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[HTEHCUBHUI PO3BUTOK METOJIB MAaT€MAaTHYHOTO Ta KOMII'FOTEPHOIO
MOJICTIIOBaHHSL SIK €(QEeKTUBHUX 3ac00iB JIOCHI/DKEHHS CKJIAJHUX MPOLIECIB
KOHTAKTHOI B3a€MOJIiT € OJIHIE€I0 3 aKTyaJbHUX MPOOJIEM MPUKIIATHOT MATEMATHKH.
3aBASKA 1[bOMY 3'ABJISIIOTBCS HOBI MOXJIMBOCTI JUISI PO3BUTKY MEXaHIKH
neOpMIBHOTO TBEPJIOTO TUIA, a TAKOXK 3HAYHO PO3IIUPIOIOTHCS TMEPCIIEKTUBU
CTBOPCHHS Ta TMPAKTUYHOTO 3aCTOCYBaHHS CHCTEM  aBTOMAaTH30BaHOTO
MIPOCKTYBaHHS Ta EKCIEPTHUX CHUCTeM. HalWBaXIWBIMIMMU 3 LHOTO TMOTIBIAY €
NUTAHHS  TMOAAJIBIIOTO  PO3BUTKY  MEPCHEKTUBHUX  MPUKIATHUX  METOJIIB
MaTeMaTUYHOTO Ta KOMITHOTEPHOTO MOJCITIOBAHHS CTOCOBHO PO3B'SI3aHHS HOBHX
KJIaciB 3ajJady MaTEeMaTH4YHI IIOCTAHOBKM SKHX Yy HaW3arajJbHIIIOMY BHIJISII
BPaxoOBYIOTh CKJaAHI (I3UKO-MEXaHI4HI e(QeKTH, 0 BUHUKAIOTH B TMPOIECI
neopMyBaHHS 3 ypaxXyBaHHSIM KOHTakTHOi B3aemonii. lle mae MOXIUBICTH
MPOBENICHHS O1IBII TOBHOTO 1 JCTAJIBHOTO aHaNI3y HampyXeHO-I1e()OopMiBHOTO
CTaHy BIJIMOBIAAJIBHUX JI€TAJICH, €IEMEHTIB KOHCTPYKIIIHA, MeXaHi3MiB, Oy/iBelb,
iX (yHIaMEHTIB Ta iH., 110 MIAAAI0THCS CKJIAJHOMY CHUJIOBOMY HaBaHTa)XEHHIO, Ta
OTPMMAaHHS Ha WOTO OCHOBI JaHMX IS OLIBII TOYHOI OINIHKH PECYpPCHUX
XapaKTEePUCTHK. TakuM YHMHOM, CTBOPEHHS MaTEMaTHYHUX Ta KOMITOTEPHOTO
MojeNield 1 pPO3B's3aHHS Ha iXHIM OCHOBI KOHKPETHUX 3aBAaHb € OJHIEI0 3
aKTyaJdbHUX TMpoOjeM chorofeHHs. Came BUPIMIEHHIO TakuX MpodseM 1

PUCBSIYCHA JlaHa AUcepTalliiina podora.



Y Berymi OOrpyHTOBAHO aKTyallbHICTh TE€MH, CPOPMYJIBOBAHO METy Ta
3aBAaHHS JOCHIIPKEHHSI, HAYKOBY HOBU3HY Ta MPAKTHUYHY 3HAYYIIICTh OTPUMAHHUX
pe3yNIbTaTiB, OCHOBHI MOJIOKEHHS, II0 BUHOCSATHCS HA 3aXHCT, a TAKOXX HAaBEJCHO
JIaH1 PO CTPYKTYpy Ta 00CAT TUcepTallii.

Y mepmomy po3aiii  Oyno mpoBeneHO  aHami3  myOmikamid o 3a
MpOOJEMATUKOI  JUCEPTAIlIHHOTO  JOCHIDKEHHS, a caMme, MPHUCBIICHUX
MaTEMaTUYHOMY Ta KOMII IOTEPHOMY MOJEIIIOBAHHIO KOHTAKTHOI B3a€MOJIII Til
ckinagHoi Qopmu. IlpoBenmeHuii OTJsAn HAYKOBUX IyOJTiKaIii MaB Ha MeTI
BHUBUYCHHSI Cy4YaCHHX MIJIXO/AIB JI0 MUTaHb MOJCIIIOBAHHS KOHTAKTHOI B3a€MOJIi1 TiJI
CKJIaJIHOT (popMHU, PO3B'A3aHHSI KOHTAKTHUX 3a/a4 1IeHTudikarii GopMu Momaaox
KOHTAaKTy, & TaKOX OI[IHKY KOPEKTHOCTI MoOynoBaHUX Mojeneid. OOrpyHTOBaHO
BUOIp HAMPSIMKY JOCTIKSHHS.

