeXHUYECKHil yHHBepcuTeT, PocToB-Ha-JloHy, Poccuiickas deneparius

Introduction. The article is devoted to the search for a method
of reducing the effect of friction links mobility industrial robot
PR (production mechanism PM) with frequency-controlled
electric drive (FCED) on the static error (accuracy) positioning
of the working body (WB) when moving in a low speed zone.
The random character of friction forces changes in the
implementation process start-braking modes of induction
motor (IM) operation create difficulties in performance
specified technological process parameters. The formation of
pulsating moments on the IM shaft, due to the stator IM
current harmonics, combined with the friction torque of the
moving parts in the IR (IM) guide, accompanied by a
deterioration of the WB (IM output link) movement dynamics.
Materials and Methods. To correction the motion of the WB
(PM output link) in the IM start-brake modes, the authors
proposed to use dual-mode control of the Autonomous voltage
inverter (AVI), providing software control of the IM stator
current harmonics amplitudes and the corresponding
regulation of the pulsating moments on the IM shaft by
introducing a multiple "m — submodulation" of the AVI
carrier frequency (CF).

Results. The simplified representation of the FCED block
diagram with local and global negative feedbacks (GNF)
allowed to reveal the features of specific parameters influence
on the static error 6 and the FCED dynamic stability with the
limiting gain of the corrective amplifier K1.

Discussion and Conclusions. The introduction of rotor "micro-
vibration", allows the IM "conditionally reduce" the moving
link friction force in the guides, reduce the drive power to
overcome the friction forces. The use of dual-mode control
AVI expands the scope of use of scalar control in process
equipment, multi-link mechanisms of automated production,

operating in the zone of "low and creeping speeds".

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

Beeoenue. PaccMatpmBaeTcsi TpeHHE 3BEHBEB IOIBIKHOCTH
npoMsInuieHHoro po6ora (ITP) mpom3BoncTBeHHOro MexaHH3Ma
(IIM) ¢ gacroTHO-ympaBisieMbIM 3JekTponpruBogoMm (HYDII).
Ilexs paGOTBI — MOKMCK METOMA CHYDKEHHMS BIMSIHHS TAKOTO Tpe-
HHS HA CTaTHYECKYIO MOTPENIHOCTD (TOYHOCTH) HO3UIIMOHHPOBA-
Hus pabouero oprada (PO) mpu IBmWKEHNUH B 30HE MAJIOH CKOPO-
cru. City4aliHbIil XapakTep M3MEHEHHs CHJI TPEHHUs IIpU pean3a-
UM ITyCKO-TOPMO3HBIX PEKIMOB PabOThI ACHHXPOHHOTO J[BHTa-
tenst (AJl) co3maroT TPYIHOCTH B JIOCTHKCHHHU 3aJaHHBIX Iapa-
METPOB TeXHOJIOrnIecKoro nporecca. Ha Bamy AJl dpopmupyroT-
Cs MyJbCUPYIOIINE MOMEHTHI, OOYCIOBICHHBIE TapMOHUKAMU
ToKa craropa AJl. O1o siBIeHUE B COYETaHUM C MOMEHTOM TPEHUS
MO/IBIDKHBIX 3BeHbEB B Hampasisiromux [IP (IIM) compoBorkna-
ercsl yXy[AIeHHeM THHAMUKK ABIKeHHs PO (BBIXOZHOTO 3BeHA
IIM).

Mamepuanst u memoovl. JIns KOPpPEeKTUPOBKH IBWXKeHH PO
(BbIxOzHOTO 3BeHa [IM) B MyCKO-TOPMO3HBIX PEXHMMax paboThI
AJ] aBTOpHI CTaThU MPEIJIAraloT HCIONB30BaTh IBYXPEKUMHOE
yIIpaBlieHHe aBTOHOMHBIM HHBepTOpoM Hamnpsbkenus (AWH),
obecrieunBaroliee MPOrpaMMHOE  YIIPaBJICHHE aMIUIMTYIaMU
TapMOHHK TOKa cTaTopa A/l M COOTBETCTBYIOIIEE PETyTHPOBAHIE
MyJBCUPYIOIINX MOMEHTOB Ha Bayty A/l mOCpeIcTBOM BBEIEHHS
KpaTHOI m-moaMomy iy Hecymieit wactorel (HY) AH.
Pesynomamet  uccnedosanus.  YTIPOIICHHOE MPENCTABICHUS
cTpykTypHOi cxembl UYDII ¢ MecTHOI M riobaibHON OTpHLa-
TenbHBIMUA  0OpatHbME CB3IMH  (OOC) TO3BONIMIIO BBHIIBHTH
0COOCHHOCTH BIIMSIHUSL KOHKPETHBIX IIapaMeTpoB Ha CTaThye-
CKYIO TIOTPELIHOCTh O W JAWHAMUYECKYI0 YCTOWYMBOCTH PaOOTHI
YVYIII ¢ npenenbHBIM KOIQGHUIMEHTOM YCHICHUS KOPPEKTUPY-
fomiero yeumtenst K1.

Obcyorcoenue u 3axnouenus. BeeaeHne MUKpOBHOpAIN poOTOpa
AJ] TI03BOJISIET YCIIOBHO YMEHBIIATH CUITY TPEHHUS JBIDKYIETOCS
3BCHA B HAIPABILIONINX, CHIDKATh MOIIHOCTH IPHUBOJA Ha TIpe-
ononenue cun TpeHus. Ilpumenenne AMH ¢ nByxpexMMHBIM
yIIpaBIIeHHEM pacImpsieT chepy ucnons3oBanus YYOII ckamsip-
HOTO YTIPaBJIEHUS B TEXHOJOTMIECKOM OOOpYIOBAaHWH, MHOTO-
3BCHHBIX MEXaHW3MaX aBTOMATH3HPOBAHHBIX IPOU3BOJICTB, pa-

6OTaIOIIII/IX B 30HE MaJIbIX U MOJI3y1HUX CKOpOCTeﬁ.

Ot

" E-mail: Nfk_609@mail.ru, aid219@mail.ru, maxfil2006@yandex.ru, gloom z@mail.ru
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Introduction. When selecting an industrial robot (IR), the most important parameters are its possible technical
characteristics for carrying out transport and technological operations with programmed precision in movement of the
working body (WB) desired when assembling the joint, processing parts, and implementing special work under the pro-
duction conditions and in emergency situations. Such a task is usually considered when designing the kinematic chain
(KC) of the IR (or other production mechanism of the PM) designed to perform complex movements of the WB in the
shortest, most rational way (for example, during processing, assembly, painting of the product in a closed space and
other special cases including technogenic catastrophes). Such capabilities can be expected from IR with enhanced ma-
noeuvrability at seven or more degrees of mobility provided by various combinations of links and kinematic pairs [1-3].
At the same time, components of the reaction force vector and moments for coordinate systems rigidly connected with
movable links are changed in the KC. Here, it is necessary to consider the impact of friction forces in rotating and slid-
ing kinematic pairs, both of an individual link and of the multilink mechanism as a whole, which determine the total
resistance to the movement of the WB of the IR (or the production mechanism of the PM). Since friction forces in kin-
ematic pairs are of random nature, depend on a number of factors and determine the mechanical efficiency, and the dy-
namics of the movement of the multilink mechanism, the search for a way to reduce the effect of friction on the funda-
mental losses in the mechanism and to improve the quality of movement of the WB remains in demand. The need for
solving this problem is also due to the fact that these factors impede stability in the development of the programmable
operating mode of the IR (or of the law of WB motion) by the automatic control system in the low-speed zone. A spe-
cial impact of the friction forces is manifested in a decrease in the positional accuracy of the WB, both in discrete and
continuous IR operation in the form of an error in motion path following of the multilink mechanism. In addition, it is
also necessary to consider the components of the angular and linear errors of motion of the links of the mechanism de-
pending on the actual values of the forces (moments) of dry friction in the joints and of random nature. Unpredictability
of the friction effect on the programmable result of the the output link of the IR (PM) motion significantly worsens the
dynamic processes in the FCD and complicates the task of correcting the nonlinearities of its structural scheme of the
automatic control system.

To reduce the static error in the drive operation due to the dry friction, the following is used: local negative
feedbacks (NFB), increase in the gain constant of the pre-amplifier (to a critical value of the entire system considering
the system order) and other known approaches [4,5]. A real change in the forces (moments) of friction in the joints of
the multilink IR mechanism determines the search for the best decision to reduce the effect of dry friction on the most
important indicators of the WB motion, to increase the energy efficiency of electric energy conversion in the frequency
drive system during the process.

The key objective of the paper, according to the authors, is to familiarize a reader with the possibilities of using
controlled “micro-vibration” in the joints of the rubbing parts of the IR under special control of an autonomous voltage
inverter in a frequency electric drive based on a three-phase squirrel-cage induction motor (IM). The possibility of pro-
grammatic influence on the level of the oscillatory IM shaft torque (under the introduction of the “m—submodulation”
mode of the carrier frequency of the AVI) provides changing Mrp value, improving the static and dynamic indices of the
FCD.

Materials and Methods. The authors of the paper see a solution to the problem in the method of using oscilla-
tory rotor shaft torques formed by the stator current harmonics in the FCD to introduce controlled “micro-vibration” of
the rubbing movable links of the IR mechanism under consideration. At that, in the low-speed zones, the breakaway
torque of the movable IR link can be programmatically changed to the torque creep, which is due to a decrease in the
effective friction coefficient K, to the minimum level [5, 6]. Such a state between the rubbing surfaces of the mecha-
nism links can be created through controlling the amplitude of oscillatory IM rotor shaft torque and changing the effec-
tive coefficient of friction K¢ under the bimodal control of the AVI [7,8].
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The above guidelines are considered in the paper in relation to the structural diagram of the multilink IR mech-
anism (in any coordinate system), where it is possible to distinguish a kinematic pair of horizontal displacement of the
movable output WB link, for example, an extended arm with a gripping device (GD). The link is moved by an individu-
al FCD running on the “AVI-IM” system with bimodal control of the AVI [9]. Validation of the possibility of “chang-
ing” the friction force in the joint of the links (guides) can be obtained through analysing the design FCD model with
the output mobile link IR (or PM) WB by indicating the forces acting on it (Fig. 1). The following notation is intro-
duced in the model: M} is engine torque; € is rotational speed of the IM rotor; c is stiffness of the connection PM with
IM; M3y is moving torque at the link input (resistance torque “minus” Mzp) at the IM shaft; o, is the angle of rotation of
the PM (IR) input link; @3 is output IM shaft angle; F(¢) is total (external) driving force; Frc is friction force in the
guides; Fr is process resistance force; N is normal pressure force of WB with mass m, @ is vibrational component of the
total driving force F(?).

The equation of the IR (PM) link motion along the longitudinal axis x can be written in the following form:

m = F(t)— Fy — Frc.. (1)
AN
Qn -Mn ¢
c
@ = 1M cD]:(t)—i 1Por FTx
Mo o Mo ;:Tc T iy >
v mg

Fig. 1. Calculation model of the production mechanism mobility link

The friction force Frc in the expression (1) can be represented by the components:

Frc =Frn =Fun + e, 2)
where Fry is static friction force, Fyy is Stribeck friction force [10], F¢ is Stribeck friction force. Graphical dependenc-
es corresponding to these concepts are shown in Fig. 2.

Tpenne [IlTprbexa

FHj (Stribeck friction) BAIKOE TPEHHe
(viscous friction)
l W FHA
F |
F, w B 1
CyXoe TpeHHe €N
1 1 (dry fiiction) - E
0 v, M/c <3 o
oY
/x 01V Vi Vv, mls
a) b)

Fig. 2. Friction characteristics: a) with a break near zero speed of the link in the guides, b) without a break near zero speed

Considering the expression (2), when the static friction force Frp under the operating conditions of the IR can
vary over a wide range, i.e. Frp/Fc = (0.1 ... 2.5), the required value of the external (total driving) force F(¢) (for dis-
placement of WB) should correspond to the relation F(¢) > Fry + Fr[10]. In reality, the nature of the static friction force
Fr dependence on the speed (V) of the mobility link displacement (in the low-speed zone) is different, and there is a
good reason to consider it as an example of a continuous function (Fig. 2, b). Here, the friction force F'ryy law complete-
ly reflects physical processes in the mechanical contact distributed in the plane between the bodies — movable links of
the IR in a small area of speed where V' — 0. The Stribeck friction characteristic Fj;; has a negative slope in the low-
speed zone (Vyun — V) relative to the displacement of rubbing bodies. The sum of the forces Fiy + F¢ at the boundary
of the low-speed range (0 — V) (or near linear zero speed) forms the static friction force Fry (“stall friction force” [11-
13]. To disturb the state of relative rest of a solid body (in the motion guiding connections), “vibrations” of the body are
often used. They are provided by an external force F(¢) > Frp due to oscillatory torques from the IM shaft harmonics
[14-17]. If the bimodal control of the AVI in the simplified block diagram of the FCD (Fig. 3) with speed feedback is
used, then the controlled “micro-vibration” of the IM rotor can be programmatically specified, and the longitudinal
(transverse) pulsating force @ (or vibrational component) (Fig. 1) of the total driving force F(¢) can be generated.
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Fig. 3. Simplified block diagram of FCD movable PM link

In Fig. 3, the following notation is used: Uj is the task control signal for the output coordinate; W:(p), W,(p),
Wi(p) are transfer functions of the compensating amplifying link (device), autonomous inverter AVI, asynchronous
motor IM, respectively; Koc is the gear ratio of the speed feedback link; Upc is the speed feedback signal; Q is the
angular IM rotor speed; My, M are moments of propulsive forces and resistance forces on the IM shaft, respectively,
including the friction torque Mrp.

Research Results. It is known that closed-loop automatic control systems (ACS) covered by the feedback
(FB) are prone to unstable operation [18], which requires a careful analysis of the parameters of each element of the
control loop when searching for the motion control law of the WB as a transmission link including mechanical movable
links considering various components of the friction torque Mrp (from the rest force Fry and dry friction force F) [19].
In the multilink mechanisms with an individual drive, Mrp can vary over a wide range, which generally complicates the
system. It is possible to improve the quality of the transient process in the drive through introducing a local NFB from
the inertial link output (IM) to its input (Fig. 4) by switching on the link with the transfer function Wy(p) [4]. In the
global NFB, the signal is fed by speed to the input of the compensating amplifier with the transfer function W,(p)
through the comparator (node X,).

X
o A )
T
Wo(p)[¢
Fom

We(p)[*

Fig. 4. FCD transformed block diagram of PM mobility link

Having selected a straight section of the control system circuit with IM covered by the link Wy(p) of the local FB in the
block diagram, we will replace it with an equivalent link with the transfer function [4.19] of the form:

W (p) = Wip)-m,(p) ___ W(p)m,(p)
1+W'(p)  1+W.(p)-W,(p)-W,(p)
where W (p)=Ws(p)- Wi(p)- Wy(p) is the open-loop transfer function of the inner circuit.
With the simultaneous action of all disturbances (according to the input and load control when mrp changes), the result-
ing value Wpgpix(p) in the linear control system can be represented (by the superposition method) as the sum of individu-
al reactions from external actions separately. If we accept the correspondence of the input signal Xpx(p)—f1(p) as the
specification of the frequency of the IM stator current, and Xppix(p)—nx(p) is the output frequency of the mechanism
shaft speed, then the resulting operator expression with respect to the output quantity can be written in the form

_ M) - M (p)- W (p)-Ws(p)-We(p) Wa(p)-m,(p)
Ko (1) = 1+ W (p) ﬁ(p)+1+W3<p)-W4<p>-Wo(p)’

where W(p)=W(p)- Wr(p)- W~(p)- Ws(p): Ws(p) is the open-loop transfer function of the outer duct.

While investigating the control block diagram with the given parameters of the power circuit elements, simpli-
fied relations can be used for the transmission links [20, 21]:

— AVI transfer function

kl'[P
Wy(p)=—7"—,
Tllp . p + 1
. . . . Ulqn 1 . .
where kpp is the transmission coefficient of the frequency converter, kiw = —; Tw = — 1is the time constant of the tran-
1

K

sistor frequency converter (AVI); fx is the value of the modulation carrier frequency (3-50 kHz); Uy, f; are the voltage
and frequency of the IM current phase, respectively;

Machine building and machine science

345



http://vestnik.donstu.ru

346

Vestnik of Don State Technical University. 2019. Vol. 19, no. 4, pp. 342—-348. ISSN 1992-5980 eISSN 1992-6006
Becmmuux /lonckozo zocydapcmeennozo mexnuueckoz2o ynugepcumema. 2019. T. 19, Ne 4. C. 342—-348. ISSN 1992-5980 eISSN 1992-6006

— IM transfer function by control action
k
Ws(p) = A

n
a1
AP TunTomp’ +Typp+17

where the parameter f(p) is determined from the ratio f; = % Hz for the calculated range of D — regulation of the IM,

Jin is the nominal voltage frequency of the IM; &y is the transmission coefficient of the IM; ky = 60/p , where p is the

number of pairs of the IM poles;

— transfer function of an induction motor in a disturbing action from a static load moment mc

60 1
0 L ap
W (p)_ n]:[(p) _ 27'5 k}KB( ’ p )
3(p)=— =- ; ,
mc(p)  TwnTomp +Tvpp+1
where
2 2 Rz
SZ
ko = s

AT [(R +R

1106

R, )
+-—2)+ X,
Sz) o

where R’ is the reduced real resistance of the rotor to the stator, S is the design slip, Xk is the total inductive resistance
of the stator and rotor, R, is the nominal real resistance of the IM stator winding phase, R, is the design real resistance

T . . AT f*IpRy .
of the IM stator winding in the voltage-frequency correction mode characteristics [18,19]; Ty5 = % is the
wP
Ny . L . X
electromechanical time constant of the IM, J), is the reduced moment of inertia of the drive; Ty = 5 fKR’
W)

— electromagnetic time constant of the IM.

The transfer function of the IM under the impact of the (external) frictional torque Mrp can be represented by
the conformance of the generation of the electromagnetic torque of the IM to the rotor current (at the constant stator
magnetic flux (@ = const) as the transfer coefficient &y, calculated from the relation:

W(p)=k,, =Lt
2n

Given the reduced moment of load inertia, the developed dynamic moment My on the IM shaft in the transi-
tion mode of the FCD operation can be represented by the relation:

oQ
JD. atﬂ:Mq_(Mc—i_MTP)’ (3)
where M) is the IM electromagnetic torque. In the node X3, the right-hand side of the equation (3) is conditionally
solved through introducing the AVI control in the “m— submodulation” mode, which enables to programmatically
change the set frictional torque My (or the breakaway torque) by the amplitude variation of the pulsating moment on
the IM shaft. It should be noted that in the multilink IR mechanisms, the frictional (breakaway) torque can vary by 1.5—

2.5 or more times in comparison to the moment of dry friction. The conversion of the shaft speed measurement units

(from rad/s to rpm) is carried out through the transfer function
Wp) =k, =

nO

Q

0

>

where ng, Q is the IM shaft rotation frequency, rpm, rad/s, respectively.
Link 6 of the structural diagram is an instantaneous link characterizing the natural feedback on induced coun-
ter-EMF of the IM. In this case, the design transmission coefficient &'5 will be

We(p)= k',
where
Ky = ho_p
&f, 60
p
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The transformations performed provide the overall gain of the FCD system ky through the corresponding coefficients of
individual links:
ky =k - kyp - kz[ kv - ket k.

It is known that the static error § caused by the dry friction moment My in closed systems can be reduced by
introducing local parallel and sequential high-speed feedbacks into the system which can be seen from the relation
[4,5,20]

5 Mok,
k k7
where k is the amplifier gain of the compensating link (for example, when the PID controller is turned on); &' is the
speed sensor gain. However, an increase in k; greater than a critical value is accompanied by an increase in ky, and at
ky > kgp, a critical value in the drive, self-oscillations, loss of stability can occur.

In this case, kgp is in (14 ky) times higher than in a system without feedback, which reduces the static error of the sys-
tem O additionally with a decrease in the moment My when introducing a controlled micro-vibration of the IM shaft
in the “m—submodulation” mode of the AVI operation.

Discussion and Conclusions. The studies performed allow us to conclude:

1. The application of bimodal control of an autonomous voltage inverter in the FCD provides the improve-
ment of an industrial robot (or RM) in the low-speed zone of the working body.

2. The use of program-controlled “micro-vibration” of the FCD IM rotor provides a predetermined decrease in
the frictional (“breakaway”) torque in the multilink movable mechanisms, reduces the level of static error of the system
by 1.5-2.5 times at an underestimated gain of the compensating amplifier, and increases system stability under the dy-
namic control modes.

)
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Problems of weld overlay of seating surfaces of pipe fitting and solutions™
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Introduction. A problem of providing the necessary functions
of pipe fitting for blockage, control, distribution of the
working medium flows under the most adverse operating
conditions of oil and gas pipelines associated with abrasive
particles, mechanical impurities, hydrogen sulfide, carbon
dioxide and organic acids with sulfate-reducing bacteria, is
considered.

Materials and Methods. High performance properties of
seating surfaces of pipe fittings are provided through
anticorrosive plating of alloyed and high-alloyed metals based
on iron with the addition of chromium, nickel, cobalt and
niobium. The basic weld overlay methods are analyzed: metal-
arc welding, nonconsumable and consumable-electrode weld
facing in shielding gases, submerged arc surfacing.
Advantages and disadvantages of surfacing methods
implemented in recent years are noted: laser, plasma-powder
and plasma-arc methods.

Research Results. Taking into account the automation
capabilities, a high-tech process of robotic anticorrosive
surfacing using a consumable electrode with an additional
filler metal feed to the front welding puddle for shielding the
thermal effect of the arc, is proposed. Industrial application of
the proposed technology requires a set of studies related to
assessing the effect of technological parameters on the quality
of the deposited layers to provide the required operational
characteristics of the fitting.

Discussion and Conclusion. It is proposed to carry out the
above studies using physical and mathematical modeling of
the anticorrosive surfacing, which reduces the time and
number of experiments. Therefore, the primary task is to
develop a mathematical model of the surfacing process with a
consumable electrode with an additional filler wire and

transverse vibrations of the welding burner. Such a model

" The research is done within the frame of the independent R&D.
" E-mail: stanislavpoloskov@gmail.ru
*** Pa6oTa BBINOJHEHA B paMKax MHAIMaTuBHOW HUP.

Bseoenue.  PaccmaTtpuBaercst  mpoOiema  obecredeHHs
HEOOXOIUMBIX (YHKIHIA TPyOOIPOBOJHOW apMaTypel IO
HNEePEKPBITUIO, PEryJIMPOBAHUIO, PACIPEACIICHUIO ITOTOKOB
paboueil cpembl B KpaifHe HeEOJIArONPHATHBIX YCIOBHSIX
9KCIUTyaTallil He(Tera3oBBIX TPyOOIPOBOIOB, CBSI3aHHBIX C
HaJM4YMeM B YIJEBOJHOM ChIphe aOpa3WBHBIX YacCTHII,
MEXaHHMYECKUX TIPUMECeil, CEpOBOAOPOAA, YIIIEKHCIIOTO ra3a ’
OpPTaHWYECKHX KHCIOT C CYyJIb(aTo-BOCCTAHABIMBAIOLIMMH
OaKTepUSMH.

Mamepuanet u memoOvi. Bplcokne SKCIUTyaTallMOHHbIE
CBOICTBa YIUIOTHUTENBHBIX MOBEPXHOCTEH TPYyOOIpOBOIHOI
apMaTypel o0OecleYMBaeT AaHTHKOPPO3MOHHAs  HAIlIaBKa
JIETHPOBAHHBIX U BBHICOKOJIETHPOBAHHBIX METAIJIOB HA OCHOBE
JKenesa ¢ 1o0aBICHHEM XpoMa, HUKEIsl, KoOaubTa U HHOOHS.
IIpoananu3npoBaHbl OCHOBHBIE METOIBI HAIUIABKH: JyrOBOM
HAIUIaBKK TTOKPBITHIMH  DJIEKTPOJAMH, HEIUIABSIIUMCS |
IUIABAIIAMCSL JJIEKTPOAAMH B 3alIUTHBIX Ta3ax, IyrOBOH
HaraBkk 1o ¢utocoM. OTMeEYeHbl TPEUMyILIECTBa H
HEJOCTAaTKH pealn3yeMbIX B IIOCIEIHHE TOABI CIOCOO0B
HAIUIaBKH: JIA3epHOMH, MIa3MEHHO-TTOPOIIKOBOW M TJIa3MEHHO-
JTyTOBOM.

Pesynomamer  uccneoosanus. C  ydeToM BO3MOXKHOCTEH
AQBTOMATH3AIUY MPEAJI0KEH BBICOKOTEXHOJIOTHYHBIN TPOIIECC
POOOTH3MPOBAaHHOM AHTHUKOPPO3UOHHOM
IUIaBAINMMCS  3JIEKTPOAOM C ToJaueil JIOMOJIHUTENbHOU

HaIlJTaBKH

NPUCAJOYHOH TPOBOJIOKM B IIEPETHIOI0 YacTh CBAapOYHOI
BaHHBI JUISl 3KPAaHUPOBAHHS TEIUIOBOTO BO3JCHCTBHS JIyTH.
[TpoMbllUIeHHOE TIPUMEHEHHE MpPEAIaraeMoi TEXHOJOTUH
TpebGyeT NPOBEACHHUS KOMIUIEKCA MCCIIeIOBAHU, CBSI3aHHBIX C
OLICHKOMW BIIMSIHUSI TEXHOJIOTHYECKHUX apaMeTpOB Ha Ka4eCTBO
HaIIaBISIEMBIX ~ CIIOEB Ui oOecredeHus  TpeOyeMbIX
9KCIUTYaTallHOHHBIX XapaKTePUCTHK apMaTypBl.

Obcysrcoenue u 3axnovenue. BplleykazaHHbIe HCCIIEIOBaHMS
NPEVIOKEHO  BBIMOJHATH €

NpUMEHEHHEM  (H3HKO-

MaTeMaTHYECKOTO MOJICITMPOBAHUS nporecca
AQHTUKOPPO3MOHHON HAIUIAaBKH, COKPAIIAONIET0 BpeMs |
KOJIMYECTBO 3KcmepuMeHToB. IloaToMy mnepBoouepenHoi
3amaueil sABISAETCS pa3paboTKa MaTeMaTHUECKOW MOJENH
npoiecca HAIUIaBKU IUIABSIIIIMCS JNIEKTPOIOM ®
JIOTIOJTHUTEJILHOW MPUCAZ0YHON MPOBOJIOKOH U MONEPEYHBIMU

KOJICOaHMSIMHU HAIIJIaBOYHOM TOPEIIKU. Takas Momens mOmKHA
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should virtually reproduce the surfacing process, as well as its BUPTYaJIbHO BOCIIPOM3BOAUTE IPOIECC HAIUIABKH, a TAKXKE €To

thermal cycle followed by calculating the ratio of the structural TEPMUHECKHH UK C MOCTETYIOIIIM PACUETOM COOTHOMICHHS

. CTPYKTYPHBIX COCTABJISIIOIINX HAIUIABICHHOIO MeTalia |
components of the deposited metal and the substrate metal. PYKIYP N
MeTa/uta MOAT0KKH. CHcTeMa ypaBHEHHH MOJENH IOJDKHA

The system of equations of the model should be solved by a pOIIATRCA  CICUMATBHON  KOMIIBIOTEDHOM  MPOrPAMMO.

special computer program. The algorithm presented for IIpencraBieHHbI anropuT™ peLIeHUs AaHHOTO Kiacca 3agad

solving this class of problems will allow us to make a sound MO3BOJINT ~ yCTAHOBUTh  YCTKYIO  B3aUMOCBA3b  MCKIY

connection of the technological parameters of the surfacing L [ C DI DO OO SR

IIOoKasaTeJsIMM ~ Ka4yeCTBa (I)OpMI/IpOBaHI/Iﬂ HarIaBJIICMBbIX

process and the quality parameters of the formation of the
CIIOEB, OMNPENCIUTh MPOrPaMMy HX ONTHMH3ALUH IS

deposited layers, to determine the program for their obecriedeHnss TPeOyeMBIX  OKCIUTyaTaI[IOHHBIX  CBOWCTB

optimization to provide the required operational properties of TpyOOIPOBOIHON apMaTypBbI.

pipeline fitting.

Keywords: anticorrosive surfacing, stop valve, pipeline KiroueBble  CJI0BA:  aHTHKOPPO3MOHHAs  HAIUIABKA,
fitting, mathematical model of surfacing, consumable 3aTBOpPHBIIA y3el, Tpy6ONpoBOAHAS apmaTtypa,
electrode, filler wire. MaTeMaThyeckass MOJeNb HaIUIaBKH, IUIABSIIMHICS DJIEKTPOJ,

HpHCaI0YHas IPOBOJIOKA.
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Introduction. Russia has not only the largest resource base, but also huge experience in the creation and
operation of its infrastructure. The most important infrastructure element is an extensive network of pipelines for
transporting oil, gas and their products since oil and gas fields in Russia and their consumers are geographically spaced
over vast distances [1]. This requires solving a number of tasks, the first of which is management of the delivery of
hydrocarbons to consumers. However, operational dispatch control of the flow of raw materials in pipelines is
impossible without appropriate fittings. The essential shutoff and control functions of oil-and-gas valves are provided
by its stop valve, which, depending on its application, creates conditions for shutting off, regulating, distributing the
working medium flow through changing its flow area.

According to the technique of stopping the flow and the design features of the stop valves, all types of pipeline
valves are classified into valves, gate valves and ball valves. Their structural differences (Fig. 1) are clearly shown in
[2]. Valve assembly, as a rule, consists of two contact elements - a seat and a flapper.

a) b) ¢

Fig. 1. Design features of stop valves of pipeline equipment: a) throttle; b) flapper; ¢) ball valve [2]

In throttles (Fig. 1, a), the flapper moves along the medium flow; in gate valves (Fig. 1, b), the flapper moves
perpendicular to the work medium flow; in taps, the blocking element rotates around the axis of the device
perpendicular to the medium flow. Depending on the revolutional shape, valves are conical, cylindrical and ball. The
operation diagram of ball valves is shown in Fig. 1, c. As a rule, the seal in the gate is carried out according to the
“metal-metal” scheme. Notice that ball valves are the ones that provide the minimum resistance to flow in the open
position, have a higher opening/closing speed, and a longer uptime [3].

The transportation of crude hydrocarbons is characterized by high pressures both in the pipelines and in the
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pipe fittings. In addition, the production and processing of hydrocarbons is invariably associated with the transportation
of raw materials containing abrasive particles and solids through pipeline systems. The transported medium may also
contain hydrogen sulphide (H,S) and carbon dioxide (CO,). Besides, during the transportation of crude oil, condensate,
containing organic acids and sulphate-reducing bacteria, may form on the contact surfaces of the valve. Currently, the
gas liquefaction industry is rapidly developing, where all processes occur at extremely low temperatures. Low
temperatures also create certain problems when operating valves.

Materials and Methods. Considering the listed operating conditions, the design of the stop valve should
exclude jamming of the valves and provide their resistance to corrosion and hydroabrasive wear. Often, such
requirements are provided by surfacing with wear- and corrosion-resistant materials. However, many problems of
import substitution of such products are restrained due to the unresolved issues regarding the implementation of
surfacing processes. This actualizes the need for improving technologies for anticorrosive surfacing of sealing surfaces
of pipeline valves.

It is known that body parts and the stop valve components of the pipeline valve are made of unalloyed, alloyed
and high alloyed steels, the blanks for which are obtained through rolling, casting or stamping [4]. The initial data
determining the selection of specific materials for the reinforcement are the conditions under which it will be operated.
Important is the change in the properties of the metal during long-term operation. It should be noted that in the
manufacture of parts and assemblies of pipe fittings, cheaper unalloyed steels are often used, and the required
anticorrosive properties of the sealing surfaces are provided through surfacing of alloyed and high alloyed metals.
Therefore, surfacing is currently a priority in providing the required operational properties of sealing surfaces of valves.
Depending on the operating conditions of the fittings, iron-based surfacing materials with the addition of chromium,
nickel, cobalt and niobium are used.

Since the main requirement for corrosion-resistant surfacing is its resistance to hydrogen sulphide cracking and
carbon dioxide corrosion, this requirement is met through a reasonable selection of materials, surfacing techniques and
their modes. Currently, when surfacing pipe fittings, metal-arc welding, non-consumable surfacing with filler wire,
mechanized welding in shielding gases and submerged arc surfacing are most common [5]. The listed surfacing
technologies have both a number of advantages and certain disadvantages. The stick electrode surfacing is characterized
by a significant number of defects requiring additional costs for their elimination. Manual argon-arc surfacing that
provides the highest quality of deposited layers is characterized by relatively low productivity. For its implementation,
highly qualified welders are required. Mechanized surfacing with a consumable electrode in a shielding gas
environment is more productive, however, it is difficult to control the heat input and the ratio of the substrate and
electrode material fractions. In addition, all of the above technologies are characterized by the melting of the base metal
and significant thermal impact on it, which is a major fault. Notice that when implementing any techniques of manual or
mechanized surfacing, it is impossible to obtain uniform thickness of the deposited layer. Submerged surfacing has
limitations, since it provides surfacing of only simple, almost flat surfaces.

Improving productivity and the quality of work performed provides automation of the surfacing processes.
Automatic surfacing with a non-consumable electrode with filler wire feed provides the process continuity with
efficient regulation of the substrate metal fractions in the overlay. In this case, constant monitoring of the non-
consumable electrode condition is required, since when its working surface is worn out, the melting ability of the arc
decreases sharply. In turn, with more efficient automatic surfacing with a consumable electrode, even with the addition
of a filler wire [6], it is more difficult to provide a minimum penetration of the base metal.

In recent years, coatings on pipe fittings are performed by laser and plasma surfacing with filler metal in the
form of a powder or filler wire [7, 8], FLSP. Laser surfacing has a number of advantages, as it provides minimal
thermal effect on the substrate. A significant disadvantage of laser surfacing with an additive in the form of a powder is
its irrational use, since it partially does not fall under the laser beam and remains unused. In case of using filler wire,
there are problems with its melting due to the requirements for accuracy of guidance under the beam. Unfortunately,
plasma-powder surfacing has similar problems with the use of powder materials. Replacing the powder with a filler
wire creates problems for its absorption by the surfacing puddle. Combined plasma-arc surfacing is characterized by the
complexity of synchronous control of heterogeneous heat sources. As noted by a number of authors, under FLSP,
increased porosity and characteristic chips of the sprayed metal are often observed.

Therefore, for the anticorrosive surfacing of pipeline valves, new technical solutions that use technologies and
automation tools that have already been tested in practice are required. Now in the park of industrial robots in the
industrialized countries, the majority are robots that reproduce the movements of human hands during working
operations. The application of such robots to displace the welding torch could not only lower the qualification
requirements, but also reduce their subjective influence on the quality of operation [9].
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Research Results. Given the automation capabilities, a high-tech process of robotic anticorrosive surfacing
using a consumable electrode with an additional filler metal feed to the front welding puddle for shielding the thermal

effect of the arc (Fig. 2) could be such an advanced way.
dy

Y1

Fig. 2. Diagram of surfacing using a consumable electrode with filler wire feed and transverse oscillations of the burner:
1,, I are currents of the main and additional arcs; R is the radius of the arc torch; s is the thickness of the substrate;
dy, vrare the diameter and wire feed speed; Y,7,, 7 are parameters of transverse vibrations; L,S are melt and overlay

According to the authors, this surfacing technique has sufficiently broad processing capabilities for regulating
heat input and penetration in a wider range, since it provides the use of operating time for controlled droplet transfer of
electrode metal [10] and the creation of optimal conditions for melting the filler wire [11]. In addition, the possibility of
delivery of nanostructured additives, studied now a lot, through the filler wire will improve the microstructure and
properties of the weld deposit. It is clear, the best assimilation of the filler wire by the surfacing puddle will provide its
concurrent heating. As noted in [12], for the formation of wider layers in a smaller number of passes at a low integrated
surfacing speed, it is preferred to use transverse oscillations of the burner. Such vibrations will reduce the likelihood of
the formation of quenching structures that initiate manifestations of corrosion. However, only high-tech technology-
intensive enterprises that seek to strengthen their advantages in a competitive environment can make full use of such
developments [13]. Unfortunately, the industrial application of the proposed anticorrosive surfacing of sealing surfaces
of pipeline valves is hindered by a host of unsolved problems (Fig. 3).

Problems of industrial use of consumable electrode surfacing with
filler wire in the manufacture of pipeline equipment

v ¥

Problems of implementing the proposed Problems of providing anti-corrosion properties
surfacing technology of deposited surfaces

Problems of visual monitoring over the Exclusion of stress sulphide cracking

surfacing process

Difficulty of maintaining the optimum Carbon dioxide minimization
melting electrode stickout

Problems of the filler wire entry into the Elimination of scuffing when moving |
desired puddle area valves
Null data on surfacing parameters Providing the required mechanical ]
tolerance properties of deposited surfaces
- Null data on the impact of the thermal Minimization of % of the base metal | |
cycle on surfacing and HAZ content in the weld metal
Development of a theoretically grounded methodological and software-mathematical |

framework for analysis and forecasting of the sealing surfacing quality

Fig. 3. Problems of industrial application of consumable electrode surfacing with an additional filler wire
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To solve the above problems and implement successfully the proposed anti-corrosion deposition process, it is
necessary to develop a theoretically grounded methodological and software-mathematical framework for analysing and
predicting the quality of deposited surfaces. The solution to the optimization problem of the proposed surfacing
technology is complicated by a large number of parameters: speed of surfacing and wire feed, its diameter, voltage and
arc current, amplitude, period and shape of vibrations, initial temperature of the substrate. Quality indicators are also
important: size and shape of the deposited layer, penetration depth and thickness of the surfacing, chemical composition
of the deposited metal, properties of the deposited layer. It should also be taken into account that the optimization of
surfacing technology requires a large number of experiments, in most cases, very complex and expensive.

Currently, among modern research techniques of welding and surfacing processes that reduce the time and
number of experiments, physical and mathematical simulation is distinguished. The efficiency of surfacing processes
based on computer modeling is shown in a number of papers [14, 15]. Thus, in the paper [14], the hardening surfacing
through physical and mathematical simulation was analysed. Modeling determined the optimum penetration depth and
width of the surfacing puddle at which mixing of the deposited metal is minimized. Unfortunately, this work did not
consider the conditions for guaranteed maintenance of a base metal content of less than 2—5% in the final layer.

The tasks of the surfacing technology development by computer engineering analysis methods were formalized
n [15], which considered the technology of plasma deposition of copper rings on steel tube blanks with transverse
plasma torch vibrations. However, this work results are not applicable for anticorrosive surfacing of coatings, and the
process itself differs significantly from the consumable electrode surfacing.

When surfacing steels containing refractory metals on low- and medium-alloy steels, it is difficult to avoid the
formation of quenching structures and cracking. Statistical models described in [16, 17] provide estimation of the
probability of the formation of quenching structures. Approaches and results of these studies can be partially used to
assess properties of the deposited metal and substrate.

Discussion and Conclusions. The above examples show that existing advances in computer simulation of
welding and surfacing processes cannot solve the problems of industrial implementation of the proposed technology for
corrosion-resistant surfacing. Therefore, the primary task is to develop a mathematical model of the anticorrosive
consumable electrode surfacing with an additional filler wire and transverse vibrations of the welding burner. The model
should provide virtual reproduction of melting electrodes of the specified diameters at given feed speeds, the formation
of a puddle under the heat and force impact of the arc and the flow of electrode droplets, as well as the reproduction of
the thermal cycle with the subsequent calculation of the ratio of the structural components of the deposited metal and
the substrate metal. The system of equations of the model can be solved by numerical techniques, for which purpose a
special computer program should be developed. Such a program should provide the reproduction of multilayer
surfacing considering its typical dimensions of the deposited layers (Fig. 4), which requires modeling the sequence of

their laying.
H
»__- _W

hi|H

a) b)

Fig. 4. Typical dimensions when surfacing with bead welds (a)

and with transverse vibrations (b): 1 ... 4 are roller numbers, V,, is burner travel direction; B is puddle width; b is arc pitch;
h is penetration depth; H is deposition height; S, F, M are areas of surfacing, melting of the previous roller and melt of the substrate

The simulation validity, compliance with experimental data, is a challenge. An adequate model can assess the
effect of parameters on the quality indicators of the formation of weld beads, primarily, on the chemical composition,
geometry and mechanical properties of each weld bead.

Fig. 5 shows the sequential algorithm for solving problems on determining parameters of the anticorrosive

consumable electrode surfacing with an additional filler wire.
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Analysis of the conditions for minimizing force and thermal effects of the arc on the base
metal and deposited metal of the previous layers
(Optimization of heat and mass transfer, at which the melting depth of metal and substrate of
the previous layers is minimal, is carried out)

V

Determination of the filler wire melting parameters when it is fed to the front puddle
(Conditions for partial shielding of the arc force and thermal effects by the filler wire, angle
and point of entry, feed rate, are established)

V

Characterization of the puddle formation with a minimum metal input from previous
layers and HAZ dimensions
(Determination of surfacing modes providing the required dimensions of the weld beads, their
chemical composition, minimizing the occurrence of property damages)

V

Generalization of established patterns in a unified physical and mathematical model of
the surfacing process and its identification
(The generalized model considers the melting conditions of the electrode and filler wires,
the sequence of deposition and interface layers)

V

Formation of technical requirements for the technology of consumable electrode
surfacing with additional filler wire and the needed equipment for its implementation
(Technical requirements consider validated surfacing modes, parameter deviation tolerance,

operational requirements for equipment)

V

Fig. 5. Sequential algorithm for solving problems on optimizing the process of consumable electrode surfacing

Practical implementation of the proposed algorithm will provide establishing a clear relationship between the
anticorrosive surfacing process parameters and the quality indicators of the deposited layer formation, determining the
program for their optimization to maintain the required operational properties of pipeline valves. In turn, the
determination of optimal surfacing parameters will help to form more reasonable demands for the proposed surfacing
technology and the selection of the necessary robotic equipment for its implementation.

Undoubtedly, in the near future, such a systematic approach will help to solve the identified problems in the
development and implementation of the technology of pipe valve sealing surface consumable electrode welding with an
additional filler wire, which will guarantee the needed operational properties of such an important regulatory element of
oil and gas equipment.

Conclusions

1. An advanced way to provide the required operational properties of pipeline valves with a significant increase
in the surfacing productivity and quality during its manufacture is the introduction of anticorrosive surfacing
technologies using a consumable electrode with the supply of an additional filler wire.

2. For the industrial application of the proposed deposition technology, it is required to conduct a series of
studies aimed at assessing the impact of process parameters on the quality of formation of the deposited layers and
maintaining the needed operational characteristics of pipeline valves.

3. Existing methods for modeling surfacing processes cannot solve the problems of industrial introduction of a
consumable electrode facing technology with an additional filler wire. This condition necessitates the development of
an original mathematical model of the surfacing process providing its virtual reproduction under the puddle formation,
as well as the thermal deposition cycle with the calculation of the ratio of the structural components of the deposited

metal and the substrate metal, the chemical composition of the deposited layers.



Poloskov S. S. Problems of weld overlay of seating surfaces of pipe fitting and solutions

ITonockos C. C. IIpoonemsl nannagku ynaomHumensHuixX nOGEPXHOCH el mMPYOOnPOEOOHON apMamypsl i Rymu ux pewieHus

References

1. Nikonova, A.A. Neftegazovye resursy Rossii: otsenki i perspektivy razvitiya toplivno-energeticheskogo
kompleksa. [Oil and gas resources of Russia: Assessments and prospects.] Economic Analysis: Theory and Practice,
2017, no. 11, pp. 2064—2082 (in Russian).

2. Valve technology: handbook. Stavanger: Norwegian Oil and Gas Association, 2017, 131 p.

3. Barker, G. The engineer's guide to plant layout and piping design for the Oil and Gas Industries. Houston:
Gulf Professional Publishing, 2018, 532 p.

4. Shpakov, O.N. Truboprovodnaya armatura: spravochnik spetsialista. [Pipe Fittings: Reference book.]
St.Petersburg : KKhT, 2007, 463 p. (in Russian).

5. Saha, M.K., Das, S. A review on different cladding techniques employed to resist corrosion. Journal of the
Association of Engineers, 2016, vol. 86, no. 1-2, pp. 51-63.

6. Antonov, A.A., et al. Issledovanie protsessa argonodugovoy naplavki plavyashchimsya elektrodom s
podachey prisadochnoy provoloki. [Study of the process of arc surfacing of consumable electrode with delivery of
cored wire.] Izvestia VSTU, 2016, no. 2 (181), pp. 132—135 (in Russian).

7. Tatarinov, E.A. Lazernaya naplavka elementov zapornoy armatury. [Lazer surfacing of valve-block
elements.] Izvestiya TulGU. Technical Sciences, 2015, no. 11-1, pp. 101-107 (in Russian).

8. Sosnin, N.A., Yermakov, S.A., Topolyansky, P.A. Plazmennye tekhnologii: rukovodstvo dlya inzhenerov.
[Plasma Technologies: Guide for Engineers.] Tomsk: TPU Publ. House, 2013, 406 p. (in Russian).

9. Sholokhov, M.A., et al. Opyt vnedreniya robotov v svarochnoe proizvodstvo. [Experience in the
implementation of robots in the welding industry.] Welding and Diagnostics, 2014, no. 4, pp. 41-43 (in Russian).

10. Poloskov, S.I., et al. Osobennosti upravlyaemogo teplomassoperenosa pri svarke plavyashchimsya
elektrodom s korotkimi zamykaniyami dugovogo promezhutka. [Features of controlled heat and mass transfer during
welding with a consumable electrode with short circuits of the arc gap.] Welding International, 2002, no. 7, pp. 6—13 (in
Russian).

11. Shipilov, A.V., Erofeev, V.A., Poloskov, S.I. Opredelenie optimal'nykh usloviy plavleniya prisadochnoy
provoloki pri avtomaticheskoy orbital'noy svarke stal'nykh truboprovodov. [Determination of optimal conditions for the
melting of filler wire during automatic orbital welding of steel pipelines.] Welding International, 2012, no. 3, pp. 12—-19
(in Russian).

12. Strakhova, E.A., Erofeev, V.A., Sudnik, V.A. Fiziko-matematicheskoe modelirovanie protsessa naplavki s
poperechnymi kolebaniyami plazmotrona. [Physico-mathematical modelling of the surfacing process with transverse
oscillations of the plasmatron.] Welding and Diagnostics, 2009, no. 3, pp. 3238 (in Russian).

13.  Poloskov, S.S. Osobennosti i puti sovershenstvovaniya innovatsionnoy deyatel'nosti
vysokotekhnologichnykh naukoemkikh predpriyatiy. [Specifics and ways to improve innovation activities at hi-tech
science intensive enterprises.] Modern Economy Success, 2019, no. 2, pp. 87-94 (in Russian).