Y apyromy po3mijii HagaHO TOCTAHOBKY 3a/ladyl KOHTAaKTHOI B3aeMOJIIi
MJIOCKOTO a0COJIFOTHO KOPCTKOTO JBO3B’SI3HOTO B IUIAHI IITaMITy Ta MPYXKHOTO
miBIpocTOopy. BuKOpHCTaHO alropuT™M 3BEIEHHS 3ajJadl NpO BIABIIOBAHHS B
130TPONHUIA MPYKHUIA MIBOPOCTIP KOPCTKOTO IITAMITY, KOJIH IIOIIAJKa KOHTAKTY
3aiiMae JBO3B’S3HY 00JIACTh, KOHTYP SKOI CKJIAJA€ThCA 3 JIBOX JIHINA, IO HE
MEPETUHAIOTECS Ta MOXYTh OyTHM HENnoAiOHMMHM, 10 MOCHIJIOBHOCTI 3adad st
o0yiacTi KOHTakTy B (opmi KpyroBoro Kijbls. [Ipu 1bOMYy 3aCTOCOBYETHCS
BIIOMUI PO3B’S30K 3a7adl MPO KIIBIEBUNM MTaMI B (PopMi MOABIHHOTO psiay,
KOe(IIIEHTH SKOTO0 BU3HAUYAIOTHCS 3 PEKYPEHTHUX CHIBBIAHOLIEHb. BukopucTaHo
METOJI PO3KJIAAY 32 MAJIMM MapaMeTpoM, SIKHil MOxe MaTh (pi3udHe 3HAYeHHS a0o
Oynb-sike 1HINE, HANPUKIAJ, XapaKTepuzyBaTH (GOopMy 1 PO3MIPH TUIOMIAJAKU
KOHTakTy. HaBeieHo po3BUHEHHS MOTEHLIANy MPOCTOro IIapy MpU BigoOpaxKeHH1
JBO3B’SI3HOT 00JIacTi IHTETPYBaHHS Ha KpPYroBe KUIbLIE 32 JIOTIOMOTOIO
NIEpPETBOPEHHS 3MIHHUX IHTETPyBaHHS Ta MEPETBOPEHHS KOOPAUHAT TMOJIFOCA SIpA.
B pe3ynbrarti ofep:kaHo MOCHTIIOBHICTh aHAJIOTIUHUX 3aJ1a4 JIJI1 KPYTOBOTO KiJIbIIs
JUTSI BU3HAYCHHSI (DYHKIIIH, 0 XapaKTEePU3yIOTh PO3MOALT HOPMAJILHOTO TUCKY ITiJT
IITaMIIOM B (POPMi HEKPYTOBOTO KiJIbIIs, a TAKOXK 3arIMOJICHHS, ITPOEKIIii BEKTOPIB

MOBOPOTY IITaMITy Ta JiHiH, fKi 0OMEXYIOTh 00J1acTh KOHTAKTY. Byno mposeneHo
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pPO3paxyHKH Il IITaMITiB pi3HOI KoHpiryparii, a came y (Gopmi Kilbllsd TpaHMUII
SKUX OJIM3BKI O TPUKYTHHUKIB, IIIECTUKYTHUKIB, BOCBMUKYTHHKIB Ta IITaMITy JIiHIT
KOHTYPIB SIKOTO HE € moAiOHI. OTpuMaHO aHAITUYHI PO3B’SI3KU AJIsl IBO3B’SI3HOTO
OJIU3BKOTO IO TPUKYTHOTO, MIECTUKYTHOTO Ta BOCBMUKYTHOTO KIJBIEBUX B IJIaH1
mTamIiB ( 32 paXyHOK 1HIIOTO PO3KJIaIaHHS Y PsIT KOHTYPY IITamIa).

byno po3pobieHo cremiasbHEe TporpaMHE 3a0€3MEeYeHHS Ha  MOBI
nporpamyBaHHss C-++ g aHamizy Ta Bi3yanmi3alli OTpPUMaHUX pe3yJIbTaTiB.
Hageneno rpadiku po3moaisly HOpMaabHOTO THUCKY IIiJ] OCHOBOIO IITAMITIB Pi3HOT
KoH(Irypaiii OJM3bKUX 10 KidblleBUX. [IpoBeeHO MOpIBHSIHHS pe3yjbTaTiB 3
OTPUMAaHHUMH paHiIle aHATITHYHO.