14. Erofeev, V.A., Zakharov, S.K., Kuznetsov, O.V. Osobennosti tekhnologii dugovoy naplavki
uprochnyayushchikh sloev na stal'nuyu podlozhku. [Features of technology of arc surfacing reinforcing layers on the
steel substrate.] Izvestiya TulGU. Technical Sciences, 2014, no. 11-1, pp. 132—138 (in Russian).

15. Erofeev, V.A., Strakhova, E.A. Komp'yuternyy inzhenernyy analiz protsessa plazmenno-dugovoy naplavki
sloya tsvetnogo splava na stal'nye tela vrashcheniya. [Computer engineering analysis of plasma-arc weld deposition of
non-ferrous alloy layer on steel bodies of rotation.] Zagotovitel'nye proizvodstva v mashinostroenii, 2011, no. 12,
pp. 12—18 (in Russian).

16. Zaiffart, P., Kasatkin, O.G. Raschetnye modeli dlya otsenki vyazkosti razrusheniya nizko - i
srednelegirovannogo metalla shva v zavisimosti ot ego sostava i struktury. [Computational models for evaluating
fracture toughness of low- and medium-alloyed weld metal depending on its composition and structure.] Welding
International, 1995, no. 6, pp. 10-12 (in Russian).

17. Kasatkin, O.G., Zaiffart, P. Interpolyatsionnye modeli dlya otsenki fazovogo sostava zony termicheskogo

Machine building and machine science

355



Vestnik of Don State Technical University. 2019. Vol. 19, no. 4, pp. 349-356. ISSN 1992-5980 eISSN 1992-6006
Becmuuk /lonckozo zocydapcmeennozo mexnuueckoz2o ynugepcumema. 2019. T. 19, Ne 4. C. 349-356. ISSN 1992-5980 eISSN 1992-6006

vliyaniya pri dugovoy svarke nizkolegirovannykh staley. [Interpolation models for assessing phase composition of heat-

affected zone in arc welding of low alloy steels.] Avtomaticheskaya Svarka, 1984, no 1, pp. 7-11 (in Russian).

Submitted 04.10.2019
Scheduled in the issue 05.12.2019

Author:

Poloskov, Stanislav S.,

postgraduate student, Moscow Region State University (10A, Radio St., Moscow, 105005, RF),
ORCID: http://orcid.org/0000-0002-8205-3565

stanislavpoloskov@gmail.ru

http://vestnik.donstu.ru

356



Vestnik of Don State Technical University. 2019. Vol. 19, no. 4, pp. 357-365. ISSN 1992-5980 eISSN 1992-6006
Becmuux /lonckozo zocydapcmeennozo mexnuueckoz2o ynugepcumema. 2019. T. 19, Ne 4. C. 357-365. ISSN 1992-5980 eISSN 1992-6006

MACHINE BUILDING AND MACHINE SCIENCE
MAIINHOCTPOEHUE N MAIIMHOBEJAEHHUE

UDC 621.313

https://doi.org/10.23947/1992-5980-2019-19-4-357-365

Sensorless control of the high-speed switched reluctance generator of the micro power plant’
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Introduction. In the distributed and autonomous generation
systems using renewable energy sources, low-power generat-
ing units (not more than 100-200 kW) based on microturbines
function. Microturbines operate most efficiently at high rota-
tional speeds. In this regard, the generator running with a mi-
croturbine must also be a high-speed one. A generator is a
switched reluctance electric machine (EM) that needs infor-
mation on the rotor position. It is difficult to use a position
sensor in such mechanisms at high speeds. This paper discuss-
es the issues of sensorless control of a high-speed switched
reluctance electric generator in conjunction with a steam mi-
croturbine.

Materials and Methods. So, it is required to evaluate the
proof-of-principle developed to control a high-speed switched
reluctance EM. For this purpose, a mathematical model has
been created including models of the investigated EM, an
electric power converter, and a control system. For the EM
under consideration, the active resistance is determined, as
well as the dependence of the phase flux linkage on the current
flowing through it and the position of the moving element. The
method used involves probing the idle phase of an electric
machine with short voltage pulses of equal duration, and
measuring the current in this phase. If the voltage pulse length
is much shorter than the phase time constant, then the current
pulse amplitude is inversely proportional to the inductance.
Thus, registering the maximum current pulse amplitude, it is
possible to determine the rotor passage through an uncoordi-
nated position for the probed phase. This information is used

to form control actions by other phases. Moreover, the length

Bseoenue. B pacnpeneneHHbIX U aBTOHOMHBIX CHCTEMax re-
HepalyH, UCHONB3YIOMNX BO30OHOBIIEMbIe HCTOYHUKH DHEP-
TUH, IEHCTBYIOT T€HEPUPYIOLUE YCTAHOBKHY MAJIOH MOIIHOCTH
(e Gomee 100-200 kBt) Ha 6aze mukporypOun. HambGonee
3¢ (GEeKTHBHO MHKPOTYpOUHBI (hYHKIMOHHPYIOT Ha BBICOKHX
YacToTax BpalleHus. B CBs3M ¢ 3TUM reHepaTop, padoTaroNIHii
C MHKPOTYpOMHOH, TOXE NOIKEH OBITh BBEICOKOOOOPOTHBIM.
T'enepatop — 3TO BEHTHIIBHO-UHIYKTOpPHAs 3JIEKTpHUYECKast
MmanmHa (OM), KoTOpoi HeoOxonuMa HH(OpPMAIHS O IIOJIO-
JKEHUH poTopa. B Takux MexaHM3Max IpH BBICOKHX 000poTax
3aTPYAHHUTENLHO IPUMEHEHHE AaTUHNKa MOJI0XKeHNs1. B manHOM
CTaThe PACCMaTPHUBAIOTCS BOIPOCHI O€31aTIYMKOBOTO yIIpaBIIe-
HHUS BBICOKOOOOPOTHBIM BEHTHIBHO-HHAYKTOPHBIM 3JIEKTPO-
TeHepaTopOM COBMECTHO C ITapOBOH MUKPOTYPOHHOM.

Mamepuaner u memoowi. UTak, He0OXOAUMO OIIEHHTH Mpa-
BIJIBHOCTh Pa3pabOTaHHOTO NPHHIHIA YIPABICHHUS BBICOKO-
000pOTHON BEHTWJILHO-MHAYKTOPHOH OM. C 3TOH Ienbio
CO37]aHa MaTeMaTH4YecKass MOJENb, BKIIOYAION[As MOJEIH
uccaenyeMoir DM, mpeobpa3oBarelis SJICKTPOIHEPTUH M CH-
cTeMsl ympasieHus. /s paccMaTpuBaeMoid DM ompeneneHbt
aKTHBHOE CONPOTHBIEHHE, a TaKKe 3aBUCHMOCTH ITOTOKOC-
HeruIeHns (a3bl OT MPOTEKAIOLIEro Yepe3 Hee TOKA U IOJI0Ke-
HUS TIOJBIDKHOTO 3JeMeHTa. Vcronb3yeMslii MeTos mpenmno-
JaraeT 30HIMpOBaHWE HepaboTaromieil (asbl AEKTPUIECKOit
MAIIFHB KOPOTKAMH HMITYJIbCAaMH HAaIpsDKEHHS PaBHOW JUTH-
TENIBHOCTH W M3MepeHue Toka B 3Toi daze. Eciam mimrens-
HOCTh MIMITYJIbCA HamlpsDKEHHS HAMHOTO MEHbIIE MOCTOSHHOI
BpeMeHH (ha3bl, TO aMIUIMTYyla HMITyJbca TOKAa OOpaTHO MPO-
MOPILMOHAIbHA MHAYKTUBHOCTH. TakuM 00pa3oM, perucTpu-
Py MaKCHMyM aMIUIMTYABl TOKOBOTO HMITYJIBCA, MOKHO
OIPE/ICNUTh MPOXOXKJCHHE POTOPOM HECOITTACOBAHHOIO MO-
JIOKEHUS TSl 30HAUpYeMoi (a3bl. DTa nH(OPMAIHS UCTIOIb-
3yercs 1t (POPMHUPOBAHMS YIPABISIOIINX BO3ACHCTBHI Ipy-
rumu aszamu. [Ipy 3TOM JUTUTETBHOCTh TECTOBBIX HMITYJIbCOB
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of the test voltage pulses, required to obtain current pulses
sufficient for measuring the value, is of significance versus the
duration of the pulsing time. Hence, with an increase in the
rotational speed, the number of test pulses is insufficient for
measuring the position with the accuracy required for the con-
trol goals. This reduces drastically the precision of determin-
ing the rotor position; therefore, at high speeds, the application
of this method is limited without further refinement of the
rotor position. In this case, to increase the precision of meas-
urements, it is necessary to evaluate the rate of current rise
when applying the basic voltage pulse or the voltage pulse rate
forming the phase current before switching to a single-pulse
control mode.

Research Results. Two conclusions important for correcting
the estimation of the rotor position in a single-pulse operation
mode of a reluctance EM are proved. The first conclusion is
on the efficiency of the proposed technique of filtering phase
current measurement data, the second one concerns the ap-
plicability of the identified information criteria. The analysis
results of the processes in the switched reluctance EM using
sensorless control that implements the described principles for
determining the rotor position are presented.

Discussion and Conclusions. To correct the estimation of the
rotor position, the following information criteria can be used:
the presence of a pause between the excitation pulse and the
start of the generation process; the decrease in current by the
time the generation begins. To refine the estimate, the follow-
ing fact can be used: on the generation interval, the current
curve knee corresponding to the maximum phase inductance is

observed at the same rotor position.

Keywords: microturbine, electric generator, switched-
reluctance machine, sensorless control.
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HaIpsDKEHHs, He0OX0oAUMas! JUIsl TIOJIy9eHHs] MMITYJIbCOB TOKA
JOCTATOYHOI [ M3MEpPEHUH BENUYUHBI, SBIACTCS 3HAYH-
TEJBHOU 110 CPABHEHMIO C JUINTEIBHOCTBIO BPEMEHHU IMOJa4u
3TUX UMIYNbCOB. [103TOMY ¢ pOCTOM 4YacTOTHI BpAILEHUS 3a
UHTEpBA M3MEPEHUH MOAAETCSI KOJNUYECTBO TECTOBBIX HM-
MYJIECOB, HEAOCTATOYHOE ISl U3MEPEHHSI ITOJI0KeHHUs C HeoO-
XOAMMOHN JUIA LeNeil ympaBieHHs TOYHOCThIO. DTO CyIle-
CTBEHHO CHIXXAET TOUHOCTh OIpPEICNICHUs IOI0XKEHHS POTOpa,
MOATOMY Ha BBICOKHX CKOPOCTSIX BPAILEHUs] OTPAHUUYEHO NPH-
MEHEHHE TAaKOro MeTojia 0e3 JOMOJIHUTENBHOTO YTOUHEHHS
MOJI0KEHUs poTopa. [l MOBBIIIEHUS] TOYHOCTU U3MEPEHUN B
3TOM Clly4ae CJIeAyeT OLEHHTh CKOPOCTh HApacTaHUs TOKa
IIPU [0JaYe OCHOBHOIO UMITYJIbCA HAIPSDKEHUsS] WM 4acTOTy
CJICIOBAHUSI HMMITYJIbCOB HANpPSsDKEHUs, (OPMHUPYIOUIUX TOK
(hassl 10 Iepexoa B OJHOMMITYJIECHBIN PEXKUM yIIPaBICHUS.
Peszynomamur uccnedosanus. JJoxa3aHsl 1Ba BbIBOJA, BaXKHbBIC
JUISL KOPPEKIUH OLEHKHU TMOJIO0XKEHUs] pOTopa B OJHOUMITYIIbC-
HOM peXHMe paboThl peakTHBHO-MHIyKTOpHOUH DM. IlepBrrit
— 00 3] PeKTUBHOCTH MPEIIIOKEHHOTO METOAa (PUIBTpaLiH
pe3yIbTaTOB H3MEPEHHs TOKOB (ha3, BTOPOH — O BO3MOXKHO-
CTH HCIIOJIb30BaHUS BBIIBICHHBIX MH(OPMAIMOHHEIX HpPH3HA-
KOB. [IpHBe/IeHBI pe3ynbTaThl aHAIN3a MPOIECCOB B BEHTUIIb-
HO-MHIYKTOpHOH OM IpH HCIONb30BaHUM 0e€31aTYMKOBOTO
YIPaBJIEHHUS, PEaTU3yIOMEero ONMCAHHbIC MPUHIUIBI ONpee-
JIEHHS TIOJIOXKEHHS POTOPA.

Obcyscoenue u 3axnoyenue. [ KOPPEKIHH OLEHKH IOJO-

JKEHUsT pOTOpa MOTYT OBITH HCIIOJIB30BAHBI CIEIYIONINE HH-
(hopManMOHHbIE NPHU3HAKA: HAIMYUE Iay3bl MEXIY HMITYJIb-
cOM BO30Y)XZEHHSI M HAdaJloM Ipolecca T'eHepaluy; CHIDKe-
HUE TOKa K MOMEHTY Hauaja reHepanuu. JIs yTOYHEHUs
OLICHKU MOYKET MCHOJIb30BAThCS CIEAYIOMMH (HaKT: Ha HHTEp-
BaJIe TeHepaluM Nepernd KPHBOH TOKAa, COOTBETCTBYIOLIMI
MaKCUMyMy WHIYKTHBHOCTH (a3bl, HaOIIOJaeTCsl TIPH OJTHOM
U TOM Xe€ IOJ0XXEHUH POTOpa.

KnroueBble cioBa: MHKpOTypOMHA, 3JIEKTPOTEHEPATOP,

BECHTWJIBHO-UHAYKTOPHAsA MaluHa, 663H3T‘II/IKOBO€

yIpaBJeHHe.
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Introduction. One of the directions of energy development is associated with the use of distributed and auton-

omous generation systems using renewable energy sources. In such systems, low-power generating units operate (not

more than 100-200 kW). Their characteristic property is the combined use of various types of energy: solar radiation,

wind, geothermal sources, waste disposal, etc. The most difficult from the point of view of using distributed or autono-

mous generation systems is thermal energy since it needs to be transformed into electric energy. In the energy systems

under consideration, it is reasonable to use steam microturbines for this purpose. They operate on wet or superheated

steam which the generator converts into electric energy. To solve the problem of compactness and efficiency of the tur-

bine, it is required to provide its high rotation frequency. Accordingly, the generator should also be designed for high

speed operation.

The application of a high-speed turbine imposes restrictions on the design of the conjugated generator. Due to

the high rotation speed, it is good to perform it on a common shaft with a steam turbine, since the presence of couplings

for interfacing the turbine and the generator complicates significantly the design and subsequent maintenance. In the
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autonomous and distributed energy systems, synchronous electric machines (EM) with permanent magnets on the rotor
are widely used as electric generators at powers up to 200 kW. They have the best specific characteristics. However,
given high rotational velocities, the design of such electrical machines is complicated by the problems of mounting
permanent magnets and balancing the rotor. In addition, if the generator is operating in the immediate vicinity of the
turbine, it will be in the zone of high temperatures that are not acceptable for permanent magnets. Therefore, as an elec-
tric generator designed to work in conjunction with a steam microturbine, it is reasonable to use a switched reluctance
EM which has no winding and permanent magnets on the rotor.

To control the switched reluctance EM, information on the rotor position is needed. In most cases, a rotor posi-
tion sensor is used for this. When operating at high velocities, it is undesirable to locate the generator in the immediate
vicinity of the steam turbine, since this greatly complicates the design. There are various methods for determining the
position of the switched reluctance EM rotor without a position sensor [1-4]. However, their use for a high-speed gen-
erator requires considering a number of features. The presented paper is devoted to the issues of using sensorless control
of a high-speed switched reluctance generator designed to operate together with a steam microturbine.

Materials and Methods

Overview of existing solutions and problem statement. As a rule, in the switched reluctance EM, discrete-
type rotor position sensors are used. Such a solution increases the dimensions of the electric machine and complicates
the assembly and tuning technology.

Currently, principles of sensorless control are developed for rotating switched reluctance EM. They differ in
the use of various information signs for determining the rotor position [2—4]. In most cases, such solutions cannot be
applied directly for high-speed generators.

Almost all techniques of determining the position of the switched reluctance EM rotor without using physical
sensors are based on a one-to-one dependence of the phase inductance on the position of the rotor (Fig. 1).

Unmatched Coordinated Unmatched
position position position
[ 4 L f(y )
' MAX
M+ M —
LMIN .
—Vp 0 Yo ¥

Fig. 1. Dependence of phase inductance of the switched reluctance machine on the rotor position

In the coordinated position (the rotor tooth is under the stator tooth), inductance is maximum, in the unmatched
position (the rotor tooth is between the stator teeth), it is minimal. Saturation of the magnetic system affects the differ-
ence between the maximum and minimum values of inductance, but does not change the nature of the dependence.
Therefore, the position of the movable element can be determined using an indirect measurement of the phase induct-
ance of the switched reluctance EM. Options for implementing this technique differ in the method for assessing the in-
ductance of one or several phases during the operation of a switched reluctance EM [3, 4]. The technique used involves
probing an idle phase of an electric machine with short voltage pulses of equal length and measuring current in this
phase. If the voltage pulse length is much less than the phase time constant, then the amplitude of the current pulse is
inversely proportional to the inductance. Thus, the passage of the rotor through the unmatched position for the probed
phase can be determined by recording the maximum amplitude of the current pulse. This information is used to form
control actions by other phases. Test pulses are applied in series during the time corresponding to the passage of the
rotor through an unmatched position. Accuracy of determining the rotor position depends on the frequency of the test
pulses.

A variation of the technique for determining the position of the switched reluctance EM rotor by changing the
phase inductance is to use voltage as the main test pulse (see Fig. 1). The implementation of this method is possible in
both motor and generator mode. Notice the limited use of the method based on probing the idle phase by test pulses for
a high-speed switched reluctance EM. The length of the test voltage pulses required to obtain current pulses sufficient
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for measuring the value is significant compared to their pulsing time duration. Therefore, with an increase in the rota-
tion frequency, the number of test pulses insufficient for measuring the position with the accuracy needed for control
purposes is taken as a measurement interval. This reduces significantly the accuracy of determining the rotor position;
therefore, at high speeds, the application of this method is limited without further clarification of the rotor position. In
this case, to increase the accuracy of measurements, it is necessary to evaluate the current rate of rise when the main
voltage pulse is fed, or the repetition rate of voltage pulses that form the phase current before switching to single-pulse
control mode.

Formulation of the problem of sensorless control of a high-speed switched reluctance electric generator.
A design feature of the switched reluctance EM is a unique dependence of the phase inductance on the rotor position
relative to the stator. This effect can be used to indirectly determine the position of the rotor. As noted above, this tech-
nique of determining the rotor position is the most common. It should be considered that the saturation of the magnetic
system significantly affects the inductance. The tendency to reducing the size of the rotor to decrease the moment of
inertia and improve strength indicators has led to the fact that the generator in question is a highly saturated electric
machine. At the maximum stator current, the inductance in the coordinated position is reduced by more than three times
compared to the inductance in the unsaturated state. Fig. 2 shows dependences of the phase inductance on the angle of
rotation of the rotor at different currents.
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//~20/\
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Fig. 2. Dependences of stator phase inductance on rotor rotation at different currents

The repetition rate of the test pulses used to evaluate the phase inductance is determined by the type of ana-
logue-to-digital (A-to-D) converter applied. When using the built-in converters of microprocessor control devices, the
conversion time is about 2-3 msec. If we use the same ratio of stator and rotor teeth at a rotor speed of 12,000 rpm (200
Hz), then the frequency of the pulses of the phase current should be four times greater — 800 Hz. As indicated above,
test pulses are fed in the absence of current in the phase if the inductance changes from the position of the rotor. This
interval in the generation mode corresponds to an increase in inductance and amounts to about one quarter of the current
pulse repetition period [3]. From the dependences shown in Fig. 2, it can be seen that the change in inductance required
for measurements occurs at a rotor angle of rotation in the range from 20° to 45°.

For the case under consideration, the time interval for feeding test pulses is about 300 ps. During this time, the
A-to-D converter can perform 100-120 counts. The fill factor of the test pulses cannot exceed 0.5 because otherwise,
after removing the voltage, the current will not have time to go down to zero. In practice, the fill factor of the test pulses
does not exceed 0.25-0.3. So, to prevent current from too fast increase at the minimal phase inductance and to reduce
the impact of electromotive force (EMF) arising in the phase under the rotor spinning on the measurement process.

It is required to consider the conversion errors and the need for reliable fixation of the maximum amplitude of
the current pulse. In this regard, the minimum number of measurements per test voltage pulse is 10—15. Then, in the
interval of test pulses, their number will not exceed 6—8, which gives a resolution of determining the rotor position at
the level of 4-6°. This accuracy of the rotor position determination is insufficient for control purposes.

The phase inductance of the EM under consideration at the beginning of the measurement interval is about 5
mH in the unsaturated state (at a current of up to 20 A, see Fig. 2). At a voltage of 600 V in the DC link, the intensity of
the current rise will be 120,000 A/s. It is advisable to evaluate the rotor position at a current of 5-10 A until saturation is
obtained, since in this case, the dependence of the inductance on the rotor position is linear. Then, at the nominal rota-
tion speed, about 20—30 counts will be carried out, which gives a resolution of 0.5—1°. Thus, the use of the main current
pulse at high rotation speeds provides by an order of magnitude higher accuracy in estimating the rotor position (in
comparison to the use of test pulses).
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In the process of start-up and acceleration of the generator, the application of test pulses fed to the inoperative
phase gives a more accurate estimate of the rotor position, therefore, a joint use of both methods is required in the con-
trol system.

Mathematical model of a switched reluctance electric machine. To evaluate the correctness of the devel-
oped control principle of a high-speed switched reluctance EM, a mathematical model (MM) was developed including
models of the investigated EM, electric power converter, and control system. When compiling the model, assumptions
were made that consider features of the problem being solved [5—8]. The basic ones are as follows: phases of the EM in
point have magnetic circuits that are not magnetically interconnected, therefore, the processes in them are considered
independently.

Under the assumptions made, the electromagnetic processes in the phase of this EM are described by the equa-
tion [1-4]:

d¥ 1123

b Uripz—1ri123 (‘I’fl,z,3aY;~oz)Rf1,2,3 , (1)

where Wyi25, Urio3 1 Ry 25 are flux linkage, voltage and phase resistance; /15 3 (‘P f 1’2’3,ym,) is the phase current

determined depending on the magnitude of the phase flux linkage and rotor position.
For the EM under consideration, the real resistance and the dependence of the phase flux linkage on the current
flowing through it and the position of the movable element were determined.

The processes in the DC link under the made assumptions are described by the following equations:

dIO = 1 (EO_ROIO_UC);
dt Ly )
U —-1(1 Iy +142)) *
dt _C 0 dl d2))

where Ey, Ly, Ry are EMF, inductance and real resistance of a direct current link; C, U are capacitance in the DC link at
the input of the converter and the voltage on it.

The voltage at the phases is formed in such a way as to provide the creation of a current pulse of a given mag-
nitude and length. According to the made assumptions, the magnitude of the voltage applied to the phase is determined
under the following conditions:

AI AI Al dly
U.,ecrml, e|0,I, ——| viIge|l,—,1, +— |A——>0;
¢ ! [ m 2{ 5 [m 2 2} dt

m

d
Uf= O,CCJII/IIfe Im—%,l +%}/\7<0; 3)
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Here, I,, is the amplitude of the generated phase current pulse; A/ is the width of the current corridor.

The length and phase of the current pulse of a rectangular shape with a given amplitude is determined by the
initial and final angles 00 and a1 counted from the coordinated position of the phase.

The currents consumed by the phases from the DC link, when using the principle of switching power semicon-

ductor devices, are determined by the expression:
L1053 =s1gn(Ur123) 1123, 4)
where sign(U 1 53) — is the phase voltage sign selection function

The equations (1) and (2) considering the expressions (3) and (4), are MM describing the processes in the
switched reluctance EM under consideration. It was applied to simulate processes in EM using a sensorless control al-
gorithm. In the calculations, in addition to the indicated parameters and characteristics of the EM, the following values
were used: the real resistance and inductance in the DC link are taken equal to Ry = 0.1 Ohm; Ly = 0.001 H; DC link
condenser capacitance C = 5000 puF; EMF of the DC link E, = 595 V.

Research Results. To study the considered options for sensorless determination of the position of a high-speed
switched reluctance generator rotor, the mode of operation with a nominal speed is of main interest. In this mode, the

EM is controlled under the single-pulse mode. The moments of turning on and off the power keys are determined de-
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pending on the position of the rotor. The condition for the most efficient energy transfer by the working phase is the
current of a given magnitude in the phase by the time the rotor is in the position corresponding to the start of the genera-
tion interval of this phase (see Fig. 1). For this, a positive voltage pulse is applied to the phase with a certain lead: both
power switches are closed (for example, for phases 4, S1 and S2). After the rotor takes the position corresponding to the
generation process onset, the power switches are turned off, and the generation process starts. To limit the uncontrolled
increase in current when it reaches the set value, one of the switches opens, and a phase short circuit is formed through
a closed power switch and a diode.

Fig. 3 presents the results of simulating the electromagnetic processes in the switched reluctance generator at a
nominal speed.
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Fig. 3. Results of mathematical simulation of processes in switched reluctance generator at nominal speed:
a) voltage; b) inductance; ¢) current; d) electromagnetic torque

The excitation pulse parameters are calculated so that by the generation process onset, the phase current reach-
es a predetermined value of 100 A. In this case, there is no pause between the excitation pulse and the start of genera-
tion, during which the phase is under the short-circuit condition. Fig. 3 shows the dependences of the voltage, current,
and inductance of the phase, as well as the electromagnetic moment it develops.

As follows from the above description of the control principle, in a single-pulse mode, the generation process
is uncontrollable, and the EM is regulated by the excitation pulse parameter variation. The moments of its start-up and
end depend on the position of the rotor. Therefore, the accuracy of determining the position is important for the efficient
operation of EM [9, 10]. If the excitation pulse is fed ahead of time, it shifts towards a decrease in the phase inductance,
its current rises with a higher intensity, and the phase switches to the short circuit mode. The pause between the end of
the excitation pulse and the generation process onset depends on the discrepancy between the calculated and actual po-
sition of the rotor and can be used to correct the estimate of the rotor position.

If the excitation pulse is delayed relative to the calculated moment of time, it is shifted toward a higher induct-
ance, and its length is not enough to increase the current to a predetermined value. Therefore, a decrease in the current
magnitude at the end of the excitation pulse is a sign that the rotor position is implemented to be behind the actual val-
ue. Fig. 4 shows the dependences of the phase current for cases of coincidence, lead, and lag of the estimate of the rotor
position from its actual value.
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Fig. 4. Dependences of the current phase of switched reluctance EM for cases of coincidence, lead and lag estimates of rotor position

Comparison of the curves obtained specifies the following feature. The phase current curve under the genera-
tion mode has a knee point corresponding to the maximum phase inductance. In the case of a constant phase current
(see Fig. 2), it corresponds to the coordinated position of the stator and rotor teeth. With a decrease in current during the
rotor movement, the saturation of the magnetic system decreases, and the position of the maximum inductance of the
phase shifts toward wide angles. This effect has a peculiarity: the position of the knee point of the current curve does
not depend on the time of the excitation pulse feed, and will be determined only by the value of the current at the gener-
ation process onset. This feature can also be used to refine the position of the switched reluctance EM rotor when oper-
ating under the single-pulse mode.

The application of the described information features requires control of the current, its first and second deriva-
tives. When using common types of the A-to-D converters (ADC), the measurement error will reach 5—10%. Therefore,
to filter the current signal in the control system of a high-speed switched reluctance generator, a third-order Kalman
filter is proposed, using a phase current model based on the equation:

&)
1,=const
Fig. 5 shows the analysis results of processes in a switched reluctance EM using a sensorless control that im-

plements the principles for determining the rotor position described above.

— Filtered values Measured values
[ AT T T T T T
10 ¥

75 F
50 F
25

g

| PPV PP

A

asaalaiasl

1 1 1 1

57 58 60 67 62 | ms

Fig. 5. Correction of rotor position estimation under single-pulse mode of switched reluctance EM operation

The calculations were carried out under the following conditions. The EM rotates at nominal speed. The exci-
tation pulse has the same parameters as for the case considered earlier. The stator phase currents are measured by the
ADC with a conversion time of 5 us and have an error of 10% normally distributed. At the initial moment, the estima-
tion of the rotor position differs from the real one by 10 degrees. The correction of rotor position estimation is present-
ed. The end-point analysis showed the efficiency of the proposed technique for filtering the phase current measurement
results and the applicability of the identified information signs to correct the of the rotor position estimate under a sin-
gle-pulse operation mode of the switched reluctance EM.

Discussion and Conclusions. The end-point analysis affords to draw a number of conclusions. A switched re-
luctance generator designed to operate in conjunction with a steam microturbine is controlled without a rotor position
sensor using the appropriate algorithm. There is an unambiguous relationship between the rotor position and the stator

phase inductance, therefore all methods of sensorless determination of the rotor position are based on an indirect meas-
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urement of the phase inductance. At high speeds without a rotor position sensor, it is irrational to apply approaches
based on feeding a series of test pulses to the idle phase, since the resolution of this method is insufficient for effective
control of the generator. In this case, it is rational to control the parameters of the main current pulse.

Under the generation mode, the switched reluctance EM is controlled through the feed time variation and the
length of the voltage pulse (excitation pulse), which generates current in the EM phase at the generation process onset.
The instant of feed and the length of the excitation pulse are determined by the position of the rotor; therefore, an effec-
tive control of the generation process is possible only with an accurate estimation of the rotor position. To correct the
rotor position estimate, the following information signs can be applied:

— the presence of a pause between the excitation pulse and the generation process onset (the estimate is ahead
of the actual rotor position);

— the decrease in current by the time the generation starts (the estimate lags behind the actual rotor position).

To refine the estimate, the following fact can be used: on the generation interval, the current curve knee corre-
sponding to the maximum phase inductance is observed at the same rotor position.

Application of these information signs provides creation of an effective algorithm for determining the rotor po-

sition in a high-speed switched reluctance generator without a physical sensor.
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Tribocontact surface exploration after friction in hexanoic acid solution’
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Mccie10Banne NOBEPXHOCTH TPHOOKOHTAKTA M0C/Ie TPEHNsI B BOAHOM PacTBOPE KANPOHOBOH KHCJIOTBI
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12 Jlonckoii rocyiapcTBeHHBII TeXHUUYECKUil yHHBepCHTeT, PocToB-Ha-Jlony, Poccuiickas denepartus

Introduction. The paper considers the evolution of friction
coefficient of the pair of copper - steel alloy under friction in a
hexanoic acid solution in various concentrations, and antiwear
properties of the steel-steel friction pair in an oil-acidic
medium. The work objective is to explore the effect of
hexanoic acid additives on the tribological characteristics of
friction pairs under the friction interaction in waterborne and
paraffin-based formulations.

Materials and Methods. Tribological studies of a brass-steel
friction pair were carried out on the AE-5 end-type friction
machine. Antiwear characteristics were explored on a four-ball
friction machine (FBW) in accordance with the standard
GOST 9490-75. When tested at the FBW, the objective
parameters of the lubricity of the oiling compositions were:
welding load (Pc); wear spot diameter (Dr), critical load (Px).
Roughness parameters of the servovite film were determined
through the optical profilometry; its microgeometry and
structure at the nanoscale — through the atomic force
microscopy.

Research Results. Tribological properties of the brass-steel
tribocoupling in aqueous media and steel-steel one in
petroleum paraffin-based media are studied. The dependence
of the frictional characteristics of the brass-steel friction pair
on the concentration of carboxylic acid is established. Its
optimum concentration is specified, which provides the effect
of wearlessness. A decrease in surface roughness is revealed
as a result of the frictional interaction of a brass-steel friction
pair in the hexanoic acid solution compared to the initial
friction surface due to the formation of a sufficiently dense
layer from fine-grained copper clusters with tight particle-size
dispersion. The tribological characteristics of a steel-steel
friction pair were found to depend on the composition of the

lubricant. It is shown that the dependence of the size of the

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

Bseoenue. PaboTa MOCBAIICHA MCCIIENIOBAHHIO 3BOJIOLUU
K02 duIeHTa TPEHHS Naphl CIUIaB Meb-CTaIb IPH TPEHUU B
BOJAHOM  pacTBOpe  KalpOHOBOW  KHUCIIOTHI  pa3iIMYHOU
KOHLIGHTpallu¥, a Talkoke U3YyYCHUIO0 IPOTHBOM3HOCHBIX
CBOICTB Mapbl TPEHHsS CTalb-CTAlb IPHU TPEHHH B MACISTHO-
KUCIIOTHOU cpefie. Llenpro JaHHOTO MCCNEeNoBaHMs SBIAIOCH
W3y4yeHHe BIVSHUS J00aBOK KalpOHOBOH KHCIIOTHI Ha
TpUOOJIOTHYECKHE  XAPAKTEPUCTHKUA Tap TPEHUS  IpH
(PUKIMOHHOM B3aMMOJECHCTBHM B COCTaBaX Ha BOJHOM
OCHOBE U Ha OCHOBE Ba3eIMHOBOTO MacJa.

Mamepuanvr u memoowi. IlpoBeneHsl TpHOOIOrHUECKHE
HCCIIeI0BAaHMS TTaphl TPSHNUS JIaTyHb-CTalb HAa MAIINHE TPEHUS
topueBoro THpa AE-5. HccrnemoBaHume NpOTHBOM3HOCHBIX
XapaKTEePUCTHK NIPOBOIMIOCH HAa YETHIPEXIIAPUKOBON MallllHe
tpenus (UILIM) B coorBercTBUe co ctangapToM ['OCT 9490—
75. Tlpu ucnsitanusax Ha YIIIM o0beKTHBHBIMU ITapaMeTpaMu
CMa3bIBAIONINX CBOWCTB CMA30YHBIX KOMIIO3HIUH SBISIINCH:
Harpy3ka cBapuBanus (Pc); mmamerp mnsatHa umsHoca (Dw),
kputuueckass Harpy3ka (Px). Ilapamerprl mepoxoBarocTu
CEpPBOBHUTHOI IIIEHKH OTIPEAEISIINCH C TOMOIIBIO ONTHIECKOIT
npoQUIOMETPUY; €€ MHUKPOTeOMEeTpHs M CTPYKTypa Ha
HAHOYPOBHE — C MOMOII[bIO aTOMHO-CHJIOBOH MHKPOCKOIIHH.
Peszynomamul  uccneoosanus. VI3ydeHel TpHOOIOTHUECKHE
CBOICTBa TPHOOCONPSIKEHUS JTaTyHb-CTallb B BOAHBIX CpPeaax
U CTalb-CTalb B CpelJax Ha OCHOBE Ba3eIMHOBOTO Macla.
VYcraHOBNEHAa 3aBHCHMOCTh (DPHKIMOHHBIX XapaKTEPHCTHK
Hapsl TPEHUS JIaTyHb-CTaldb OT KOHIIEHTPAIMH KapOOHOBOI
kucinoTel. OOHapyXeHa ee¢ ONTHMalbHas KOHILEHTpalus,
obecrieunBaromas  peanuzaniio  dddekra Oe3bI3HOCHOCTH.
BoisiBI€HO yMeHBIIEHHE IIEPOXOBATOCTH IIOBEPXHOCTH B
pe3ynbraTe (QPUKIMOHHOTO B3aMMOACHCTBHS IHapbl TPEHUS
JIaTyHb-CTAJIb B BOZHOM PAaCTBOpPE KallPOHOBOI KHCIOTHI IO
CpaBHCHUIO C HCXOﬂHOﬁ IOBEPXHOCTBIO TPEHHSA BCJICACTBUE
(hOopMHPOBaHUS JOCTAaTOYHO IUIOTHOTO CJIOS, 00pa30BaHHOTO
MEJIKO3EpHHUCTBIMI KJIaCTepaMHd MEAH C MallbIM pa30dpocom
pas3mepy.
TPUOOTEXHUIECKUX XapaKTEPHCTUK ITapbl TPEHUS CTaIb-CTallb

4acTHLl IO OOGHapyxeHa  3aBHCHMOCTb
OT COCTaBa CMa304HOM cpenpl. IlokaszaHo, 4TO 3aBMCHMOCTD

pasMepa quaMeTpa niaTHa U3HOCA OT COACPIKAHUA KUCIOTHI B


Maxim
Штамп
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wear scar diameter (WSD) on the acid content in the base oil
is nonmonotonic in nature with a pronounced minimum at a
concentration of 0.1 mass. %. The critical load (Px) at a
content of 0.05 and 0.1 mass. % increases by 32%, welding
load (Pc) - by 27%.

Discussion and Conclusions. As a result of the tribological
studies of a brass-steel friction pair in the hexanoic acid
solution, it has been found that the optimum acid molar
concentration in the lubricant composition is 0.1 mol/L. Under
the frictional interaction of a brass-steel pair in the hexanoic
acid solution, an antifriction copper film is formed on the
friction surfaces, which contributes to a sharp decrease in the
friction coefficient to 0.007 and metal wear of the friction pair
to 25 times. As a result of the frictional interaction of a brass-
steel friction pair in the hexanoic acid solution, a decrease in
roughness is revealed compared to the initial friction surface.
It is found that the frictional interaction of a brass-steel pair in
the hexanoic acid solution causes a significant modification of
the friction surface as a result of the deposition of finely
dispersed copper clusters occurring in the lubricating medium
composition and forming a servovite film. As a result of
studies, it is found that the dependence of the WSD size on the
acid content in the base oil is nonmonotonic in nature with a
significant minimum at a concentration of 0.1 mass. %. It is
shown that the addition of 0.1 mass. % of hexanoic acid into
the lubricant composition exhibits the smallest wear of the
steel-steel tribological pair, the WSD decreases to 0.497 mm,
the critical load (Px) and the welding load (Pc) increase by
32% and 27%, respectively.

Keywords: friction coefficient, selective transfer, servovite
film, wear scar, welding load, critical load
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6a30BOM Macile IMeeT HEeMOHOTOHHBIH XapakTep ¢ HaJIHMIHeM
SPKO BBIPA)KEHHOI'O0 MHHHUMyMa IpH KoHueHTparuu 0,1 macc.
%. Kpurnueckast Harpy3ka (P,) npu comepxxannu 0,05 u 0,1
Mmacc. % yBennuuBaercst Ha 32%, Harpyska capuBanus (P.)
—Ha 27 %.

Obcyacoenue u 3axmouenusi. B pesynbprate TpHOOIOTHYSCKAX
UCCIEIOBaHUN Tapbl TPEHUs JATyHb-CTalb B  BOJHOM
pacTBOpe KalpoHOBOH KHCIOTHI BEIIBICHO, YTO ONTHMAJIbHOM
MOJIIDHOM KOHILIEHTpAaLMell KHUCIOTBI B COCTaBE CMa3Ku
sisiercst 0,1 mons/n. Ilpu (GPUKIHOHHOM B3aUMOJCHCTBHUU
Hapsl JIaTyHb-CTAlIb B BOAHOM PacTBOpPE KalpOHOBOH KUCIOTHI
Ha TOBEPXHOCTAX TpeHHs (GopMupyeTcs aHTHOPUKIHMOHHAS
MeJHas IUICHKa, CHOCOOCTBYIONIAas pPE3KOMY CHIDKEHHIO
koo durmenta tperus 1o 0,007 u M3HOCA METAUIOB Iapbl
TpeHuss 1m0 25 pa3. B pesynprare  QpHKIMOHHOTO
B3aMMOJICHCTBUSL Taphl TPEHHUS JATyHb-CTAIb B BOJHOM
pacTBope KalpoHOBOH KHCIOTBI BBISBIEHO YMEHBIIECHHE
IIEPOXOBATOCTH IO CPAaBHEHHIO C HCXOAHOH IOBEPXHOCTHIO
TpeHus. OOHapyXeHO, YTO (PUKIHOHHOE B3aUMOICHCTBHE
Hapbl JIATyHb-CTANIb B BOJAHOM PacTBOpPE KalpOHOBOH KUCIOTHI
NPUBOANT K 3HAYUTENBHOW MOIU(UKAINH ITOBEPXHOCTH
TpeHHs B  pe3yabTaTe OCAKICHHWS  MEIKOIMCIIEPCHBIX
KJIaCTEPOB MeJH, 00pa3yIONIUXCSl B COCTABE CMa304YHOMN CPeIbl
U (GopMHpPYIOIIMX CEpBOBHTHYIO IUIEHKY. B pe3symbprate
HCCIIEIOBaHUH  YCTaHOBJIEHO, 4YTO 3aBHCHUMOCTH pa3zMepa
JraMeTpa IIATHA M3HOCA OT COAEpKaHMs KHCIOTHI B 6a30BOM
Macie HMMeeT HEMOHOTOHHBIM XapakTep ¢ HalHdueM SPKO
BBIPAKCHHOTO MUHMMyMa Ipu KoHueHTpanuu 0,1 macc. %.
IToxazano, uro no6asnenue 0,1 macc. % KanmpoHOBOW KUCIOTHI
B COCTaB  CMa30YHOH  KOMIIO3HMIIMHM  OOHAapyKHBaeT
HAMMEHBIINH M3HOC TPHUOOMaps! CTalb-CTallb, AUAMETp ISITHA
HW3HOCa INpH 3ToM cHmxkaercs no 0,497 MM, KpuTHueckas
Harpy3ska (P,) n Harpy3ka cBapuBanus (P.) yBennunBarotcs Ha
32% u 27 % COOTBETCTBEHHO.

KnroueBble cioBa: kodpduimeHT TpeHus, H30HpaTeIbHBII
HEepPeHoC, CepBOBUTHAS IUICHKA, ISTHO M3HOCA, HArpyska
CBapHBaHMUs, KPUTHIECKash Harpy3Ka.

Oébpazey ona wyumupoeanusn: Jporan, E. . UccinenoBanue
MOBEPXHOCTH TPUOOKOHTAKTa T[OCIHE TPEHHS B BOJHOM

pactBope kampoHoBoi  kuciaotel / E. T. Jlporas,
B. O. bypnakoBa // BectHuk JIoHCKOTO Toc. TeXH. YH-Ta. —
2019. — T. 19, Ned. — C. 366-373. https://doi.org/

10.23947/1992-5980-2019-19-4-366-373

Introduction. The issues of friction and wear are the basis of tribology, the science of the interaction of the

mating surfaces of contacting bodies in relative motion. In the aerospace and engineering industries, the reduction of

friction and wear is one of the priorities [1-3]. Currently, to reduce friction and wear, special attention is given to
lubricants with antifriction additives, which are used as metals or metal oxides with particle sizes in the nanoscale [4—

7]. Tt is found that among the metals used as modifiers or metal plaque additives, copper shows a great tendency to
reducing friction and wear as a result of the formation of a metal film with low shear strength on rubbing surfaces on
the steel surface [4]. Under friction, such a film prevents direct contact of steel surfaces. Studies on the tribo-conjugated
surfaces after friction at the nanolevel establish a dependence of the evolution of the friction and wear factor of a
tribopair on the morphology and physicomechanical characteristics of the antifriction film [8, 9].

It should be noted that oil-based Ilubricants with nano-additives demonstrate improved tribological
characteristics, but their application inevitably causes the environmental pollution. Their reuse is not possible.

In this regard, this study objective was to study impact of the hexanoic acid additives on the tribological
characteristics of friction pairs under the frictional interaction in water-based and petrolatum-based formulations.
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Materials and Methods. The evolution of the friction factor of the system “brass 59 - aqueous solution of
carboxylic acid - steel 40X” was studied on an AE-5 end friction machine with a rotation speed of 180 rpm under an
axial load of 98 N for 10 hours in the laboratory “Hybrid functional materials based on graphene”, REC “Materials”.
Hexanoic acid with a concentration of 0.025-0.5 mol/l was used as an organic component of the lubricating
composition.

The investigation of anti-wear characteristics was carried out on the FBW on GOST 9490-75 standard. The
friction pair on the steel-to-steel FBW was the point contacts of the balls. Balls for tests were made of bearing steel
ShKh-15 on GOST 801-78 and thermally processed to a hardness of HRC 62—66. The ball diameter was d=12.7 mm.
When tested on the FWM, the objective parameters of the lubricating properties of the lubricant compositions were as
follows: welding load (P.); wear scar diameter (WSD) (D,), critical load (P,). The tests on the FWM were carried out
under two modes: tests for 3600 seconds at constant load to determine the wear rate of the test samples through
measuring the WSD of each of the three balls using the microscope MMU-1 No. 660002; tests for 10 seconds at the
increased load before welding the balls to determine the values of P, P.. The resulting numerical values were
approximated by the least square method. As a lubricating composition (emulsion) for testing on the FBW, paraffinic
oil with addition of various concentrations of hexanoic acid was used. The tests were carried out at an acid
concentration of 0.025—05 mol/l in the base paraffinic oil.

To determine the thickness of the servovite film obtained on the surface of the tribocontact as a result of the
frictional interaction of the brass-steel friction pair, as well as its roughness parameters, we used the Contour GT-K1
optical profilometer with the Vision 64 analytical software installed in the REC “Materials” (nano.donstu.ru). The
measurements were carried out using vertical scanning interferometry (VSI) with a scanning speed of 0.1 pm/s, with the
RMS repeatability of 0.01 nm.

The topography of the servovite film surface was studied through the atomic force microscopy (AFM). The
film surface was scanned using an atomic force microscope of the PHYWE Compact brand under the tapping mode
with a single-crystal silicon probe with an aluminum coating.

Research Results. Long-term evolutionary tribological studies of a brass-steel friction pair in an aqueous
solution of hexanoic acid establish a dependence of the tribological characteristics on the concentration of acid in a
lubricating medium. The analysis of the variation of the brass — steel pair friction coefficient in an aqueous hexanoic
acid solution with a concentration of 0.025 and 0.05 mol/L specifies rather low values up to 0.07 [8, 9]. A further
increase in the acid concentration in the lubricant to 0.2 and 0.5 mol/L, on the contrary, leads to an increase in the
friction factor (Fig. 1).

As follows from the results obtained, during the burn-in period of the tribopair, there is a tendency to decrease
in the friction factor. However, with the introduction of a high acid concentration, corrosion processes on the contact
surface are also initiated. The application of hexanoic acid in a lubricant composition with concentration of 0.1 mol/L
provides the lowest values of the friction coefficient up to 0.007 during lengthy tribological tests, the formation of a
servovite film and the transition of the system to anti-wear friction [10, 11]. At the same time, wear of a brass-steel
friction pair is reduced by up to 25 times, and on a tribo-coupled surface as a result of a selective transfer during
friction, a copper film is formed with different roughness and density of surface coating.

0.4

0.3

0.2

0.1

0 0.72 1.44 2.16 2.88 3.60 t,s(x10%

Fig. 1. Friction factor evolution in the brass-aqueous solution of hexanoic acid-steel system with acid concentration:
1 —-0.025 mol/L, 2 —0.05 mol/L, 3 0.1 mol/L, 4 — 0.2 mol/L, 5 — 0.5 mol/L
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Comparison of the roughness parameters of the formed antifriction copper film under surface scanning by
optical profilometry establishes significant differences from the original topography. As a result of the frictional
interaction of the brass — steel friction pair in a hexanoic acid solution, a decrease in roughness up to R, equal to 69.4

nm was established (Fig. 3), compared to the roughness of the initial friction surface R, equal to 118 nm (Fig. 2).