Y TperboMy PpoO3AiJi BUKOPHUCTOBYIOUM CHCTEMY AaBTOMATHU30BAaHOTO
npoekTtyBaHHS ANSYS Oynu po3poOiieHi MojeNll KOHTAaKTHOI B3a€MOIII TIJIOCKUX
a0COJIIOTHO JKOPCTKUX IITaMIIB 3 MPYKHIM MIBOPOCTOPOM. byiio cTBopeHi Mmoaeni
KOHTAaKTHOI B3aeMoOAll JJIS OJHO3B SI3HMX Ta ABO3B SI3HUX B IUIAHI INTAMIIB 3a
dbopMor0  momepeyHoro - mepepizy  ONM3BKOI 10 Kpyra, TpPUKYTHHKA,
IIECTUKYTHUKA, KPYTOBOTO KIJbLSI, KUIbI, OJU3BKOrO A0 TPUKYTHOIO Ta IHIIIL.
BukoHaHO TOpIBHSIHHS OTPUMaHUX pPE3YJIbTATIB B CEPEAMHI 30HH KOHTAKTy 3
pe3yibTaTaMu aHAJITUIHOTO PO3B’S3KYy, SIKE€ IMPOJAEMOHCTPYBAIO, 3aJ0BLIHHE
Y3TOKEHHS, 110 CBIIYUTH MPO aJIeKBATHICTh 3aMpONOHOBaHNX Mojenei. [ToTim Ha
OCHOBI p0O3p00JIEHUX MOjIeNIel, OyJIM CTBOPEH1 TPy TaKUX, 10 MaJId Pi3HI THUIH 1
CTEIIeH1 MOIIKO/KEHb, a00 3HOIIICHHS.

Bbyno po3pobieno nmporpamue 3a6esnedeHHst mig ANSYS na cnerudivniii
IPOIpPHUITApHIN MOBI MporpaMmyBaHHA Juisi i1HXeHepHux pimenb (APDL) nmns
KOpPEryBaHHsI IapaMeTpiB KOMITIOTEpHOI Mojeni uepe3 (yHKLIOHAJ, SKUN
BIJICYTHIi B TMOTOYHOMY 1HTepdeicl KOpPHCTyBaua MPOTPAMHOTO KOMILIEKCY
ANSYS. TloOynoBani rpadiky po3noAiay Hanpy>KeHb.

Pe3ynbTaTu 4YHCENbHUX EKCIEPUMEHTIB Oyiu 30epexeHi y 0as3l s
noaanbioi nepenadi ix i cucremy CLIPS niist cTBOpeHHS €KCIIepTHOT CHCTEMH.

Y d4erBeproMy po3aiii Oyjio po3poOsieHO eKcnepTHy cuctemy. Jlis

CTBOPEHHSI 1 MIATPUMKH €KCIEPTHOI CHCTeMH Oyjo 0OpaHO TPOrpaMHHIA
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iHcTpyMeHT CLIPS, 1m0 103BOJIMIIO aBTOMATH3yBaTH MPOLIEC MPUUHATTS PIIlIeHb
Ha OCHOBI Ha0Opy NpaBWJI Ta 3HaHb, SKI OyJM CTBOPEHI 1 BUKOPHUCTaHI s
pO3B’sI3aHHSI KOHKPETHUX 3aBlaHb. byna opranizoBana 0a3a 3HaHb, SIK OAHUH 13
KIIOYOBUX KOMIIOHEHTIB €KCHEepTHOi cucremu. Bona Bkimoumsna B cebe
iHbOpMaIllI0 TPO TEOMETPUYHI XapaKTEPUCTHUKU 1 BIACTHUBOCTI MaTepiajiB
MITAMITIB 1 MBOPOCTOPY, 1HPOPMAIIIO MO0 HANPYKEHHO-ACPOPMIBHOTO CTaHY
CHUCTEMH IITaMI-TIPY>KHUM TBOPOCTIp, a TakoX HaOlp mpaBmwi 1 ¢akTiB.
[loOynoBana ekcrepTHa CHCTeMa JO3BOJWJIA aBTOMATH3yBAaTH 1ACHTH(IKAIIO
HOTMEPEYHUX MEPEPI3iB MTAMIIIB 3 TUIOCKOIO MMiJIOIIBOKO, 1110 TUCHYTh Ha MPY>KHUN
MiBIIPOCTIP.

Jlns 3a0e3nedeHHs 3pYyYHOCTI BHUKOPUCTaHHS Ta IHTErpaiii MporpamHoOi
cuctemu CLIPS y po3poGieHuii mpoekT Ha MOBI mporpamyBaHHs C++, OyIio
CTBOPEHO J0JATKOB1 01010TeUHI (aiiian. Y MiICYMKY y3arajbHIOYHI aJIrOpUTM
JUIA 3a7ad CTBOPEHHS Ta aHami3y MaTeMaTUYHUX 1 KOMIIIOTEPHUX MOJIene
KOHTAKTHOI B3a€MOJIi aOCOIIOTHO YOPCTKOTO IIMJIIHAPUYHOTO IITaMIy 13
IJIOCKOIO OCHOBOIO 3 TPY’XKHIM MIBIPOCTOPOM Mifl JI€I0 CTUCKAKYOi CUIU. Y
AKOCTI TPHUKJIAAIB PO3B’s3aHl 3amaul ieHTudikamii TreoMeTpudHoi GdopMu
MONEPEYHUX NEepepi3iB aOCOMOTHO KOPCTKUX IITAMITIB IO TUCHYTh Ha MPY>KHUN
MIBOPOCTIP, ajie MalOTh MOUIKOIKEHHS, K1 3a34aJI€Tib HE BIJOMI.