0 0.5 1.0 1.5 [, mm

Fig. 2. Study results of the steel surface before friction by optical profilometry: a) 2D visualization, ) 3D visualization,
¢) surface profile. 1 — roughness profile, 2 — surface scan profile, 3 — waviness profile

h, pm
0.5
0
-0.5
0 0.5 1.0 1.5 L mm
a) b) ¢

Fig. 3. Study results of the surface after friction by optical profilometry: a) 2D-visualization, ) 3D-visualization, c¢) surface profile.
1 — roughness profile, 2 — surface scan profile, 3 — waviness profile

The surface after friction is a nanochannel located parallel to the sliding direction, which is typical for the
formation of a smaller amount and particle size of wear products in the lubricant [12]. This state of the friction system
causes a significant decrease in the friction factor. It is known [13—15] that nanoscale irregularities, as a rule, have a
lesser effect on the wear resistance of the surface than their micron counterparts due to their almost defect-free
structure. In addition, the presence of nanoscale irregularities contributes to a decrease in the contact area and increases
the hydrophobicity of the surface [16], which causes a decrease in the adhesion forces under friction in aqueous
solutions. In this regard, nanostructured films have huge potential in the processes of decreasing the friction coefficient
and protecting surfaces from wear.

Further approach to the friction surface when analysing the atomic force microscopy findings shows that the
frictional interaction of a brass-steel pair in a hexanoic acid solution causes a significant modification of the friction
surface as a result of the deposition of finely dispersed copper clusters that originate in the composition of the
lubricating medium [17] and form a servovite film (Fig. 4).
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b)

0 1.0 3.0 50 7.0 I, pm

Fig. 4. Results of atomic force microscopy of the sample surface:
a) Dbefore friction, b) after friction of brass-steel pair in hexanoic acid solution

As a result of visualization, it is found that the steel surface after friction interaction in a hexanoic acid
solution is smoothed out and get covered with fine-grained copper clusters [18, 19] due to their adsorption from the
working medium composition onto the counterface (Fig. 4). At that, the layer formed on the surface is quite dense, with
a small dispersion of particles in size.

To study the effect of the hexanoic acid on the anti-wear properties of a lubricant, it was instructive to
consider a steel-steel friction pair. To do this, paraffinic oil was used. From 0.025 to 0.5 mass. % of hexanoic acid was
introduced to its composition as an additive. The test results have shown a change in the tribological parameters of the
modified oil. It was found that the dependence of the WSD (D,;) on the acid content in the base oil is non-monotonic in
nature with a pronounced minimum at a concentration of 0.1 mass. % (Fig. 5). The addition of hexanoic acid to the
lubricating composition as a modifying additive provides the least wear of the tribocouple at an acid concentration of
0.1 mass. %. In this case, the WSD decreases to 0.497 mm, while the WSD under friction of the steel-steel pair in pure
paraffinic oil is 0.664 mm. At a concentration of 0.025 mass. % and 0.5 mass. %, deterioration in the tribological
characteristics of the friction pair is observed. Under friction in the base oil with the addition of caproic acid with a
concentration of 0.05 mass. % and 0.2 mass. %, there is only a slight decrease in the WSD (Fig. 5).

Dy, mm 0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

1 2 3 4 5 6
Fig. 5. Wear scar diameter dependence (D;) on concentration of hexanoic acid in paraffinic composition:
1-0.025%,2 -0.05%, 3 - 0.1%, 3 - 0.2%, 5 - 0.5%,
The modified oil film strength analysis by the load capacity of the lubricating composition in comparison to
the base oil established a change in the ultimate bearing capacity of the lubricant. When rubbing in paraffinic oil with
the addition of hexanoic acid with a concentration of 0.025 mass. %, there is a slight increase in the critical load in

comparison to pure base oil (Fig. 6).
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Fig. 6. Bearing and ultimate load capacity of paraffinic oil modified with hexanoic acid of various concentrations (C):
1 — pure paraffinic oil (PO), 2 — PO + 0.025 mass %, 3 — PO + 0.05 mass %, 4 — PO + 0.1 mass %,
5 —PO + 0.2 mass %, 6 — PO + 0.5 mass %

When the critical load is reached, the rubbing surfaces of the steel-steel pair get hot, the adsorption film formed
in the base oil destroys, friction is enhanced, and the metal surfaces are welded at the points of contact (Fig. 6).
Hexanoic acid introduced into the base oil reacts with the steel friction surface forming a more resistant chemisorption
film on the protrusions of the contacting surfaces, which protects the surfaces from wear and reduces friction under
conditions of high temperature and pressure, due to which the friction surfaces are smoothed out, and wear is reduced.

The best result under the steel-steel pair friction is observed in paraffinic oil modified by hexanoic acid with
concentrations of 0.05 and 0.1 mass. %; in this case, the critical load (Py) increases by 32%, the welding load (P.)
increases by 27% (Fig. 5). A further increase in the concentration of hexanoic acid to 0.2 mass. % and 0.5 mass. % in
the lubricant composition already negatively affects its bearing and ultimate load capacity.

Discussion and Conclusions. The results obtained afford drawing the following conclusions:

e The tribological studies of a brass-steel friction pair in the hexanoic acid solution showed that the optimal
molar concentration of acid in the composition of the lubricant is 0.1 mol/L.

e Under the frictional interaction of a brass-steel pair in the hexanoic acid solution, an antifriction copper film
is formed on the friction surfaces, which contributes to a sharp decrease in the friction factor to 0.007 and metal wear of
the friction pair up to 25 times.

o As aresult of the frictional interaction of the brass-steel friction pair in the hexanoic acid solution, a decrease
in roughness was established, compared to the initial friction surface.

e It was found that the frictional interaction of a brass-steel pair in the hexanoic acid solution causes a
significant modification of the friction surface as a result of the deposition of finely dispersed copper clusters formed in
the lubricating medium composition and forming a servovite film.

o [t was found that the WSD dependence on the acid content in the base oil is non-monotonic in nature with a
pronounced minimum at a concentration of 0.1 mass. %

e It is shown that the addition of 0.1 mass. % of hexanoic acid in the lubricant composition exhibits the
smallest wear of the steel-steel tribopair, the WSD decreases to 0.497 mm, the critical load (Py) and weld load (P.)
increase by 32% and 27%, respectively.
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Increasing stable operation of the working body in crank presses °
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ToBbinIeHHe CTA0MILHOCTH (GYHKIMOHHPOBAHHS PAaG0Uero Oprana B KPHBOIIMITHBIX peccax

K. O. Koozes'"”

! TorcKoit rocyapcTBEHHEII TeXHIYeCK i yHUBEpCHTET, PocToB-Ha-Jlony, Poccuitckas ®eneparms

Introduction. Static and dynamic loading systems of the safety
friction clutch (SFC) are investigated. A schematic diagram of
the frictional contact of solids in the forging and stamping
machines is synthesized. From the point of view of increasing
the operational stability of the working body in crank presses,
the following factors are considered: response time, current
friction factor and a change in torque under static and dynamic
loading of the safety clutch.

Materials and Methods. The response time of the SFC with
differentiated friction pairs is determined. The sought indicator
corresponds to the period of the uptime in which the load is
amplified (between values of the rated torque and the response
time). The parameters of a dual-mass system correspond to the
parameters of an equivalent system that includes a clutch and
key parts of the drive. The system elements include mass of
inertia; mass of inertia including the engine rotor and the main
(driving) part of the SFC; elastic connection with the specified
value of the reduced angular stiffness.

Research Results. Values of the load arising in elastic bonds
not conditioned by the working body operation are specified.
Formulas that should be used to determine the values of the
driving moment and generalized coordinates are presented.
Start conditions with an increase in the load value from the
initial indicators are described.

Discussion and Conclusions. The dependence is found for
calculating the minimum number of friction pairs of the basic
friction group. It is shown that at this minimum, the gain used
to implement an “ideal” SFC load characteristic, does not
exceed the maximum permissible value, even if the value of
the friction coefficient is maximum. A fundamental SFC mod-
el is presented, in which, with a minimum value of the friction

coefficient, negative feedback does not work. In the functional

"The research is done within the frame of the independent R&D.
"E-mail: 5976765@mail.ru
*** Pa6oTa BBINOJHEHA B paMKax MHAIMaTuBHOW HUP.

Bseoenue. ViccnenoBaHbl cTaTH4ecKas W JUHAMUYECKas CH-
CTEMBI Harpy>KeHHUs IIPeJOXPaHUTEIBHON (PPUKINOHHOH My (-
1ol (II®M). CuHTe3upoBaHa NMpHHIMIHANBHAS cxeMa (QpHK-
I[HOHHOTO KOHTAaKTa TBEPABIX T B Ky3HEUYHO-IITAMIIOBOYHBIX
MamyHax. C TOUKU 3peHUs UCCIIeJOBaHUs Mpolecca OBBIIIe-
HUS CTaOMIBHOTO (DYHKIMOHUpPOBAaHUS pabOYero opraHa B
KPHUBOLIMIIHBIX Ipeccax PacCMOTPEHBI CIEAYIoUIHe (paKkTOpbL:
BpeMsi cpabaThIBaHUs, TEKYIIUH KOI(QPHUINEHT TPEHUSI U H3-
MEHECHHE BPAIIAIONIEr0 MOMEHTa NPH CTaTHYECKOM U JIUHa-
MHYECKOM Harpy>XeHHH NPeIoXPaHUTEIbHOH MyQTHL.
Mamepuanvt u memoovl. OnpeneneHo BpeMsi cpadaThIBaHUA
[1dM, umeromeit nudpdepeHMpoBaHHbIe Mapsl TpeHus. Hc-
KOMBII ITOKa3aTelb COOTBETCTBYET Y4acTKy pabodero Bpeme-
HH, Ha KOTOPOM YCHIIMBAETCSl Harpy>KeHUE (MEXTy 3HAUCHUS-
MH HOMMHAQJIBHOTO BpAILAIOIIEro MOMEHTa U MOMEHTa cpa-
OateiBaHmst). [lapamMeTphl CHCTEMBI, COCTOSAMIEH U3 IBYX Macc,
COOTBETCTBYIOT ITapaMeTpaM 3KBHBAJIEHTHON CUCTEMBI, BKIIO-
qaromeil MyQpTy W KII04eBble YaCTH IPHBOJA. DIIEMEHTHI CH-
CTEMBI: Macca MHEPIMK; Macca HHEPIMHU, BKIIOYAolIas poTop
JIBUTATENsl U OCHOBHYIO (Beaylnywoo) dacth [IDOM; ympyras
CBA3b C YKa3aHHBIM 3HAYEHHEM IPHUBEIEHHON YTJIOBOM KeCT-
KOCTH.

Pesynomamer uccnredoganus. OnpeneneHbl 3HAYSHUsT Harpys3-
K{, BO3HHMKAalOIIeW B YINPYTHUX CBs35X, HE OOYCIIOBIEHHBIX
(yHKIMOHMpOBaHUEM pabouynx opraHoB. [IpeacTaBieHEI
(hOpMyITBI, KOTOpPBIE CIIEAyeT UCIOIb30BATh AT ONPEIEeTICHUS
3HAYEHUIl JBMXKYIIEr0 MOMEHTa M OOOOIIEHHBIX KOOpPHMHAT.
OmnncaHbl YCIOBUS CTapTa IPH yBEIUUCHNH 3HAUCHUS HATPY3-
KU OT HadaJbHBIX IIOKa3aTeNeH.

Obcyarcoenue u 3axnouenus. HalieHa 3aBUCIMOCTD IS BBI-
YHCIICHNS] MHTHIMAJILHOTO YHCIIa TTap TPSHUSI OCHOBHOHM (pHK-
oHHOM rpynmsl. [lokazaHo, 4TO mpU 3TOM MHHUMYyME KO-
s duImeHT ycuneHus, NCTIOIb3yeMbIH IS pealn3alin «uie-
alpHOM» Harpy3ouHoil xapaktepuctuku [1dOM, He npeBbiIaeT
IpEeeNTbHO JIOMYCTUMOE 3HAUCHHE, JaXKe eCIIM BEeJIHIHHA KO-
s¢dunmenta TpeHns MakcuMmanbHa. [IpencraBieHa MPHHIH-
nuanbHas mozens I1dM, B KOTOpoi Mpu MUHUMAaIbHOM 3Ha-
4eHUH Kod(QHUIMeHTa TpeHns OTpHUIaTeNIbHAs 0OpaTHAs CBSI3b
He JeiicTByeT. B npuHIMNManbHONW cxeMe MOAEpHU3ALNU
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diagram of the basic SFC version modernization, there is no 6azoBoro BapuanTa [IOM 11 OBBILIEHUST TOYHOCTH cpada-

negative feedback with a minimum value of the friction coef- THIBAHUA W HOMMHATbHOH HArpy304YHOH CHOCOOHOCTH OTCYT-

Lo . . CTBYeT OTpHIATeNbHAs OOpaTHas CBSI3b NPU MHUHUMAIEHOM
ficient in order to increase the accuracy of operation and the Y puit p P

) 3HaYCHUH KOAPQUIMEHTA TPCHUSL.
rated load capacity.
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Introduction. At the present stage of production development, to increase reliability and to extend the lifetime
of manufacturing facilities are critical tasks. In particular, it is of interest to study the static and dynamic loading sys-
tems of a safety friction clutch (SFC). In the framework of this research, the static and dynamic loading systems of the
SFC are considered. A schematic diagram of the frictional contact of solids in forging and stamping machines is synthe-
sized. From the viewpoint of investigating the process of increasing the stable operation of the working body in crank
presses, the following factors are considered: response time, current friction coefficient and change in torque under stat-
ic and dynamic loading of the safety clutch.

Materials and Methods. Determine the response time of the SFC with differentiated friction pairs. The re-
quired indicator corresponds to the part of the working time on which the load is intensified - between the values T,

(rated torque) and 7; (response time). The parameters of a dual-mass system correspond to the parameters of an equiva-

lent system including a clutch and key parts of the drive (Fig. 1).
2

[F&]

J,

T}'2 TY]

A
\-.q}z ~

Fig. 1. Dynamic design diagram 1

The system components are as follows:

- mass of inertia (the equivalent system is linked up with the main (drive) shaft of the SFC (position 1 in Fig. 1);

- mass of inertia including the engine rotor and the main (drive) part of the SFC (position 2 in Fig. 1);

- elastic connection with the specified value of the reduced angular stiffness ¢; and ¢, , respectively (positions

3 and 4 in Fig. 1
Establish that the damping value in this system and in the SFC is low and should not be used. The value of the
reduced moment of resistance forces is equal T}, . Given these factors, we obtain the equations of motion [1]:
Jidy (0 =2) =Ty, (1
Jaby +ery = (9~ 2), 2)
where J;, J, are the values of the given moments of inertia of the SFC and the non-essential (driven) part of the drive,
respectively; 7} is the value of the driving torque; ¢;, ¢, are the values of the generalized coordinates of the system

motion (the values of the rotation angles of the mass of inertia 1 and 2, respectively).
The equations (1) and (2) show that the engine has the required resource of power level and ¢; =t (o is the

value of the angular velocity of inertia masses 1, @ =const, ¢ is the time value) [2-5].
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Let us introduce these conditions into the equation (2):
- a + (¢5) (4]
b+ 24, = Lar.
Jo J2

. cp+c [GE C
Oy = Asin | 7—2¢+ Bcos |2+ —— ot
J2 J2 c+o

Values of the integration constants 4 and B should be calculated when specifying the initial values: at ¢ =0

b, =T, /¢y, b =®. Then

As a result, we write:

T CH® J
B="H, g=—2_ [ 2
(%) Cl+C'2 C1+Cz

Hence

CH® J . Ja+c T, c+c C
, = —2 I 2 sin il 24 Heos |2 —1 .
c+o6 V,C1+C2 \I J2 &) J2 cto

Values of the loads, that the elastic bonds 3 and 4 receive, are equal:

CiCH®E  C1CH® J: . e +e C ¢ tc
Ti=c (b —d)= 12 9 [ 2 in [ 2t——lTHcos 1722, 3)
C1+CZ C1+02 \jCI‘FCz

Jo & Jo

2
CiCH®t  CTH® J . e c+c
Ty =cyy = 2— 4 —2 [ 2 smi1 2/ 4T, cos 1 2t, 4)
Cl+C2 C1+C2\IC1+02

+ +
in a czt:O t—l or sin t—l cos cl 02 (5)
Js
Consider the equation:
C1CH ™ J c
= =T (6)
4] + G NG + (&) (&)
The only real value of the solution to the equation (6):
-1{. (7
The cubic equation analysis
4 2
JH®
031 +3C’21C2 +3C]C22 +C32 —CZTZ =0
T

H
allows us to make the following statement: for values of the variables ¢; smaller than the value of the variable calculated

according to (6), the value of the left-hand side of (7) is much larger than of the right [6—8]. At the trigonometric
functions specified in (3), with a possible decrease inc;, the value of the sinusoidal vibrational amplitude increases

(clczo)« fJZ AR IUCELS )) and the value of the cosinusoidal vibrational amplitude decreases (¢;T;, /¢; ) .

The time interval when the value of the elastic coupling moment 3 is identical 7 :

+
. _[T +c_lrﬂj. )
C1C2(D C2

Then sinﬂ/(cl +ey)t, /1 Jy =0; cos,/(cl +cy)t, / Jy =1, resulting in:
ﬂf(cl +e)t. 1 Jy =2mn,

where n =0,1,2,...., n.
Considering (9), we write:
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C
(c]+02)ﬁ/C]+02 (TH+_1THJ:2TC’1‘]2CIC2(D' (10)
€2

For rigid SFC (cl > ey («3fc2.]20)2 /T2H —ID, we use the expression sin,f(cl +et. /Iy =1,

cos.f(c; +cy)t. /[ J, =0. At that,
+ J.
=272 p A9 | 22 (11)
C1CH® q +Cz q +C2

In this equation, angular stiffness of the SFC:

Cl"rCz
J2

T
to=—+2nn.
2

The value can be obtained in the form of an analytical result:

3 3 3 2
q=3 022(302 —G)—(cz —gj + |:6‘22 —(%—gﬂ +[(6‘2 —gj —022 (3¢, —G):| +
2

3 3 3
+3 022(3C2 _G)_[CZ _gj - |:022 —(%—gj} +I:(Cz —gj —6‘22 (3C2 —G):| —Cp +G.

Asaresult, G= chzzcoz (n/2+2mn —1)2 /Tznl . From knowing ¢; and ¢, we find the values of the torques

N | =

N | —

acting on the elastic coupling 4. For this, we use the dependences presented below [6-9].
— Safety friction clutch (elastic):

+
Ty =T, +21-271 . (12)
)

,J
T" =T, +cyo, [—2— . (13)
Cl +6’2

Based on the results of the calculations, it is required to make a number of comments. With an increase in ¢, ,

— Safety friction clutch (rigid):

the value of the moment arising on the elastic coupling 4 (elastic clutch) decreases. If ¢, grows, so does the torque
(rigid clutch).

Consider the types of drive loads. It is important to note that prior to the SFC operation, overloading is not the

reason to stop the machine working bodies (Fig. 2).
3 2 4
5 hilg 1|4

il (Bl |

Ty, Ty,
5 A
“--X‘fpa > 9, > 9,

Fig. 2. Dynamic design diagram 2

The equations for this system are:
S+ (b —92) =Ty, (14)
Joby (1 —hp) + 2 (0 —93) =0, (15)
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Iy ~ea (b ~3) =T, =Ty . (16)

C

Here, ¢;, ¢,, ¢3 are generalized angular coordinates of inertia masses 1, 2, and 3; T, is the value of the possible
increase in torque in the working body device; ¢, is time (associated with the value of the overload growth rate and T
). The torque value 7, (depends on the type of production machine and its applicability) is written in the form:
(1,2..4)T,,; [10-13]. The working body has a power reserve, and the value of the angular velocity of inertia masses 1 is
assumed unchanged, i.e. ¢; = oz . In this case, considering (16), we obtain [13]:

(o =) =T,.

Let us do the summation:

Jo0; +(cp +63)bp —€ot —crh3 = 0. (17)
We sum (15) and (16):
.. . t
J2¢2—C1(Dt+cl¢2 +J3(1)3 =_TH_TC_' (18)
C
We differentiate twice (16):
a* d? d*
J d;2+(cl+02)—¢;2—c 2 -0. (19)
dt dt dt
Using (18), we obtain:
d*¢; 1 t) J, d?
— =—£C103t—01¢2 Ty~ T _]——2—(22 :
dar=  J3 te) J3 dt
Substitute the last expression in (16):
4 2
d diz Lahrtla+a)d 4;2 L I (CWV—TH T, LJ ‘ 20)
dt JoJ3 dt JoJ3 JoJ3 c
From (20), we obtain:
1 d2¢ t
by =—| 3= +erb3 + T+ T, — |. 1)
) dt le
We differentiate twice (21) and get:
d? d* d*
b L) s, ) (22)
dt ) dt dt
Substitute (22) and (21) in (18):
4 2
d (1:3 +02J2 +(c+cp)J3 d 42)3 L GG b = cy clmt—cl +cy (TH +TCLJ . (23)
dt J2J3 dt J2J3 J2J3 Cy c
We write the general solutions of the equations (22) and (23):
§, = A sinkyt + By coskyt + Cy sinkyt + Dy coskyt + l{cloot -T, T, ILJ , (24)
q c
. . 1 (4] +02 t
@3 = Ay sinkjt + B, cos kit + C, sinkyt + D, cos kyt + ot — T, +T.— || (25)
q +02 Cy tC

Here,

2
ky = &/ +(01+02)J3+J{02J2 +(cl+02)*]3:| _a%

2J,J5 2J,J5 Jyds
Research Results. Using the expressions (22) and (23), we find the values of the load arising in elastic

couplings not represented in (18). In this case, we use the values of the torque 7;; equal to (¢; —¢,)(¢) . The presence of

the moment7,, provides recording the generalized coordinates: ¢;—¢p, =7, /¢c;, ¢ —b3=T,/cr, ¢y =0t. We

describe the conditions for starting at the increasing load (from the initial indicators): at =0 ¢, =-T7,/¢,
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do, /dt =w; b3 =—(c+c)T,, /ey, ddy/dt=w. Given (17) and (18) and the starting conditions, we obtain (at
t=0):

d*¢, &) d>, d’h; _cy=2¢,  d’hs
= T, ) =0; = Ty ) =0.
dt Jra dt dt J3¢ dt
We use the starting conditions, the obtained indicators and the main expressions (22) and (23). We obtain
constant values of the integration process:

k25T, Tuc)
=55 P By = 22
ky (k%) —k=2)eit, a (k" —k%)
kZITC . THCZ .
1 = =
ey (k% = k23 et oy (K k%)
K, (e +)T; Ty(cp —2¢))
b= By =
ki(k®y—k=y)  acle o J3(k% —k7)
oo K @re)l o Ti(e-2)
2= 2.2 > T2 2 2"
ky (k"1 —k%y)  acle aJ3(k7 k%)
We substitute the values obtained after integration into (22) and (23):
T 2 2
(I)z :# < ﬁSil’lkzt—k—zsi]flklt +
(k%1 —k%y)e | e\ k2 ky
T
482 (cosklt—coskzt)}+l{clmt—TH -T, Lj,
J2 | le
7 (#2 2
03 =— 12 CRCVE hsinkzt—k—zsinklt +
(3 —k*))e | <te ky ky
—2¢)T,
+M(cosk2t—cosklt) + ! cloat—cl+cz TH+TCL :
J3 Cl +C2 C2 tc

Torque values perceived by elastic couplings 4 and 5:

1|k . K
T =9 —0y)e) =————| 5| —=sinkjt ——sinkyt |—
K=k | ek ky

(26)
T.
L (coskyt —cos kyt) +TH+TCL;
2 tc
c c ¢y —2c
=9y —¢3)cr = #[TH [—2+gj(cosklt—coskzt)—
(k% —k73)q Ja J3
Tecr [ k2 K2 2 ¢ —c . 27
ke § —lsinkzt——zsinklt 2 72 T,+T,— |.
CZtc k2 kl c+e q tc

The values k¢t and kyt are not related to each other. The values sink¢, sink,t, coskt, coskyt can be
positive or negative: sinkitz =1 and sink,t =—1 or coskiz=-1 and cosk,?=1 [10-12]. The values of these time

intervals are from (27):

t B+
tlz(Tn_TH)_C_ 115 > (28)
T kyky (k% —k%)
t 2C2
=T | —=2 411 (29)
Tc{ ! Lkzl—kzz)tfz }H}

Substituting (27) and (28) into (29), we obtain the values of interconnected torques in the elastic coupling
5T13]:

3 3 2
,2 (k 1+k Z)CZ ( jC (610 ] ( g H) tC |: c H® (Cl —02)7C:| L —C " (30)

kyky (k2 —k2y)\aite €+ Tla+a ale <
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t 2 2 —e)T.
T = T 1+ — ‘722 T, || €22 Lla-ol )
Tc (k 1—k 2)..]2 q+o cltC

q—¢ 2¢cy (c_2+cz—2cl
a (K -ka\ S

We use the expression for calculating the expansion force [13] to obtain the peak torque transmitted by the

€3]

+T,

friction clutch when the external moment increases to 7; :
=T

r

b tgal .

We use this expression to find the torque 77 :

T.-T
T'2:chfi(FH— ! . 2tgocj.

We consider the value for the full torque 7, of the SFC and obtain 7;, =T7; . Thus, by the end of the 2nd time

interval #, ... t,, when the load distribution in the safety friction clutch is completed, the values of the friction moment
and the external torque are the same.

Discussion and Conclusions. The dependence is found for calculating the minimum number of friction pairs
of the main friction group. It is shown that with this minimum, the gain factor used to implement the “ideal” load char-
acteristic of the SFC does not exceed the maximum permissible value, even if the value of the friction coefficient is
maximum.

A fundamental model of SFC is presented, in which negative feedback does not function at the minimum
value of the friction factor. In the basic scheme of modernization of the basic version of SFC, at a minimum value of the
friction factor, the negative feedback is absent to increase the operation accuracy and the rated load capacity.
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Introduction. The paper considers improving the management
quality of an educational organization through automating the
personalized data collection, storage and ranking. The authors
have developed a module of the university corporate system, an
ePortfolio of students, which implements a multicriteria optimi-
zation method for calculating the students’ rating on the basis of
the collected and stored data.

The study object is multicriteria ranking methods. The subject
of the study is the automated calculation of student’s rating
within the electronic portfolio. The study objective is to develop
tools for collecting, storing and processing data on individual
achievements of students and the implementation of the math-
ematical method of multicriteria optimization for ranking stu-
dents on the basis of the portfolio data. Practical implications
include development of a tool for an effective management of
the educational process.

Materials and Methods. A prototype module of the university
corporate system “ePortfolio” on the platform of 1C: Enterprise
8.3 is presented. To rank students, a special case of the alterna-
tive ranking method is implemented in the block of the data
analysis module — pairwise comparison in order of their relative
importance. At that, a unified scale of relations was used.
Research Results. The authors described the scheme of the
information system (IS) operation “ePortfolio”, presented a
process interaction pattern for the portfolio formation, as well
as a diagram of business processes under calculating an indi-
vidual rating. A fragment of the sample is shown on which the
performance of the multicriteria optimization block has been
tested. The criteria of the calculations are described, as well as

the rule of screening alternatives for solving for the optimum.

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

Bseoenue. Pabora mocesiieHa IOBBIIICHHIO KayecTBA YIpPaB-
JIeHns1 00pa30BaTeNbHON OpraHM3aIlel 3a cYeT aBTOMAaTH3a-
UM TEPCOHN(PHUIUPOBAHHOTO cOOpa, XpaHEHUS M PAHKHPO-
BaHUS JaHHBIX. ABTOpaMH pa3paboTaH MOIYJb KOPHOPATHB-
HOHM CHCTEMBI By3a — 3JIEKTPOHHOE NMOPT(HOINO CTYAEHTOB, B
KOTOPOM pEaJM30BaH METOJ] MHOTOKPUTEPUAIbHON ONTUMH-
3aIMy U pacdyeTa pedTHHra oO0ydarolIuXcs Ha OCHOBE CO-
OpaHHBIX M XpaHSIUXCS AaHHBIX. OOBEKTOM HCCIEIOBaHUS
SIBIAIOTCS METOJbl MHOTOKPUTEPHAIBEHOTO PaHKUPOBAHHSI.
IIpenmeToM wHccnenoBaHUS SBISAETCS ABTOMATH3MPOBAHHBIN
pacdeT peHTHHra CTyJIeHTa B paMKax JJIEKTPOHHOTO MopTdo-
mmo. Lenpro uccnenoBanus sBIsIETCS pa3paboTKa HHCTPYMEH-
Tapus s cOopa, XpaHeHHs U 00pabOTKK JaHHBIX 00 WHIHUBH-
JyaJIbHBIX JOCTHKEHHSIX CTYACHTOB M peajn3alys MaTeMaTH-
YECKOTO MeTOJa MHOTOKPHTEPHAIBHOW ONTUMH3AINHU IS
paHXUpPOBaHMsI OOYYAIOIIMXCS HAa OCHOBE NaHHBIX MOPT(dO-
mmo. IIpakTiyeckast 3HAYMMOCTD MCCIIEOBAaHUSI — IIPEROCTa-
BUTh MHCTPYMEHT U1 3(p(eKTHBHOTO ymnpaBieHHs yueOHBIM
MPOIECCOM.

Memood u uncmpymenmapuii. IlpencraBieH TPOTOTHIT MOIYJIS
KOPIIOPaTUBHOW CHCTEMBI By3a «DIEKTPOHHOE MOPTHOINO»
Ha mardopme «1C: [peampustue 8.3». ns paHKupOBaHU
CTYIIEHTOB B OJIOKE MOIyJs aHajiM3a JaHHBIX PEaM30BaH
YACTHBIM CiIy4ail MeToAa pPaHXUPOBaHMS albTEPHATUB —
MONapHOE CPAaBHEHHE IO CTENCHNW WX OTHOCHTEIBHON BaKHO-
ctu. Ilpu 3ToM wucnone3oBanachk yHU(UIMPOBAaHHAS IIKajla
OTHOLICHUH.

Pesynomamor uccneoosanusi. ABTOpbI onucanu cxemy (yHk-
nuoHupoBaHus uHGopMmannonHoi cucrtembl (MC) «Dmek-
TPOHHOE MOPT(OINO», HPEICTABHIN CXEMY B3aHUMOJICHCTBUS
IPOIECCOB 1O (OPMHUPOBAHHIO MOPTHOINO, & TAKKE CXEMY
OM3HEC-TIPOIIECCOB TIPH pacdeTe MHAWBHIYAILHOTO PEHTHHTA.
[Toka3an ¢parMeHT BBIOOPKH, HAa KOTOPOH MPOBOAMIACEH MPO-
Bepka pabOTOCIIOCOOHOCTH OJI0Ka MHOTOKPHTEPHAIBHOH OII-
TuMu3anuy. OnucaHbl KPUTEPUH, MPUHHMAIOIIUE Y4acTHEe B
pacueTax, a Tarxke MPaBWIO OTOOpA aJbTEPHATHB YIS HAXOXK-

JACHUS OITUMAJIBHOI'O PCHICHUS.

" E-mail: ponomarevala@bk.ru, ox-rom@yandex.ru, zabolotnikovavs@yandex.ru, ponomarevala@bk.ru
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Discussion and Conclusion. The paper presents the results of
the IS block operation on ranking a list of students. The calcu-
lation results coincide with the practical data.

Keywords: multicriteria ranking, optimization, ePortfolio,
“1C: Enterprise 8.3”
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Obcyscoenue u 3axniouenue. B paboTe IPUBEACHBI PE3yIbTATEI
pabotsl 6moka VIC mo pamXHpOBaHHUIO CHHCKA CTYICHTOB. Pe-
3yJbTaThl PACIETOB COBIAJAIOT C IPAKTUUCCKIMH JTAaHHBIMH.

KiioueBble ci0Ba: MHOTOKpUTEPHAIbHOE paHXHPOBaHHE,
ONTHMH3ALHS, eKTpoHHOEe mopTtdonuno, «1C: Ipeampusitue
8.3».
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Introduction. Assessment of the educational process effectiveness is one of the most essential characteristics
of the university's activity when calculating its rating [1]. To improve the competitiveness of an educational organiza-
tion (EO) in the market of educational services, effective monitoring and objective assessment of the educational pro-
cess results for each student are required [2]. The data is often stored separately or in general lists, which does not pro-
vide an identifying representation for a future employer. Educational organizations hold lots of events in which a large
number of students participate. Individual achievements outside the university are also of interest, for example, volun-
teering, charity, work in summer youth camps, etc. Such information is rarely collected and stored properly. You can
create a rating for each student based on the collected information. The ranking of students is one of the techniques for
the effective management of the EO activities [3]. According to the new education standards and under the Federal Law
273 “On Education in the Russian Federation” [4], automated data collection, storage and processing are required. One
of the solutions to this problem is an electronic portfolio, which will afford automated ranking of students.

Research Methods and Tools. The authors have worked out and implemented a module of the corporate sys-
tem “Electronic Portfolio” on the platform “1C: Enterprise 8.3”. It can also operate as an independent information sys-
tem [5]. The IS stores information about students' achievements and, on the basis of this data, automatically arranges it
in descending order. For ranking students, a vector optimization method is applied.

Research Objective is to develop a mathematical model that operates with a set of alternative solutions (alter-
natives) F(X) (where X is a certain set of criteria), which will be further arranged in descending order of preference. The
most preferable solution will be the first, next — the less preferable one, etc. The degree of preference is estimated by the
value of the calculated rank for each alternative. The rank is calculated from the values of the criterion weights that are
assigned by the decision maker (DM).

Let the function F;(X;) form an evaluation vector of alternative solutions under the following conditions:

i=1,m;j= 1,n,
where m is the number of alternatives in the sample; # is the number of criteria involved in determining the student’s
rank.
Let F;(X;) be the estimate of the solution X; by the first criterion; F»(X;) be evaluation of the solution X; by the second
criterion, etc.
Then the estimation vector for the first solution has the form:
F(X)) = (Fi(X)), Fo(X)), Fu(X)).
A set of estimates Yp belonging to the admissible region D determined on the basis of data stored in the ePort-
folio database is identified as a region of a set of alternative estimates:
D=<CFX G, P>[6],
where C is the goal, which is to rank the list of students in descending order of the calculated rating based on the ePort-
folio data; F are alternatives, i.e. the names of students to be ordered; X are criteria, i.e., data on the students’ achieve-
ments stored in the ePortfolio; P are preferences: X; > X,. These are indicators that correspond to the educational pro-
cess and are the basis for comparing alternatives and for making decisions; G are restrictions on the region of feasibil-
ity.
The alternative F;(Xj), in which the largest number of the studied criteria take the maximum value, can be
found from the expression:

Information technology, computer science, and management

X,€D; Fi(X) € Yp.
Then the task of ordering (ranking) the alternatives (F;(X;)) on the criterion set D" in descending order can be described
by the expression: 383
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Yp=Fy(D) ={Y|Y=F(X), X€ D"}.

To solve this problem, the authors applied a special case of the method of ranking alternatives — pairwise
comparison according to the degree of their relative importance using a unified ratio scale [7]. For each DM function
F(X), the degree of preference uq(X), j = 1,n was determined by the weight of each criterion.

Research Results. Automation of the multi-criteria ranking of students occurs in the information system mod-
ule of their ePortfolio. The operation scheme of the prototype ePortfolio IS based on the developed configuration in
“1C: Enterprise 8.3” [8] is shown in Fig. 1.

O
o Manage IS W
Portfolio
Manager

Education departmen
member IDE Director

Deputy director
for education

Fig. 1. ePortfolio operation scheme

To generate a student portfolio, it is provided:
+ data input;
« data conversion to electronic format;

* data storage;
+ submission of reports including the calculated students’ ratings and ordered lists of departments, faculties, EO.

The process of generating a portfolio is presented in Fig. 2.
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Fig. 2. Portfolio generation scheme

The database was designed for IS electronic portfolio [9], the transformation model of which is shown in Fig. 3.
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Fig. 3. ePortfolio database model

The interaction of information processes on the generation of an individual student’s rating based on the in-
formation stored in the system database is shown in Fig. 4.

Form rating

Organization employee

ﬁoﬂ

Setrating parameters

'rO
Rating parameters
set

Select rating data

)
e comparative
assessment unit

+ Comparative
assessment unit
formed

rpn

settings

‘ Customize user display

User display sefirs
customized

Save User settings?

Interrupt

Fig. 4. Diagram of IS block operation on student’s ranking score formation

The IS provides for the generation of various reports [10]. For example, a user can display comparative as-
sessment blocks for educational, sports, social, creative, and scientific achievements. One of the report forms is

presented in Fig. 5.

+ Student portfolio

Full name:
Birthdate:
Sex:
Group:
Address:
Telephone:
Email:

Educational achievements:

Aksanenko Svetlana Vladimirovna
13.08.1994 0:00:00

Female

MB-151mz

Moscow, ul. Grodnenskaya, 12, ap. 90
8-(916)-123-34-44
akssvet@gmail. com

Number  Achievement Type Rating

1 [Mind games [competition K] ]

Scientific achievements:

Number Achievement organization Type Rating

1 [conference [ SAEIHE MCU [conference [1

Social activity:

Number  Achievement Organization Type Rating

1 [Blood donation [ SAEIHE MCU [Donorship 1

Sports achievements:

Number  Achievement Level Type Place Rating

1 [Wrestling [ Institutional [Judo [Laureate |1

Creative achievements:

Number  Achievement Type Place Rating

1 [quiz ["quiz.please” [First [1 |
2 [Tournament. |Board games [Third 3 |

Fig. 5. Report in Portfolio form
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The operation of the IS block, which is responsible for ranking students, was checked on a sample of 1000

people. The following rule was applied to the sampling:
F(X)2F;(X),i=1m,
io: Fio(X) > Fio(X),

where Fj) (X*) is Pareto-optimal solution.

After possible deletions implemented according to the rule, 250 mutually incomparable alternatives remained
in the table, and only the best ones — from previously comparable ones. In this way, a sample was formed for further
studies, a fragment of which is presented in Table 1.

Table 1
Sample Fragment for Ranking
Participation Pa-rticipation Union Increased . Publicat.ion Part-icw'pa.t'\on .
No. Full Name ) . in sports .| Scholarship of sci in sci Volunteer| Donor Charity
in Olympiad . member | scholarship
competition papers conferences

1|Kolomoytseva Galina Yuryevna X x X X X
2|Martynenko Elena Anatolyevna X X | X X
3|Yurchenko Lyudmila Mikhaylovna X X X
4|Konovodov Yury Nikolaevich X X X X
5|Alieva Antonina Leonidovna X X X X X X
6|Baytsar Aleksandr Pavlovich X X X
7|Smirnova Elena Vasilyevna x| X X X

Optimization was carried out according to 13 criteria: participation in scientific conferences, availability of
scholarships, participation in public organizations, etc. Further, a matrix of criteria was built, where weight was as-
signed to each criterion in accordance with the preferences of the DM (Table 2).

Table 2
Weighting Matrix
Criteria X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 Gmean
Olympiad
participant X1 1.00 0.14 3.00 0.25 2.00 1.00 1.00 3.00 0.25 2.00 5.00 5.00 3.00 |[1.2773764
Participation in
sports X2 7.00 1.00 8.00 1.00 5.00 5.00 2.00 5.00 0.33 9.00 7.00 7.00 7.00 3.5535071
Union member |X3 0.33 0.13 1.00 0.14 0.33 0.20 3.00 0.14 0.20 0.50 3.00 1.00 1.00 0.4675483
Increased
scholarship X4 4.00 1.00 7.00 1.00 7.00 5.00 9.00 7.00 5.00 9.00 5.00 7.00 5.00 4.6581847
Scholarship X5 0.50 0.20 3.00 0.14 1.00 0.33 0.33 0.33 0.14 0.20 3.00 0.14 1.00 0.434096
Sci papers
publication X6 1.00 0.20 5.00 0.20 3.00 1.00 7.00 5.00 5.00 7.00 7.00 0.33 5.00 2.007042
Participation in
sci conf. X7 1.00 0.50 0.33 0.11 3.00 0.14 1.00 0.33 0.20 1.00 3.00 0.33 0.33 0.5143549
Volunteering X8 0.33 0.20 7.00 0.14 3.00 0.20 3.00 1.00 0.14 5.00 7.00 5.00 5.00 1.2315968
Donorship X9 0.25 3.00 5.00 0.20 7.00 0.20 5.00 7.00 1.00 9.00 9.00 7.00 7.00 2.4958934
Charity X10 0.50 0.11 2.00 0.11 5.00 0.14 1.00 0.20 0.11 1.00 5.00 0.20 0.20 0.4581585
Summer camps |X11 0.20 0.14 0.33 0.20 0.33 0.14 0.33 0.14 0.11 0.20 1.00 1.00 0.25 0.259332
Creativity
competitions  |X12 0.20 0.14 1.00 0.14 7.00 3.00 3.00 0.20 0.14 5.00 1.00 1.00 0.17 0.6757149
Member of
social
movement X13 0.33 0.14 1.00 0.20 1.00 0.20 3.00 0.20 0.14 5.00 4.00 6.00 1.00 0.7389604
Total 16.65 6.91 43.67 3.84 44.67 16.56 38.67 29.55 12.78 53.90 60.00 41.01 35.95 18.77

In Table 1, the “x” icon was replaced by the criterion weight. Then we conducted a pairwise comparison of
students with respect to any criterion, for example, the first one. The comparison was carried out as follows: the highest
advantage of one student over another is the value of the first criterion weight plus one. The unit is needed so that when
dividing the unit by the weight of the criterion, a large number is not obtained. This number should be less than the
maximum weight of the criterion. That is, the weight of the criterion is the maximum value in the table (highest priori-
ty). In the next steps of data processing, the system performs certain calculations [11]:

e it quantifies the inconsistency of comparisons;

e it calculates the degree of inaccuracy of comparisons;
e it defines a common criterion for each alternative;

e it finds the best solution;

e it checks the decision validity.
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Results and Discussion. As a result of the operation of prototype IS ePortfolio block, which is responsible for
calculating a student’s rating and arranging a list of students provided in descending order, you can get the report pre-
sented in Table 3.

Table 3
Table Fragment with Student Ranking Results
X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 Final values
0.068048 |0.189301 [0.024907 [0.248148 |0.023125 |0.106918 [0.027400452 |0.065609 |0.132959973 |0.024407 |0.013815004 |0.035996 |0.039366

F1 4.69 9.93 0 10.99 2.43 0 2.56 0 0 0 0 0 4.08 5.213001
F2 4.69 0 2.52 0 2.43 7.48 0 0 0 0 1.61 4.05 0 1.4058781
F3 0 0 2.52 0 0 0 0 6.14 0 3.16 0 0 4.08 | 07033417
F4 0 9.93 0 0 2.43 0 0 0 9.42 3.16 1.61 0 0 3.2877994
F5 4.69 0 2.52 10.99 2.43 7.48 2.56 0 0 0 0 4.05 0 4.1809328
F6 4.69 0 0 0 0 o] 6.14 0 3.16 1.61 0 4.08 0.9819622
F7 0 0 2.52 0 2.43 0 2.56 0 0 3.16 0 4.05 0 0.412015
F8 4.69 9.93 0 0 0 0 0 0 0 0 0 0 0 2.1988993
F9 0 0 2.52 10.99 0 0 o} 0 0 o} 0 4.05 0 2.9357024
F10 0 9.93 0 10.99 0 7.48 0 6.14 0 0 1.61 0 4.08 5.9923473

In the table, F1 — F10 are the names of students; the top row shows the names of the criteria by which the rank
of each object was calculated; the second row from the top is the criterion weight; other items are quantitative assess-
ments of a student for participating in a particular activity. The DM gave highest preference to the criteria that were
associated with the study (scholarship, increased scholarship, scientific activity, etc.). According to the calculation re-
sults, the first four places will be taken by students who receive increased scholarships. F10 student has the highest rat-
ing, he receives an increased scholarship, has scientific publications and is a participant in sports competitions. The IS
provides for various different achievements of the same type (for example, a sports category, a winner or a participant
in a competition) to be combined into one cluster; it affords making a general assessment of the cluster (to present as
one criterion with a certain weight in calculations).

Conclusion. The authors propose a tool that provides the user with the opportunity to quantify the studied ob-
jects with a large amount of information about these objects. The electronic portfolio allows maximum consideration of
various achievements of students not only within the walls of the university, it accommodates the data accessibility for
the students themselves, and stores a large amount of information about the student. Calculation of individual rating,
and ranking improve the educational process quality, which as a result will affect the overall rating of the university.
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Introduction. Practical tasks (location of service points, crea-
tion of microcircuits, scheduling, etc.) often require an exact
or approximate to exact solution at a large dimension. In this
case, achieving an acceptable result requires solving a set cov-
er problem, fundamental for combinatorics and the set theory.
An exact solution can be obtained using exhaustive methods;
but in this case, when the dimension of the problem is in-
creased, the time taken by an exact algorithm rises exponen-
tially. For this reason, the precision of approximate methods
should be increased: they give a solution that is only approxi-
mate to the exact one, but they take much less time to search
for an answer at a large dimension.

Materials and Methods. One of the ways to solve the covering
problem is described, it is a genetic algorithm. The authors use
a modification of the Goldberg model and try to increase its
efficiency through various types of mutation and crossover
operators. We are talking about gene mutations, two-point
mutations, addition and deletion mutations, insertion and dele-
tion mutations, saltation, mutations based on inversion. The
following types of crossover operator are noted: single-point,
two-point, three-point and their versions with restrictions,
uniform, triad. The effect of the stopping condition and the
probability values of genetic operators on the accuracy of the
solutions is investigated. It is shown how an increase in the
number of individuals in a generation affects the efficiency of
a solution.

Research Results. The experiment results allow us to draw
three conclusions.

1) It is recommended to use a combination of gene mutation
and single-point crossing.

2) With an increase in the number of individuals, the accuracy
of the result and the time to obtain it increases. The average
deviation from the exact result at a task size of 25 x 25 was
0%, at 50 x 50 — 0%, at 75 x 75 — 0.013%, at 100 x 100 — 0%,
at 110 x 110 — 0% (the number of individuals was 500).

3) It is advisable to use the probabilities of the mutation and

" The research is done within the frame of the independent R&D.
* E-mail: xigorx92@mail.ru, fatkhi@mail.ru, valera33305@mail.ru
" PaGoTa BHITIONHEHA B pamkax uHMImatuBHONH HUP.