Hampukinmi poOOTH HaBeAeHO BHCHOBKHM BIANOBIIHO 0 METH 1
MOCTaBJIEHUX 3aBJIaHb JTOCIII)KEHHS Ta OMHCAHO pPEe3yJbTaTH, M0 OyJlM OTpUMaHI
M1]] 9ac MPOBEACHHS TOCTIIKSHHS.

Hayxoea Hoeusna o00epiicanux pe3yibmamié noaieac y HACMYNHOMY:
OTPUMAHO aHAJITUYHI PO3B’S3KU JJIA 3a]ayl MPO BAABIIOBAHHS B OJHOPIIHMUM Ta
130TPOMMHMIA MPYKHUH MIBOPOCTIP MIIIHIAPUIHOTO aOCONIOTHO KOPCTKOTO
MJIOCKOTO JIBO3B’A3HOTO IITamna B gopmi OnM3bKOi 70 Kuiblisl. Bmepiie Oyiio
pO3B’s3aHO 3ajayl i WTamMmiB y (opmi KiIbls, TPaHULl SKUX OJIM3BKI 0
TPUKYTHHUKIB, IECTUKYTHUKIB, BOCbMUKYTHUKIB y BUTJIA/I1 PO3KJIaJaHHS 32 HOBUM
MajauM napameTpoM. Po3poOsieHo mporpamue 3a0e3nedeHHss Ha MmoBi CH++ ms

aHaJi3y 1 Bizyasizauii aHaTITUYHOTO PO3B’si3Ky. Po3po0iaeHo MoayIbHUM 101aHOK



n0 ANSYS wnHa cnenudiyHii mnpomnpuiTapHiii MOB1 IporpaMyBaHHS s
imKeHepHux pimenb (APDL) nis koperyBaHHS mapaMeTpiB KOMIT IOTEPHOT MOJIe1
yepe3 (YHKIIOHAJ, IO BIACYTHIH B MOTOYHOMY iHTepdeiici KopucTyBaua
nporpamioro komruiekcy ANSYS. Byno cTBopeHO Ta MpOTECTOBAaHO €KCHEPTHY
CUCTEeMY JUIA pO3B’si3aHHSA 3a/1a4 1AeHTU]IKAIli TeOMeTpUYHOI (POPMHU MOTIEPEUHUX
nepepiziB abCOMIOTHO MKOPCTKUX IITAMIIB, [0 TUCHYTh Ha MPY>KHUH MiBIPOCTID,
ajie MaloTh TMOIIKO/DKCHHS, SK1 3a3mayeriip He Bigomi. CTBOpEHO MiAXid s
po3B’si3aHHs 3amaul ineHTUdIKanii GopMH MONmEepeyHOro mnepepizy MTamIy i3
3aCTOCYBaHHSAM CyYacHMX MAaTE€MaTUYHUX aJITrOpUTMIB Ta 1HGOpMAIIHUX
TEXHOJIOT1M, a caMme, BHEpILIE PO3POOJIEHO y3arajlbHIOIUHUNA AJITOPUTM Y SIKOMY
BUKOPUCTOBYIOTBCSI aHANMITUYHI mijgxonau, nporpamui cucteMu ANSYS, CLIPS, 1
BUKOPUCTAHO PO3POOJICHI BJIACHI MPOTpaMHi JTOAATKH, SIKI TOEJHYIOTh BCl €Tamu
JOCTIKEHHS B OJTMH KOMIUIEKCHUM MTPOTYKT.

Ilpakmuune 3HaueHHA 00epHCAHUX pe3YIbMAMIE TIONSITaE B TOMY, IIO
BOHU MOXYTh OyTHM BUKOPHUCTaHI MiJ] 4ac poO3pOOJICHHS €(PEKTUBHUX METOMAMK,
QITOPUTMIB 1 KOMIUIEKCIB MPUKIATHUX MPOrpaM, IO JAITh 3MOTY 3 MOPIBHSHO
MaJMMU YaCOBUMH BHUTpAaTaMH TIPOBOJUTH TIONIYKOBI, ONTHMI3aIliiHI Ta
J1arHOCTUYH1 OOYHMCIIOBANIbHI €KCIEPUMEHTH MiJ 4Yac PO3B'A3aHHS KOHTAKTHHX
3ajay CcTaTUKU. TakoX, pe3yibTaTH MPOBEACHOr0 AOCHIHKEHHS MOXYTh OyTH
BUKOPHUCTAaH1 JOCIITHUKAMHU Ta 1H)XEHEpaMH MPU MPOCKTYyBaHHI KOHCTPYKIIIH, SKi
OynyTh mepeOyBaTH HAMNpUKIIAJ TiJ JI€0 arpecCMBHOrO cepenoBuila, ado B
CKJIQIHUX TPHUPOJHUX YyMOBaX, a PO3POOJEHUX Yy3araJbHIOIOUUNA aJIrOpUTM 1
nporpamMHe 3a0e3NeueHHsT MAaroTh €JIEMEHTH YHIBEPCAIBHOCTI Ta MOXYTh OyTH
BUKOPHUCTAH1 JJIs CTBOPEHHS 1 aHaji3y IHIIUX MOJENed KOHTAaKTHOI B3aeMOIT
ITamIa 3 Mpy>KHUM IiBIPOCTOPOM.

Kaw4yoBi ciaoBa: koHTakTHa 3ajada, IMITAMIl, AHAJITUYHUA PO3B’S30K,
ACUMITOTUYHHUNA METOJ, PO3IO/ALI HAMpPYy>KEeHb, BUMAIKOBI MMOIIKOHKEHHS, M
rmapaMeTp, METOJl CKIHUYCHHHUX CJICMEHTIB, B3a€EMOJISA, EKCIepTHA CHCTEMa,
y3aranpHIoOunid anroputMm, moBa C/C ++, moBa JavaScript, cuctema CLIPS,

nporpamaunii komrmiekc ANSY'S.



ABSTRACT

V. V. Zhushman. Mathematical and computer modeling of contact interaction

of bodies of complex shape. — Qualifying scientific work on manuscript rights.

The thesis for obtaining the Doctor of Philosophy degree on a specialty 113
Applied mathematics — Oles Honchar Dnipro National University, Dnipro, 2024.

The intensive development of mathematical and computer modeling
methods as effective means of studying complex processes of contact interaction is
one of the most pressing problems of applied mathematics. This opens up new
opportunities for the development of deformable solid mechanics, as well as
significantly expands the prospects for the creation and practical application of
computer-aided design and expert systems. From this point of view, the most
important are the issues of further development of advanced applied methods of
mathematical and computer modeling for solving new classes of problems, the
mathematical formulations of which in the most general form take into account the
complex physical and mechanical effects arising in the process of deformation with
regard to contact interaction. This makes it possible to conduct a more complete
and detailed analysis of the stress-strain state of critical parts, structural elements,
mechanisms, buildings, their foundations, etc. subjected to complex power loads,
and to obtain data based on it for a more accurate assessment of resource
characteristics. Thus, creating mathematical and computer models and solving
specific problems on their basis is one of the most pressing problems of today. This
dissertation is devoted to solving such problems.

In the introduction, the relevance of the topic is substantiated, the aim and
objectives of the study, the scientific novelty and practical significance of the
results, the main provisions to be defended are formulated, and the structure and

scope of the dissertation are presented.
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The first chapter analyzed publications on the subject of the dissertation
research, namely, those devoted to mathematical and computer modeling of
contact interaction of bodies of complex shape. The review of scientific
publications was aimed at studying modern approaches to modeling the contact
interaction of bodies of complex shapes, solving contact problems of identifying
the shape of contact areas, and assessing the correctness of the built models. The
choice of the research area is substantiated.

In the second chapter, the problem of contact interaction between a flat,
rigid, double-connected punch and an elastic half-space is presented. An algorithm
Is used to reduce the problem of pressing a rigid punch into an isotropic elastic
half-space, when the contact area occupies a double-connected region whose
contour consists of two non-intersecting lines that may be dissimilar, to a sequence
of problems for a contact area in the form of a circular ring. In doing so, a known
solution to the problem of a ring punch in the form of a double row is used, the
coefficients of which are determined from recurrence relations. The method of
expansion by a small parameter is used, which can have a physical value or any
other, for example, to characterize the shape and size of the contact area. The
development of the potential of a simple layer is presented when the double-
connected domain of integration is mapped onto a circular ring by means of the
transformation of integration variables and the transformation of the coordinates of
the kernel pole. As a result, a sequence of similar problems for a circular ring was
obtained to determine the functions characterizing the distribution of normal
pressure under a punch in the form of a non-circular ring, as well as the recess, the
projection of the punch rotation vectors and the lines that delimit the contact area.
Analytical solutions were obtained for double-connected close to triangular,
hexagonal and octagonal ring punches (due to a different series expansion of the
punch contour).

Special software in the C++ programming language was developed to

analyze and visualize the results. The graphs of the distribution of normal pressure
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under the base of punches of different configurations close to the ring ones are
presented. The results are compared with those obtained analytically earlier.

In the third chapter, using the ANSYS computer-aided design system,
models of contact interaction of flat rigid punches with an elastic half-space were
developed. Models of contact interaction were created for single- and double-
connected punches with a cross-sectional shape close to a circle, triangle, hexagon,
circular ring, ring close to a triangular one, and others. The results obtained in the
middle of the contact zone were compared with the results of the analytical
solution, which demonstrated a satisfactory agreement, indicating the adequacy of
the proposed models. Then, on the basis of the developed models, groups were
created that had different types and degrees of damage or wear.

Software was developed for ANSYS in a specific proprietary programming
language for engineering solutions (APDL) to adjust the parameters of the
computer model through functionality that is not available in the current user
interface of the ANSYS software package. Stress distribution graphs were
constructed.

The results of numerical experiments were saved in the database for further
transfer to the CLIPS system to create an expert system.