Beeoenue. Tlpaktuueckue 3amaun (pa3sMeIICHHE IMyHKTOB 00-
CITy’)KMBaHUS, CO3IaHAE MHKPOCXEM, COCTABICHHUE PACIIHCAHUH
U Tp.) 3a49acTyi0 TpeOyIOT TOYHOTO WM MPUOIIKCHHOTO K
TOYHOMY peIIeHUs IpH OOJIBIION pa3MepHOCTH. JlocTmkeHHne
MPUEMIIEMOTO pe3yibTaTa B JAHHOM Cllydae TpeOyeT peleHus
3aJa4M ITOKPBITHS MHOXXECTB — (YHIAMEHTAJIbHON JUIST KOM-
OMHATOPUKU U TEOPUH MHOXKECTB. TOUHOE pEIIeHHE MOXHO
HOJYYHUTH C MOMOIIBIO EPEOOPHBIX METOJIOB, OJJHAKO B ITOM
cllydqae IpH MOBBIIICHHH Pa3MEpPHOCTH 33ahadyd BO MHOTO pa3
BO3pacTaeT BpeMs pabOTHl TOYHOTO ajaroputMma. [lo aToii mpu-
YHHE CJIeIyeT YBEINYUBATh TOUYHOCTh HPHOIIMKEHHBIX METO-
JIOB: OHU JAIOT PEIICHUE, JHIIb NPUOIMKEHHOE K TOYHOMY,
OJTHAaKO 3aTPAauMBAIOT Ha MOMCK OTBETa HAMHOT'O MEHBINE Bpe-
MEHH TIPH OOJIBIION pa3MEpPHOCTH.

Mamepuanvt u memoowi. ONHCHIBaETCS OIUH H3 CIIOCOOOB
pelIeHus 3a1aul MOKPBITHS — TeHETHYECKUH alropuT™. AB-
TOPBI HCHONB3YIOT MogupuKkanuio monxenu [onnbepra u mel-
TAIOTCSI MOBBICHTH €€ AP ()EKTUBHOCTH C MMOMOIIIBIO Pa3IMYHBIX
BHUJIOB OIlepaTopa MyTaIlMH U CKpemuBaHus. Peds uzer o ren-
HOHM MyTanuH, JBYXTOUSUHOH MyTalluy, MyTaIluy J00aBICHHS
U y/IaJIeHUs], MyTallii BCTaBKU M yJaJeHus, CalbTalllH, MyTa-
IUAX Ha OCHOBe HMHBepcHH. OTMEYEHBI CIEAYIONIIHe BHJBI
oreparopa CKpEI[MBAaHMSA: OJHOTOYEYHBIH, JBYXTOYEUHBIM,
TPEXTOYEUHBIII M MX BEPCHU C OTPAaHWICHHSAMH, PaBHOMEp-
HBIH, TpuangHelid. MccaenyeTcs BIMsSHUE YCIOBHUS OCTaHOBA U
3HAUEHUI BEPOSTHOCTEH T'€HETHYECKHX OIEepaTopoB Ha TOY-
HOCTh TIONy4aeMbIX pemeHud. IlokazaHo, KakuM oOpa3om
YBEIUUCHHUE YUCIIa 0COOCH B TOKOJCHUH BIHSIET Ha d(dek-
THUBHOCTD PEIICHUS.

Pesynomamor ucciedosanus. VITOrn 3KCIEPUMEHTOB MO3BO-
JUSIFOT CZIeaTh TPH BBIBOJA.

1) PexomeHmyeTcss MCHONB30BaTh COYETAHHWE T€HHON MyTa-
WA U OTHOTOYECYHOI'O CKPECIINBAHUA.

2) Ilpu moBBINIEHNM KONMYECTBA OCOOEH pacTeT TOYHOCTDH
pe3yabTaTa u Bpems ero nonydeHus. CpeaHee OTKIOHEHHE OT
TOYHOTO pe3yJibTaTa MpHU pa3Mepe 3aaadu 25x25 cocTaBHIIO
0 %, ipu 50x50 — 0%, ipu 75%x75 — 0,013 %, mpu 100x100
— 0 %, mpu 110x110 — 0 % (xommgecTBO ocobeit — 500).

3) IlenecooOpa3HO HCHONB30BaTh BEPOSTHOCTH OIEpaTopa
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crossover operator 100% and 100%, respectively.

Discussion and Conclusions. Recommendations are given to
improve the efficiency of covering problem solution. To this
end, a preferred combination of the genetic algorithm parame-
ters, of types of crossover and mutation operators is indicated.

Keywords: genetic algorithm, set cover problem, Goldberg
model, stopping condition, crossing, mutation.

For citation: 1.S. Konovalov, et al. Genetic algorithm effi-
ciency improvement in the course of set cover problem solu-
tion. Vestnik of DSTU, 2019, vol. 19, no. 4, pp. 389-397.
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Mmyranuu u ckpemuBanug 100 % u 100 % cooTBeTCTBEHHO.
Obcyscoenue u 3axnovenus. JlaHpl PEKOMEHAAINH, TT03BOJIS-
FONIHE TIOBBICUTH 3()QEKTUBHOCTh PEIICHUS 3a/1a91 TTOKPBITHUSI.
C 5TOl 1eNbI0 yKa3aHO MPEANOYTUTENbHOE COYeTaHHe Mapa-
METPOB T€HETHYECKOTO AJITOPUTMa, THIIOB ONEPaTOPOB CKpe-
NIMBaHUS U MyTaIli{

KiroueBble ciioBa: TeHETHUCCKHUI AIITOPUTM, 3aJlavda MOKPLI-
THA MHOXECTB, MOJICIIb Fonz[6epra, yCJIOBUE OCTaHOBA, CKpE-
HUBaHUE, MyTallusd.
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3P PEeKTUBHOCTH PabOTHI TCHETHYECKOTO AITOPUTMA B MPOIIEC-
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Ta. — 2019. — T.19, Ned4. — C.389-397.
https://doi.org/10.23947/1992-5980-2019-19-4-389-397

Introduction. Many of practical problems require an exact or approximate to exact solution with high dimensionali-
ty. Among these tasks there are the location of service points, the creation of microcircuits, scheduling. In this case, achieving
an acceptable result requires solving a set cover problem, which is fundamental for combinatorics and the set theory. An exact
solution can be obtained using exhaustive methods (for example, the branch-and-bound method). Naturally, with an increase
in the problem dimension, the time taken by the exact algorithm rises exponentially. For this reason, the accuracy of approxi-
mate methods should be increased: they give a solution that is only approximate to the exact one, but they take much less time
to find an answer with high dimensionality.

The following practical task can also serve as a good example. Assume, you need to assemble a team of specialists
for a ship. Crew members should possess in aggregate all the required skills, but the number of co-workers should be minimal.
This is an unweighted covering problem, that is, the “scales” of group members are the same and therefore not important. If to
assign a certain value - weight (for example, working experience) to each member of the team, then the task will be balanced.
An actual practical problem is to solve this problem in a shorter time, which provides achieving a result that is as close as pos-
sible to the exact one.

Materials and Methods

Research Objective. Given a population U of n elements and an aggregate of subpopulations U, S = {S,,..., S;}.
Each subpopulation S; is associated with some non-negative cost c: S — Q. S’ S is a covering if any element of U belongs to
at least one element of S'[1, 2].

The task can be presented in two versions: weighted and unweighted. The weighted covering problem involves find-
ing an aggregate of subpopulations that covers the whole population U and has minimum weight. In the unweighted version,
the resulting population should have the smallest possible number of subpopulations.

Problem-solving techniques. Genetic algorithm. Covering problems are solved using heuristic methods, approxi-
mate algorithms with a priori estimate, and exact algorithms [3, 4].

Exact algorithms (the best-known of them is the branch-and-bound method) give an exact solution, but are useless in
large-dimensional problems, because they take too much time. If the accuracy of the solution can be neglected to a certain
extent, it is recommended to use approximate algorithms [5] which solve the problem in an acceptable time. We are talking
about algorithms with a priori estimate (for example, the greedy algorithm [6]) and probabilistic heuristics (ant colony method
[7, 8], neural networks, evolutionary calculations).

This paper discusses genetic algorithms (GA) and ways to improve their efficiency. In 1975, John Holland proposed
a probabilistic GA based on the rules of natural selection and inheritance. The GA properties are studied in [10, 11]. A de-
tailed description of the applicability of the genetic algorithm for solving a covering problem is given in [1]. GA application
methods for this task are described in [12, 13].

The authors use the Goldberg model [14] which is modified as follows: various types of the mutation and crossover
operator are used, protection against the appearance of “incorrect” covering under the variation of individuals is provided.

We describe basic parameters of this algorithm. Relating to the individual, binary coding is used (“0”, “1”). The
evaluation function can be expressed by the following formula:

n
ZC‘I-X]- — min,
J=1

where x* is n- dimensional vector for which the j-th element x]f,- is equal to 1 if the subpopulation §j is an integral part of
the covering and is equal to 0 otherwise; c; is the cost of the subpopulation S;.

The condition for stopping the algorithm is the number of generations of persistency of the solution.

The Goldberg model uses tournament elimination of individuals. The authors use the equal-probability random
selection — the choice of two individuals of the generation to apply the crossover and (or) mutation operator to them.
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In [15], a modification of this algorithm using the strategy of elitism is described.

Overview of the types of crossover operator. When two individuals are crossed, the offsprings descend a
part of the genes from each of the parents, and thereby the search space is expanded. In the classic GA version, a single-
point crossover is used. Scientists involved in genetic algorithms offer their versions of this operator [16, 17]. As men-
tioned earlier, the authors have proposed binary coding of an individual, rather than real, so only some certain versions
of all can be used. Crossover of the individuals with real genes is described in [16]. Here is an overview of the types of
crossover appropriate for the application in this GA.

Single-point crossover (Fig. 1). Two individuals are selected for crossover.

Parent 1
Lfofrfrfofofrfrfrfe]
Parent 2
Lofofrjofrjrjofojrjo]
Crossover point is gene #4
Offspring 1
Cfofrfryefrjefojrfe]
Offspring 2
ofofrjofofofrfrirjo]

Fig. 1. Single-point crossover

The crossover point is played at random. A part of the genes of parent 1 is copied to offspring 1 to the crosso-
ver point, and a part of the genes of parent 2 is copied after the crossover point. Offspring 2 is created in a similar way,
but vice versa.

Two-point crossover (Fig. 2). Two individuals are selected for crossover.

Parent 1
Lfefrfrfefofrfrfrfe]
Parent 2
(ofofrfofrfrjofejrfo]

Crossover point 1 is gene #3, crossover point 2 is gene #7

Offspring 1
Lfefrfofrfrjofrfrie]
Offspring 2
ofofrfrjofojrfejrio]

Fig. 2. Two-point crossover

Two different crossover points are played at random. A part of the genes of parent 1 to the crossover point 1, a
part of the genes of parent 2 between the crossover points, and a part of the genes of parent 1 after the crossover point 2
are copied to offspring 1. Offspring 2 is generated in the same way, but vice versa.

A multipoint crossover and its special case, a three-point crossover, operate in like manner. The operators de-
scribed can be modified, namely: verify, in addition, that the crossover points are selected only in those places where
the genes of the individuals of the parents have different meanings. Thus, limited single-point, two-point, and three-
point crossovers appeared.

Uniform crossover [16] (Fig. 3). A mask is randomly generated, a binary individual. In this case, a part of the
offspring genes descends from one parent, and a part - from another.

Parent 1
[rfefrfrfofojrfrfrfo]
Parent 2
[ofofrfofrjrjofofrfo]
Mask

Offspring 1
Lo fefrfofrye]
Offspring 2
Lofofrfefofofefrfrje]

Information technology, computer science, and management
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Next, the mask is analysed. If it includes “1”, then the corresponding gene of parent 1 goes to the correspond-
ing place of offspring 1. If otherwise, then offspring 1 descends the gene of parent 2.

Offspring 2 is generated in the opposite way. The gene is borrowed from parent 1 if there is “0” at the same
place in the mask. If otherwise, then offspring 1 descends the parent gene.

A similar idea is used in the triad crossover [16]. The difference is that a randomly selected individual from a
generation is used as a mask. Then, 10% of the mask genes undergo mutation. Further, if the gene of parent 1 matches
the gene of the mask, then this gene proceeds to offspring 1, otherwise, the gene descends from parent 2. In offspring 2,
at the places where offspring 1 descended the genes of parent 1, the genes of parent 2 are located, and vice versa.

Overview of the binary mutation operator types. What is the role of mutation in the evolutionary process? If
only the crossover operator is used, in the end, the appearance of new individuals will be stopped. To qualitatively mod-
ify an individual, the mutation operator, which helps to increase genetic diversity, should be used.

In the classical GA, single-point mutation operator is used (Fig. 4): a mutation point is randomly selected in an
individual — a gene which then swaps its value with the neighbouring gene.

Parent
[tfoft]rofofuftfrfo]
Mutation point = gene #4
Offspring
[tfoftfofrjofrfrjtfo]

Fig. 4. Single-point mutation operator

In addition to this mutation, several more types are considered.
Two-point mutation operator (Fig. 5) is a one-point mutation operator modification: two genes are randomly se-

lected, and they exchange their values.
Parent

LfofrfrfoJoftft]tfo]
Mutation point = gene #4 and #7
Offspring
[tfofr]rofofrfrftfo]

Fig. 5. Two-point mutation operator

Gene mutation (Fig. 6) is based on the fact that the value of one randomly selected gene is inverted.
Parent
[foftfrfofofujtfrfo]
Mutation point = gene #4
Offspring
[t[oftofofofrftfrfo]

Fig. 6. Gene mutation

Addition and deletion mutation [16] (Fig. 7) is obtained through combining two operations: adding a random
gene to the chromosome tail and removing a random gene from the resulting chromosome.

P t
o[ To[o[1[1[1[0]
Addition of gene «0» to individual tail
[toft]tfofofrftftfofo]
Deletioofr]lC of gene #4
sprin
(o oo T o]0]

Fig. 7. Addition and deletion mutation

Insertion and deletion mutation [16] is similar to the addition and deletion mutation: a random gene is added to
a random chromosome position and a random gene is removed from the resulting chromosome.

Mutation based on mutation density [16]. Each gene of an individual mutates with a certain probability. The
probability of gene mutation is usually selected so that 1% to 10% of the genes undergo modification.

Saltation [17] (Fig. 8) is mutation based on the inversion of k-genes of an individual.
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Parent
HEDREEN R
k =3, mutation of genes #4, #6, #7
Offspring
[t[ofrfofofrfofrfrfo]

Fig. 8. Saltation
Inversion [17] (Fig. 9) is mutation of genes between two randomly selected change points.
Parent
[LfofrftfojoJtjtftfo]
Change points are gene #4 and #7

Offspring
Lfofrfofrjrjofrjrfo]

Fig. 9. Inversion
Translocation [17] (Fig. 10) is mutation of genes which appear in two randomly selected parts of an individual.
Parent
[tfoft]t]ofoJtfrft]o]
Interval #1 = [gene #1; gene #3], Interval #2 = [gene #5; gene #7]

Offspring
[oftfofrfrfrjofrfrio]

Fig. 10. Translocation

Addition [17] is mutation in which an offspring individual is generated through inverting each gene of a parent
individual.

Research Results

Analysis of the genetic algorithm performance using various “mutation + crossover” combinations. What
combinations of types of binary mutation and crossover are used for more advantage to increase the GA efficiency? The
authors have developed a software tool using the C Sharp language to compare genetic algorithms for optimal solutions
and time consuming. For experiments, we used a personal computer with the Microsoft Windows 10 Pro x 64 operating
system, Intel (R) Core (TM) i5-2500KCPU 3.30GHz processor, and 6 GB RAM.

100 experiments were carried out with n x m matrices, where 7 is the number of subpopulations of population
U, m is the number of elements of the population U. The matrices are generated randomly. The following conditions are
observed.

- Coefficient of the matrix for occupancy of subpopulations with units p = 0.5.

- Weights of subpopulations are randomly generated from the interval from 1 to 200.

- The number of subpopulations = 100, power of the population U = 100.

For GA, the following parameters are used.

- Number of generations = 50.

- Crossover probability = 1.

- Mutation probability = 1.

- Stopping condition = 100 generations.

- Crossover operator:

Crl — single-point;

Cr2 - limited single-point;

Cr3 - two-point;

Cr4 - limited two-point;

Cr5 - three-point;

Cr6 - limited three-point;

Cr7 - uniform;

Cr8 - triad.

- Mutation operator:

Mutl - gene; 393
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Mut2 — single-point;

Mut3 - two-point;

Mut4 - addition and deletion mutation;

Mut5 - insertion and deletion mutation;

Mut6 - saltation;

Mut7 - addition;

Mut8 - inversion;

Mut9 — translocation.

Table 1 shows the average values of the comparison results of the algorithms for cover weights, and Table 2 -
by operating time. Also, Tables 1 and 2 include the results of a genetic algorithm operation with 50 individuals pro-
posed by Nguyen Minh Hang in [13].

Table 1
Comparison of the efficiency of crossover and mutation operator types by cover weights
Algorithm Nguyen
100x100 Mutl Mut2 Mut3 Mut4 Mut5 Mut6 Mut7 Mut8 Mut9 | Minh Hang
50 individuals GA
Crl 41.78 60.35 45.02 60.12 55.07 67.46 67.46 67.46 67.46
Cr2 42.29 58.23 44.87 59.37 51.83 67.46 67.46 67.46 67.46
Cr3 42.53 58.75 45.38 61.35 55.93 67.41 67.46 67.72 67.46
Cr4 4291 63.63 45.75 63.38 57.64 67.46 67.46 67.46 67.46
Cr5 42.41 60.58 45.18 63.11 54.92 67.46 68.52 67.46 67.46 1623

Cr6 42.71 65.96 46.37 65.38 58.2 67.46 67.46 67.46 67.32
Cr7 41.74 50.61 45.52 53.75 48.31 67.46 67.46 67.29 67.46
Cr8 43.39 57.84 45.3 60.37 54.07 67.46 67.46 67.46 67.46

Table 2
Comparison of the efficiency of crossover and mutation operator types by time costs (ms)

Algorithm Nguyen
100%100 Mutl Mut2 Mut3 Mut4 Mut5 Mut6 Mut7 Mut8 Mut9 | Minh Hang
50 individuals GA
Crl 2418 1363 2028 1996 1777 1569 2251 1746 1853
Cr2 2365 1399 1974 2175 1817 1571 2257 1756 1855
Cr3 2485 1417 2111 2008 1824 1627 2325 1841 1935
Cr4 2568 1416 2126 2145 1884 1626 2304 1809 1909
Cr5 2537 1406 2131 1862 1825 1631 2338 1834 1927 1900

Cr6 2509 1422 2139 1902 1822 1636 2315 1820 1903
Cr7 2679 1569 1970 2220 2124 1697 2410 1905 2008
Cr8 2484 1443 2084 1950 1910 1654 2353 1866 1942

Following from these results, to improve the GA efficiency, it is recommended to use the “uniform crossover +
gene mutation” and “single-point crossover + gene mutation” combinations.

Impact of the mutation and crossover probability on the genetic algorithm efficiency. To study this prob-
lem, the software tool described above was applied. The “gene mutation + uniform crossover” combination was consid-
ered as the most efficient (along with “gene mutation + single-point crossover”). The problem dimension is 100 x 100,
50 individuals. The results are given in Tables 3 and 4.
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Table 3
Comparison of the efficiency of crossover and mutation operator probabilities by cover weights

Crossoner Mutation 02 | 04 | 06 | 08 | 1

0.2 60.31 | 59.45 | 59.37 | 54.65 | 44.35

0.4 58.2 | 58.09 | 57.51 | 54.71 | 45.01

0.6 57.98 | 57.58 | 54.67 | 52.67 | 44.75

0.8 54.03 | 55.18 | 55.07 | 51.11 | 44.68

1 52.17 | 50.95 | 50.28 | 48.89 | 44.33

Table 4. Comparison of the efficiency of crossover and mutation operator probabilities by time costs (ms)

Crossover Mutation 02 | 04 | 06 | 08 | 1

0.2 992 | 1038 | 1121 | 1293 | 2047

0.4 1038 | 1101 | 1196 | 1418 | 2115

0.6 1111 | 1205 | 1325| 1504 | 2273

0.8 1237 | 1314 | 1420 | 1656 | 2338

1 1338 | 1448 | 1602 | 1858 | 2594

The fittest combination was specified: the mutation probability is 100% and the crossover probability is 100%.
The generation dimension impact on GA efficiency. Tables 5 and 6 show the results with 50, 100, 200, 500,

1000 individuals and the problem dimension of 100 x 100 (GA1 - single-point crossover + gene mutation, GA2 - uni-
form crossover + gene mutation, GA3 - Nguyen Minh Hang’s GA).

Table 5
Generation dimension impact on cover weights obtained by genetic algorithm
Individuals GAl GA2 GA3
50 43.76 43.68 49.53
100 42.88 42.8 47.12
200 42.7 42.61 46.87
500 42.67 42.61 47.64
1000 42.61 42.61 50.35
Table 6
Generation dimension impact on the time required for genetic algorithm implementation (ms)
Individuals GAl GA2 GA3
50 2229 2377 1842
100 4175 4791 2219
200 8185 8722 2611
500 19109 20992 8440
1000 37588 41855 14581

Naturally, with an increase in the generation size, the operating time of the GA rises, and the problem solution

accuracy increases.

The stopping condition impact on the problem solution efficiency. In the framework of the research pre-
sented, the number of generations of persistency of the fittest solution is used as a stopping condition. Tables 7 and 8
show the results of a comparative analysis of GA from a previous experiment with a stopping condition of 100, 200,
300, 500.
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Table 7
Stopping condition impact on covering weights obtained by the genetic algorithm
Stopping condition GAl GA2 GA3
100 49.96 50.28 56.74
200 49.23 48.79 56.29
300 50.14 48.5 57.2
500 49.82 49.66 57.17
Table §
Stopping condition impact on the time required to implement the genetic algorithm (ms)
Stopping condition GAl GA2 GA3
100 2264 2517 1834
200 3840 4251 3479
300 4994 5955 5001
500 7892 8429 8370

With an increase in the stopping condition, the algorithm running time increases. This is appropriate under the
stopping condition of 200-250 individuals.

Discussion and Conclusions. The authors of this paper made an attempt to increase the GA efficiency as ap-
plied to a set cover problem. For this purpose, various types of the operator of mutation, crossover, and GA parametri-
zation were used. The influence of the probabilities of genetic operators on the problem solution efficiency, the selec-
tion of the stopping condition and the number of individuals were investigated. The appropriate application scope of the
GA and the branch-and-bound method are identified. Based on the results of the study, several conclusions can be
drawn.

1) It is recommended to use a combination of gene mutation and single-point crossover.

2) If the number of individuals increases, the accuracy of the result and the time it is obtained increases. The
average deviation from the exact result at the task dimension of 25 x 25 was 0%, 50 x 50 - 0%, 75 x 75 - 0.013%, 100 x
100 - 0%, 110 x 110 - 0% with 500 individuals.

3) It is efficient to use the probability of the mutation and crossover operator 100% and 100%, respectively.
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Introduction. The paper is devoted to simulation modeling.
Basic methods of the simulation mathematical modeling in the
derivatives market are described. A group of realistic non-
Gaussian Levy processes that generalize the classical Black-
Scholes model is considered. The work objective is to study
the most efficient methods of market forecasting, as well as
the software implementation of the simulation mathematical
modeling technique of the Russian derivatives market based
on the Levy model. This research is relevant due to the de-
mand for applications that simulate the dynamics of financial
assets and evaluate options in realistic models of the deriva-
tives market, allowing for jumps.