In the fourth chapter, an expert system was developed. The CLIPS
software tool was chosen to create and maintain the expert system, which allowed
automating the decision-making process based on a set of rules and knowledge that
were created and used to solve specific problems. A knowledge base was
organized as one of the key components of the expert system. It included
information on the geometric characteristics and material properties of the punches
and half-space, information on the stress-strain state of the punches-elastic half-
space system, as well as a set of rules and facts. The developed expert system made
it possible to automate the identification of cross-sections of flat-soled punches
pressing on an elastic half-space.

To ensure ease of use and integration of the CLIPS software system into the

developed C++ project, additional library files were created.
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As a result, a generalizing algorithm for the problems of creating and
analyzing mathematical and computer models of contact interaction of a rigid
cylindrical punch with a flat base with an elastic half-space under the action of a
compressive force was developed. As examples, the problems of identifying the
geometric shape of cross-sections of rigid punches pressing on an elastic half-space
but having damage that is not known in advance are solved.

At the end of the work, the conclusions are drawn in accordance with the
purpose and objectives of the study and the results obtained during the study are
described.

The scientific novelty of the obtained results is as follows: Analytical
solutions for double-connected close to triangular, hexagonal and octagonal ring-
shaped punches were obtained (due to a different series expansion of the punch
contour). Software was developed to analyze and visualize the analytical solution
for pressing a rigid stamp in the plan of a shape close to the annular one into an
elastic half-space, which was obtained earlier. A modular add-on to ANSYS in a
specific proprietary programming language for engineering solutions (APDL) was
developed to correct the parameters of the computer model through the
functionality that is not available in the current user interface of the ANSYS
software package. Computer models of contact interaction of flat rigid punches of
complex shape with an elastic half-space were developed. For the first time, an
integrated approach to solving engineering problems was proposed, combining
ANSYS, CLIPS, software applications that combine all services into one
integrated product, and a single trajectory was created to build a solution to the
contact problem of the system for identifying the geometric shape of cross-sections
of rigid punches pressing on an elastic half-space, but having damage that is not
known in advance. An expert system has been created and tested to solve the
problem of identifying the geometric shape of cross-sections of rigid punches
pressing on an elastic half-space, but having damage that is not known in advance.
For the first time, an algorithm is proposed to solve the problem of identifying the

complex shape of cross-sections of flat-soled punches.
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The practical significance of the obtained results is that they can be used in
the development of effective methods, algorithms and complexes of application
programs that allow for relatively low time costs to conduct search, optimization
and diagnostic computational experiments in solving contact problems of statics.
Also, the results of this study can be used by researchers and engineers in the
design of structures that will be exposed to aggressive environments or in difficult
natural conditions, and the developed generalizing algorithm and software have
elements of versatility and can be used to create and analyze other models of
contact interaction between a punch and an elastic half-space.

Keywords: contact problem, stamp, analytical solution, asymptotic method,
stress distribution, random damage, small parameter, finite-element method,
interaction, expert system, generalized algorithm, C/C++ language, JavaScript

language, CLIPS system, ANSYS software package.
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BCTYII

OO0rpyHTyBaHHSI BUOOPY TEMH J0CJIi/I2KEHHSI.

B mpoueci pocnmimkeHHs HampykeHb 1 nedopmaliiidl y AeTaisx MalluH Ta
€JIEMEHTaX 1HKEHEPHUX CHOPYJ € TMOCTiHHAa HEOOXIAHICTh Yy pO3B'sA3yBaHHI
KOHTAaKTHMX 3a/lad Teopii MPY>KHOCTI, $KI HaJeXKaTh JO YHCIA aKTyaJlbHUX
HAyKOBHUX MpoOJieM MexaHiku AeQopMiBHOTO TBepaoro Tina. CnenudiyHicTb
JOCITIKeHb y 00J1aCTI KOHTAKTHOI B3a€MO/IIT OB’ s13aHa 3 HEOOX1HICTIO TOOYI0BU
G13UYHO aIeKBaTHUX MAaTEMATHUYHHUX 1 KOMIT FOTEPHUX MOJIENeH, siKi O J03BOISIIN
JOCIIKYBaTH MEXaHI4YHI €(EeKTH, M0 BUHHMKAIOTh Yy 3ajJadax LbOro Kiacy I
CKJIQJHICTIO MAaTEMaTUYHOTO aHajli3y MIIIaHuX 3ajlad Teopii MNpPYKHOCTI, SKi
GOpMyITIOIOTECS B paMKaxX MPUHHATHUX MAaTEeMaTHYHUX Ta KOMIT FOTEPHUX
mozened. Hampukian, ogHUM 13 [EpPUIOYEPTOBUX  3aBJaHb  CY4YacCHOTO
MaIlMHOOY/yBaHHS € MIABUINEGHHS HAIIMHOCTI Ta JOBIOBIYHOCTI MaIWH 1
npunaaiB. HemocTtatHs KOHTAaKTHa MIIHICTh OCTAaHHIX, 3HWKYE EKCIUTyaTalliiiHi
MOXJIMBOCTI MAIllMH, TpWwiaaiB 1 amapaTiB. Po3B'a3aHHS Takoro 3aBllaHHA,
3HAYHOI0 MIpOI0 3yMOBIICHE IMOJAIBIINM YAOCKOHAJIEHHSIM METOIIB PO3PaxXyHKY
Ha MILHICTh AE€Taled MallMH 1 €JIeMEHTIB 1HXXEHEPHHUX CIOpPYJ, 3aCTOCYBaHHSIM
HOBHUX MarepialliB, IMPOTPECHBHUX TEXHOJOTiIM Tomo. Po3pobieHHI0O MeTO/iB
pO3B'sI3aHHSA KOHTAaKTHUX 3a/ad 1 aHami3y po3MOAULy HalpyX eHb NPHUCBIYEHO
BEJIMKY KUTBKICTh pOOIT YKpATHCHKUX 1 3apyO1>KHUX aBTOPIB.

AKTYAJBHICTb JOCTIKeHHS.

PO3BUTOK TEXHIKM TMOCTaBUB MNPOOJEMYy KOHTAKTHOI B3a€EMOJIi B HH3KY
aKTyaJbHUX 3a7a4 Cy4acHOi MeXaHIKu aeopMiBHOTO TBepaoro Tina. CKIagHICTh
IIUX 3aBJaHb 3yMOBHUJIA BEJUKY KIUJIBKICTh YHCEJIBbHUX 1 aHATITUYHUX METOJIB, SK1
BUKOPUCTOBYIOTh TiJ Yac ix BupimeHHs. J[7s 3acTocyBaHHS Cy4acHHX METOIHK
pO3paxyHKy Ha MIIHICTh HEOOXiJHE JeTajdbHE BHUBYCHHS HANpPYXEHO-
neOpMIBHOTO CTaHy €JIEMCHTIB KOHCTPYKIIH 3 ypaxyBaHHAIM YMOB iX

HABAHTAXKEHHS, 0COOJIMBOCTEN (hOpMHU Ta PO3MIPIB 30H KOHTAKTy. BupimeHHs mux
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npo0ieM TICHO TOB’SI3aHO 3 BUKOPUCTaHHSIM pO3B’A3KIB KOHTAaKTHHX 3ajad
MeXaHIKH Ae(OpMIBHOTO TBEPOTO Tija.

CamMe mMaTemMaTHYHE Ta KOMIT IOTEPHE MOJICIIOBAaHHS KOHTAKTY KUTBKOX TiJ,
10 1e(hOPMYIOThCS, Ma€ BAXJIMBE MPUKIIAIHE 3HAUCHHS JIJIs1 6aratbox 1H)KEHEPHUX
pPO3paxyHKiB, IO 3YMOBIIOE  aKTyalbHICTh  pPO3POOJCHHS  €(PEKTUBHUX
OO0YHCITIOBAIBHUX aJITOPUTMIB, SIKI BPAaXOBYIOTh MOXKJIMBUIN HENIHIMHUN XapakTep
B3a€EMOJI1 JHIHHO-TIPY)KHUX TUI. Ilpu 1IbOMy OCTaHHIM YacoMm Jenajli 4acTille
BHUHUKA€ HEOOX1THICTh (HOPMYITIOBAaHHS! KOHTAKTHUX B3a€MOJIN KO MOXKYTh OyTH
HEB1JIOM1 TpaHulli 1 popma MIoIaA0K KOHTAKTY.

Ha choromni 1me He iCHye 3arajlbHOr0 MaTEMaTUYHOTO amapary s
pO3B’s3aHHS 3aJady TAaKOro KJacy 3 pI3HUMHU YMOBAaMHU KOHTAaKTy Ta pPI3HUMHU
dopmamu koHTakTyrouux Tiid. KoxkHa moctaHoBka noTpedye po3poOKH CBOTO
METOy PO3B’S3KY.

ToMy akTyanbHMMH € TpOOJIEMH CTBOPEHHS HOBHUX MaTeMAaTUYHUX Ta
KOMIT IOTEPHUX MOJIeNiel, HOBUX TMIIXOJIB Ta €(EKTHUBHUX AITOPUTMIB, TaAKOXK
PO3pOOKHK Ha iX OCHOBI CYy4aCHOTO MPHUKJIAJIHOTO MPOrPaMHOTO 3a0€3MeUeHHs s
PO3B'sI3aHHS KOHTAKTHUX 3a/1a4 TEOpii MPY>KHOCTI.