Materials and Methods. Basic methods for forecasting the
derivatives market, methods for determining the volatility rate
at a known option price, are considered. The most effective
types of Levy processes for the simulation mathematical mod-
eling of the Russian derivatives market at the present stage are
highlighted. The possibilities of the Java language for the im-
plementation of mathematical methods are considered.
Research Results. A program is developed in the Java pro-
gramming language that implements the Levy mathematical
model, which includes Gaussian and generalized Poisson pro-
cesses. The program for calculating the mathematical method
is created in the free integrated application development envi-
ronment NetBeans IDE to work with any operating system.
Discussion and Conclusions. The result of the simulation
mathematical modeling analysis has shown that the most effi-
cient methods in the derivatives market are those based on
realistic non-Gaussian Levy processes. The software imple-
mentation of such mathematical methods can be used for edu-

cational purposes. The developed application has demonstrat-

" The research is done within the frame of the independent R&D.
" E-mail: Karpinski-2@mail.ru, okudr@mail.ru
*** Pa6oTa BBINOJHEHA B paMKax MHAIMaTuBHOW HUP.

Bseoenue. Pabota mocesiieHa NMHTAMOHHOMY MOJIEITHPOBA-
HHI0. ONUCaHBl OCHOBHBIE METO/bI MMHTALMOHHOTO MaTeMa-
THUYECKOTO MOJICIMPOBAaHMs HA CPOYHOM pEIHKe. PaccMoTpeHa
TpyNIa PeaMCTUYHBIX HErayCCOBCKUX IpoueccoB JIeBH, Ko-
TOpele 0000IIalOT KJIAccHuecKyro Mogaenb bmaka-lloynca.
Llenpto paboTHl SIBUIIOCH HCCleqoBaHNe Hanboiee d(hhexTuB-
HBIX METOJIOB NMPOTHO3HUPOBAHMS PHIHKA, & TAKKE MPOrpaMM-
Has peajM3allisi MeToJa MMHUTAIIMOHHOTO MaTeMaTHYecKOro
MO/ICTIMPOBAHHUS POCCHICKOTO CPOYHOTO PHIHKA, OCHOBAHHOTO
Ha Mozenu Jlepu. JlaHHO€ UCCIEIOBaHHE aKTyalbHO B CBSI3U
CO CIPOCOM Ha IPHJIOKEHHUS, MO3BOJIIONINE CHMYJIHPOBAThH
JMHAMUKY (DUHAHCOBBIX AKTMBOB M OLCHHBATh OIIIMOHBI B
pPEANNCTUYHBIX MOJEISAX CPOYHOIO PBIHKA, JOIYCKAIOIIMX
CKaYKH.

Mamepuanvr u memoobl. PaccMOTpEeHbl OCHOBHbBIE METOJBI
MPOTHO3MPOBAHMSI CPOYHOTO pBIHKA, CHOCOOBI ONpeeNeHHs
YPOBHS BOJIATHIILHOCTH TP H3BECTHOM IIeHE OMIMOHA. Bbine-
neHsl Hanbonee >(dexTrBHBIE BUIBI mpolieccoB JleBw st
MMHTALIOHHOTO MaTEMaTHYeCKOr0 MOJIEIHPOBAHMS POCCHIH-
CKOTO CPOYHOTO PhIHKA Ha COBPEMEHHOM JTane. PaccMoTpeHs!
BO3MOJKHOCTH sI3bIKa Java JUIsl peau3alid MaTeMaTHYeCKHX
METO/IOB.

Pesynomamor  uccneoosanus. Pa3paboTana mnporpamMma Ha
si3pIke Java, peanusyrolmas MareMaTHdecKyro mojensb Jlesw,
BKJIIOYAIOIIYI0 B ce0s TayCCOBCKUM M OOOOIIEHHBIH ITyacco-
HOBCKHI mpornecchl. [Iporpamma 1t peanusanuyu MateMaTH-
YEeCKOT0 METoJla CO37aHa B CBOOOJHON HMHTETPHPOBAHHOU
cpeze pa3paboTku mpuioxeHuit NetBeans IDE nis paboThl ¢
000 OTIEPaIlHIOHHON CHCTEMOIA.

Obcysrcoenue u 3axkmoverus. B pesynpTaTe aHaIn3a HMUTAIIU-
OHHOT'O MaTeMaTHYECKOTO MOJEIUPOBAHHS HA CPOYHOM PBIH-
ke Hanbosee 3 HEKTUBHBIMH SIBISIOTCS METO/BI, OCHOBAHHBIC
Ha PEATUCTHYHBIX HErayccoBCKHX mpomeccax Jlesu. IIpo-
rpaMMHas p€ajiusanusd TaKuX MaTeMaTHYCCKUX METOI0B MO-

XKeT UCIIONIb30BaThcA B y4eOHBIX Iensax. PaspaboranHoe mpu-
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Introduction. A modern market economy cannot exist without an efficient operation of the financial market.
Here, a special place is occupied by the primary market, which provides hedging the risks of an undesirable abrupt
change in prices in the stock or currency markets. The Russian derivatives market is rapidly growing, attracting more
and more investors. In this regard, there is a growing demand for software tools to simulate the dynamics of financial
assets and evaluate options in realistic models that allow leap in prices.

In an explicit or implicit way, through processing the incoming information, each of the market participants
can predict future price movements. That is, a trading system is an algorithm for converting various information into a
forecast with certain levels of confidence. The system trader instructs the forecasting algorithm, discretionary/intuitive
trader uses his experience/intuition. Due to the fact that any forecast has a probabilistic nature, some of the forecasts do
not come true. A good forecast should be justified from the point of view of statistics, be representative and should use
certain probabilities, patterns, cause-effect relations. The idea underlying the forecast should be rational and explaina-
ble.

Adequate modeling of the derivatives market allows participants to profit. Thus, the study of methods of simu-
lation of mathematical modeling of the Russian derivatives market is of current interest, since it provides solving the
problem of determining an adequate cost of the derivatives contract. The novelty of the study lies in the software im-
plementation of simulation modeling of option pricing in the Merton model in Java. Web-based applications are of par-
ticular interest. Java is a natural language for solving this problem.

Materials and Methods. First of all, it is necessary to consider the most common methods for predicting the
derivatives market behaviour. The research methodology is based on the study of various modeling methods of the Rus-
sian derivatives market and the selection of the most effective of them. The basic methods of market forecasting in-
clude:

* statistical,

* intuitive;

» modeling-based;

* Delphi method.

Technical analysis is a method for predicting a likely price change based on patterns presented in the form of
similar price variation in the past under similar circumstances. That is, it can be argued that technical analysis uses sta-
tistical methods and certain models. The objects of forecasting can be various market characteristics: the direction of
increments, increments, volatility, trending, etc. The object of forecasting depends on the idea with which the trader
intends to profit from the market. Most processes on the derivatives market are stochastic, that is, their behaviour is not
deterministic. The subsequent state of the market can be described by both quantities that can be predicted and random
variables [1]. For example, the use of sentiment or patterns involves predicting direction and volatility, and the use of
marketmaking involves predicting volatility and timing.

In the derivatives market, in addition to currency, there is a possibility of trading in securities and metals.
When conducting operations with Russian securities, you should remember that their prices are constantly changing,
and it is important to guess the right moment for their purchase and sale. This is a peculiarity of the operation with Rus-
sian securities.

Due to the instability of the economies of many countries, including Russia, there is a great opportunity to con-
clude a bad deal. In the derivatives market there is a concept of a relative strength index (RSI) with which you can de-
termine the income from the transaction [2]. To calculate the growth rate of enterprise income, you can use DeMark’s
method, which is quite efficient for a technical analysis of the situation on the derivatives market. Under market fluctua-
tions, the fundamental properties of deformed martingales will be important for calculating the spread in case of stock
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buybacks, since the best forecast for market behaviour in such cases is to study its current state [3]. The securities mar-
ket of Russia and the United States is not the same, and when analysing income on the Russian market, a zero result can
be obtained with respect to the American model. This is due to the fact that the sold securities on the Russian market
may lose their value in a few minutes, in contrast to the American market, where the established rate for securities is
kept for a long time. This trend indicates the stability of the company and the desire to stay as long as possible in the
global currency market. But here it is necessary to consider the weight of the Russian currency market in world curren-
cy relations [4].

One of the main directions of generating income on the stock exchange is determining the exchange rate de-
velopment. Each stockbroker seeks to develop his own forecasting method and put it into practice. There are many indi-
cators suitable for calculation on the exchange, but one of the most common is the calculation of the moving average.
According to this technique, the calculation is carried out for a certain period, while the simplest completed transactions
are calculated, then at the intersection of the indicator with the current rate, the transaction is concluded. The method is
quite reliable, but requires continuous monitoring. To make it easier to trace the change in the exchange rate, this meth-
od should be used for short periods of time [5].

There is a concept of a weighted moving average estimate, with the help of which the data are tracked recently,
while the indicator smooths the fluctuation of the course. This strategy is similar to the previous one, and the data ob-
tained using it are close to the data obtained using the calculation of the moving average. The advantage of this method
is that you need to track trends only at latest.

The next method is an exponential moving average method. When using it, data from recent times and data
from an earlier period are compared. This method calculates fewer profitable trades, but at the same time all trades are
completed without risk of loss.

Price forecasting is possible, but only if there is a connection between their past values and future ones. This
connection can indeed be observed during trends. Traders, observing the unidirectional change in prices, react accord-
ingly and enter transactions in the direction of the trend, creating a positive relationship between changes in the past and
in the future. When the market grows without corrections or grows in the channel, the bulk of speculators consciously
buys, counting on a continuation, and by the very fact of purchases, the market provides further growth. A trend exists
until the bulk of the trend-creating traders starts to make profits. An essential point for the continuation of the trend is
the lack of counter-trend trading, that is, there should not be too massive pressure from market orders in the opposite
direction. If the visible structure of the trend is violated, this can affect speculators who created this trend with their
deals, which will lead to profit taking and stopping the trend.

Research Results. Among the existing methods of mathematical simulation and analysis of financial markets
in the context of the Russian derivatives market, first of all, it is necessary to note a group of realistic non-Gaussian
Levy processes that generalize the classical Black-Scholes model. The advantage of this group of processes is the abil-
ity to model leaps in the price of the underlying asset and a more realistic risk assessment. Thus, the methods of mathe-
matical simulation and analysis of financial markets are based on Levy processes with a constant, local, and random
diffusion component. There are also models that have stochastic volatility. Such are the models of Heston, Bates and
Blasher [6].

Black-Scholes pricing model determines the theoretical price of European options. It implies that if the under-
lying asset is traded on the market, then the option price on it is implicitly set by the market itself [7]. The model is
widespread and can be used in practice to analyse financial markets including urgent ones. According to this model, the
main element in determining the value of an option is the expected volatility of the underlying asset. Thus, with the
known value of the option, you can determine the level of volatility expected by the market [8].

The current value of the European call C(S,t) option at time ¢ before its expiration corresponds to the following
expressions:

C(S,t) = SN(d1) — Ke "T=Y N(d2),

ln(%)+ <r+%2)(T—t)
ovT —t '
d2=dl—- o/ (T-1%),
where S is the current price of the underlying share; N(x) is the standard normal distribution function; K is the exercise
price of the option; r is the risk-free interest rate; (7 — ¢) is the time until the expiration of the option term (option peri-
od); o is the yield volatility (the square root of the variance) of the underlying stock.

dl =

The price of the European put option matches the expression:
P(S,t) = Ke"T"ON(—d2) — SN(—d1).
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The random process X = (X7) ¢ > 0, specified on the probability space (2, F, P) and taking values in the d-
dimensional Euclidean space R’1, s called the d-dimensional Levy process under the following conditions:

1. The process consists of trajectories that belong to a certain space D7, consisting of vector functions, it is con-
tinuous on the right and has left limits.

2. Forany n>1 and the set 0 <10 <t1 < ... <tn, values X10, Xt1-X10, ... , Xtn—Xtn—1 are independent.

3. The process is uniform in time. For any s > 0 and # > 0:

Xt+s-Xs = Xt- X0.
4. The process is stochastically continuous. For any > 0 and & > 0:
lim P(|Xs- Xt| > €) = 0,

s-t.
5.X0=0.
In case of a finite Levy measure, the processes are:
* Gaussian;

« generalized Poisson;

* Merton model;

* Coe model.

Levy processes with an infinite number of jumps at any time interval have a Levy measure I1 with the property

II(R) = oo. Such processes are actively used in modeling financial markets. Here we can highlight:

e variance gamma (VGP);

e hyperbolic (HP);

e generalized hyperbolic (GHP);

e normal inverse Gaussian (NIG);

e normal moderately stable (NTS);

e KoBoL or CGMY processes.

Levy processes provide modeling asset price dynamics as flexibly as possible because they contain two com-
ponents: Brownian motion (process diffusion) and spasmodic component [9]. Currently, there are many models based
on Levy processes that successfully operate on the price dynamics of various assets and are used in the pricing of op-
tions, as they are martingales. Levi-Ito decomposition breaks Levy processes into simple components and helps to un-
derstand their nature. Such decomposition is the basis for modeling Levy processes using the sum of two components:
the Brownian motion and the composite Poisson process. Such a structure of the stochastic process is called jump-like
diffusion and has the following form [10]:

Xt =yt + oBt + YN, Vi,
where Bt is Brownian motion; Nt is the Poisson process, which counts the number of jumps of the process X by the time
t; Yi are independent identically distributed random values of jumps.

Two extreme examples of the case of a finite Levy measure are the Gaussian and generalized Poisson process-
es. If Levy processes combine both of the above processes, then they are called jump diffusion. The most interesting
models of this kind are the Merton model and the Coe model [10]. To speed up the calculations and maintain visualiza-
tion, the authors have developed an application in the Java programming language that provides the implementation of
these models.

In Java, the whole code is stored as classes. Thus, typing a source file with the java extension, it is compiled
into a new bytecode file. Due to the fact that Java is designed to execute bytecode, the programs written in this lan-
guage work at a rather high speed [11].

The whole calculation under the compilation will consist of several java files. In one of them, we carry out cal-
culations of the Levy process with jumps. This file will perform the final calculation from all other files. In one of the
Jjava files, we will implement the Black-Scholes formula (Listing 1), which will be required in the future.

Listing 1: Black-Scholes formula implementation

public static double normcdf (double z) {
if (z <= -7.0)
return 0.0;
else 1f (z >= 7.0)
return 1.0;
else {

3.141592653589793;
-0.0004406;

double pi
double bl
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double b2 = 0.0418198;
double b3 = 0.9;
return 1.0 / (1.0 + exp(-sqrt(pi)* (bl*pow(z,5.0) + b2*pow(z,3.0) +
b3*z)));
}
}

// Black Scholes call or put price
public static double BSPrice (double S,double K,double r,double g,double v,double
T,char PutCall) {

double dl (log (S/K) + (r-g+v*v/2.0)*T)/v/sqrt(T);

double d2 = dl - v*sqgrt(T);

double BSCall = S*exp(-g*T) *normcdf (dl) - K*exp (-r*T) *normcdf (d2) ;

if (PutCall=='C")

return BSCall;

else
return BSCall - S*exp(—-g*T) + K*exp(-r*T);

In two other java files, we calculate an abstract process that describes the generation of a sequence of prices
over time. That is, in one java file, the explicit option price formula is calculated, which considers the initial price, trend
and volatility (the formulas for calculating the prices of options C(S,#) and P(S, t) are given above), in another java file,
Merton simulation of hopping diffusion occurs. The hopping diffusion formula takes into account that the jumps will be
normally distributed.

Having developed the program interface, after compilation, we obtain an application for quick and convenient
calculation based on random number generation. Similarly, a data set is generated at each start (Fig. 1, 2).

®ain Mpaeka Bug Mepexog Werounwk Peopradwzauwa koga Beinonnwte Otnagka Mpodwawpoeate Tpynna Cepewc OkHo Cnpaeka

EIF_._I EI = -_l :<HEUDOﬁKEHOYNOH--- v: v' ? :&% |> T v G\Iﬁ "

MpoekTbl |¢ainu |Cnym6u =] @ CMertonJDsim.java ss|
@ Simulator WcTournk | Mctopua | -5 - | gL & BT | &
=& Simulator L
B[} MareTsl nooansix konos = double sigmad,int NT,int HN5)
@ Buigog - Simulator (run) |

[&] cBlackScholes java i S
[& CMertonIDdosed.java b _—
@ CMertonIDsim. java Closed form price 2.1002045687530527
Simulation price Z.4604303517087447331

P [ simulator.java =
-- 5 Tectbl %& -

& BubnuoTexkn
CEOPHA VCIEDHD SABELNEHR (cBfmee =pema: 4 cemysms)

[ [ @ BubmoTexu TecTos

Fig. 1. The first program start

Dsimitor- e e

daiin Mpaeka Bug Mepexog Wcrounwe Peopranwzauma koga BeinoaHute Otnagka Mpodwaupoeate Tpynna Cepewc OkHo Cnpaeka
FEES DO e @ F W D6 G-

MpoekTel # |¢ainu |Cnym6u =1 [
@ Simulator Beisog - Simulator (run) $|
-4 Smulator | =un-

E} [ MaKeTbl MOXOAHEIX KOAOE u>
. =-EE smulator Closed form price 2.1002045867530527

@ CBlackScholes.java Simulation price 4.163525138450435532

. @ CMerton1Ddosed. java %é

@ CMertonJDsim.java B .
i CEOPHA VCIENHO ZABEPNEHR (ofmee spema: 4 cexysms)
@ Simulator java
a Tectsl
& BubnuoTexu
Bl BubnuoTexu TecTos

Fig. 2. The second program start
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When the program was first launched, the simulation price was much closer to the explicit option price formu-
la. Thus, in the second case, it was possible to sell the option more profitably than in the first case. After numerous cal-
culating the program, you can predict other options for buying or selling an option. Here, it is necessary to consider all
possible factors that can affect the market. Let us run the program ten times, the calculation results of which are pre-
sented in Table 1.

Table 1
Results of tenfold start of the program

No. Closed form price Simulation price
1 2.1002045667530527 2.460430917087447331
2 2.1002045667530527 4.169525198450495532
3 2.1002045667530527 2.472669282703422532
4 2.1002045667530527 1.065976524175292432
5 2.1002045667530527 1.119330912080574833
6 2.1002045667530527 2.687540413685037333
7 2.1002045667530527 1.184835796571303834
8 2.1002045667530527 4.53211404384426131
9 2.1002045667530527 8.00388383946741132
10 2.1002045667530527 1.685687889204974432

The simulation shows possible scenarios in the derivatives market and allows you to evaluate losses. Accord-
ingly, selling an option is most profitable in the ninth case with Simulation price equal to 8.00388383946741132. Based
on this forecast, the option holder can get the most profit from the transaction. To buy an option, the best forecast oc-
curs in the fourth case with Simulation price equal to 1.065976524175292432.

Thus, Closed form price is the ideal price, and Simulation price is the price set by the market, which considers
its volatility and leaps. Thus, you can distribute your limits on the market, predicting the size of losses and incomes.

First, the explicit option price formula (real price) Closed form price is calculated (Listing 2). It gives the
mathematical expectation of the payment of an option, that is, it takes into account all possible options for the develop-
ment of events. Next, we write the cells we need to implement the formula.

Listing 2: explicit option price formula

{ // Expected jump value

double kappa = exp(mud + 0.5*sigmad*sigmad) - 1.0;

// Initialize the price

double Price = 0.0;

double sigman, rn,BSPrice, lambda, Probability;

for (int n=0; n<N; n++) {
sigman = sgrt(sigma*sigma + n*sigmad*sigmad/T) ;
rn = r - lambdaJ*kappa + n*log(l.0+kappa)/T;
BSPrice = CBlackScholes.BSPrice(S0,K,rn,q,sigman,T,PutCall);
lambda = lambdaJ* (1.0+kappa) ;
Probability = exp(-lambda*T) * pow (lambda*T, (double)n)/factorial (n);
Price = Price + Probability*BSPrice;

}

return Price;

After that, the program implements a simulation of Merton jump-diffusion (Listing 3). Simulation price char-
acterizes the option price depending on some simulation trajectory. Methods for generating numbers for an abstract
process are contained directly in files with implementable processes, as, for example, when calculating an explicit op-
tion price formula. To implement market leaps, we use a random number generator.

Listing 3: Merton jump-diffusion simulation

public class CMertondDsim {
public static double JDsim(char PutCall,double SO,double K,double rf,
double g,double sigma,double T,
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double lambdaJ,double mud,
double sigmadJ,int NT,int NS)
// Time increment
double dt = T/NT;
// Random number generator and set the seed
Random rng = new Random() ;
// Define the distributions
double poissrnd = poissonRandomNumber (lambdad*dt) ;
double NO1l = normalDestribution(0.0,1.0);

double Nus = normalDestribution(mud - 0.5*sigmaJ*sigmad, sigmad) ;
// Expected value of k, and drift term
double kappa = exp(mud) - 1.0;

double drift = rf - g - lambdaJd*kappa - 0.5*sigma*sigma;

// Initialize the stock price paths and the payoff

double Payoff = 0;

//vector<vector<double> > S (NT,vector<double> (NS)):;
double[][] S = new double[NT] [NS];

// Perform the simulation

for (int s=0; s<NS; s++) {

S[0][s] = S0;
for (int t=1; t<NT; t++) {
double J = 0.0;
if (lambdad !'= 0.0) {
int Nt = (int) poissonRandomNumber (rng.nextGaussian());
if (Nt > 0)
for (int i=0; i<Nt; i++)
J += (int) normalDestribution(0,1);
}
double Z = normalDestribution(0,1);
S[tlls] = S[t-1][s]l*exp(drift*dt + sigma*sqgrt(dt)*Z + J);
}
// Calculate the payoffs

if (PutCall == 'C')
Payoff = Payoff + max(S[NT-1][s] - K, 0.0);
else 1f (PutCall =='P'")

Payoff = Payoff + max(K - S[NT-1][s], 0.0);
}
return exp (-rf*T)* (Payoff/NS) ;
}
static double poissonRandomNumber (double lambda) {
double L = Math.exp(-lambda) ;

int k = 0;

double p = 1;

do {
k =k + 1;
double u = Math.random() ;
p=p * u;

} while (p > L);

return k - 1;

}

static double normalDestribution (double s, double m) {
// create random object

Random rand = new Random() ;
// generating integer
double nxt = rand.nextGaussian();
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return nxt * s + m;

Having performed the simulation several times, from the received Simulation price, you can choose the aver-
age value that will illustrate the jumps in the price of options. As a result, the closer Closed form price value is to one of
the Simulation price values, the more favourable the price for buying options.

Discussion and Conclusions. The practical result of the study is a developed application that simulates market
jumps and implements a complex mathematical formula. The considered model of Levy processes, including the Gauss-
ian and generalized Poisson processes, is an effective method for calculating the most important characteristics of fi-
nancial risk. It provides decision-making on the implementation of a particular trading strategy using contracts on the
Moscow Exchange. The study results indicate that the Merton model of jump diffusion chosen for the application de-
velopment is an effective method of mathematical simulation. This application can be used to train personnel in markets
with exchange risks. The calculations show the price that the market sets. It considers all possible scenarios, as well as
possible option price variation, according to which it is possible to determine profit or loss. Using such calculation, a
derivatives market participant can make the most profitable decision to buy an option if the simulation shows a price
lower than the market price or for sale when the simulation price is the highest.

It is established that the Java programming language can be leveraged when creating high-quality applications
for calculating on exchanges; it reduces the time on mathematical calculations and simplifies the operation with ex-
change calculations. At the same time, Java Virtual Machine is an analogue of a virtual computer located in RAM and
interpreting byte code. All actions of the Java program are closed inside this virtual computer in such a way that there is

a possibility to prevent their destructive actions.
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