Merta i 3aBaaHHs gocaigxeHns. Memoro oanoi pobomu € mo0y10Ba HOBUX
MaTeMaTUYHUX Ta KOMIT IOTEPHUX MOJEJIeM KOHTAKTHOI B3a€MOJIIi T CKJIaJHOL
dbopmu, TOAANBIIMI  PO3BUTOK aAHANITUYHHUX IMAXOAIB JI0 PO3B’sI3aHHS
MPOCTOPOBUX KOHTAKTHHX 3a/lad, a TaK0oX CTBOPEHHS Yy3araJlbHIOI0YOTO
AITOPUTMY IS OpraHizamii KOMIUIEKCHOTO ITJIXOAy B 3aJadax MOJCITIOBaHHS
KOHTAaKTHOI B3a€eMOJli. A came, NUISXOM TOEJIHAHHS 32 PAaXyHOK CTBOPEHOTO
BJIACHOTO IPOTPAMHOTO MPOIYKTY HACTYITHUX KPOKIB — OTPUMAHHS aHAJITUIHHX
pillIeHb, IPOBEJACHHS YMCEIIbHUX €KCIIEPUMEHTIB, CTBOPEHHS €KCIIEPTHOI CUCTEMHU
s igeHTudikamii GopMHU TUIONMIAJKH KOHTAKTY 13 3aCTOCYBaHHSM CY4YacHOTO
MPUKJIATHOTO MTPOTPAMHOTO 3a0€3MEYCHHS.

JIOoCSITHEHHSI TIOCTABIIEHOT METH TIOTPEOY€E BUPIIIIEHHS TAKUX 3d680AHb.

- JUIs 3a7a4l MpO THUCHEHHS HAa OJHOPIIHUN Ta 130TPONHUN NPYNKHUN

MIBIPOCTIP aOCOTIOTHO KOPCTKOTO TUIOCKOTO JIBO3B’SI3HOTO IIITAMITa OTPUMATH
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PO3paxyHKOB1 (JOPMYIIH aHATITUYHOTO PO3B’SI3KY 3aayu JJIsl INIOCKUX IITaMIIiB
OMU3BKUX JI0 KUIBLIEBMX B IUTaHi (KUTbLS TpaHHUI[l SKUX OJM3bKI 10
TPUKYTHUKIB, IIECTUKYTHUKIB, BOCHMHKYTHHKIB). 3acTOCYBaTH 3MiHECHE
IPEICTaBIICHHS MEX 00J1acTI KOHTAKTY;

- pO3pOOUTH BIANOBIAHE TMporpamMHe 3a0e3MeUYeHHs] s TMPOBEICHHS
PO3pPaxyHKIB 1 aHaJi3y OTPUMAHUX aHATITUYHUX PE3yJIbTaTIB;

- TOOyyBaTH CKIHUYEHHO-EJIEMEHTH1 MOJIeJl IPOoIleCy KOHTAKTHOI B3aEMOIT
a0COIOTHO KOPCTKOTO IITaMIy 3 MPY>KHUM MIBIPOCTOPOM 3a JIOMOMOTOIO
nporpamHoro komiuiekcy ANSYS. IIpoBecTn KOMIT'IOTEpHE MOJACITIOBAHHS
JUISL  PO3paxyHKy HampykeHo-aepopMiBHOro crtany. CTBOpUTH TIpymnu
CKIHUCHHO-CJIEMCHTHHX MOJCIICH I BpaXyBaHHS MOJKJIUBUX TOIIKO/KEHb Y
pa3i mepeOyBaHHS CHUCTEMHU B CKJIAQJHHUX TPUPOJHUX YyMOBax abo B
arpecuBHOMY cepefoBulll. Takum ynHOM chopMyBatu 0a3y 3HAHb 3 METOIO
MOJAJIBIIOrO 3aCTOCYBAaHHS 1i y €KCIIEPTHIN CUCTEMI;

- chopmymoBaTH MpodJieMy I KOHTAaKTHOI 3ajadl MpO B3aEMOJIIIO0
a0COJIIOTHO OPCTKOIO IITaMIIa 1 MPYKHOTO MIBOPOCTOPY JUIsl BUMAJKY KOJHU
00J1acTh KOHTAaKTy € 3a3Jajerib HEBIAOMOIO; PO3POOUTH MMIAXIJ IS
pO3B’s3aHHS 1l€i 3a7ayl 13 3aCTOCYBaHHSAM CY4YaCHMX MAaT€MaTHYHUX
aNropuTMIB Ta 1HGOPMALIHHUX TEXHOJOT1H; CTBOPUTH €KCIIEPTHY CUCTEMY IS
imeHTudikamii  GopMu MOMEPEYHOTO TMepepidy ITamMmy 3a JIONOMOTOI0
nporpamuoro 3aco0y CLIPS, mpoBectn Bu3HAUeHHS KOHTYPY MOIIKOKEHOT
dbopmMu mITAaMITy 13 3aCTOCYBaHHSAM PO3POOJIICHOTO IHCTPYMEHTAPIIO;

— PO3pPOOUTH y3arajabHIOIYHMA aIrOPUTM PO3B’SI3aHHS KOHTAKTHOI 3a7a4l JJis
BUTIAKA B3a€MO/Iii aOCOTIOTHO dKOPCTKOTO IITaMIa 3 PY>KHUM IiBIIPOCTOPOM.

006’ckmom  Oocniorywcenna € Tiporiecu  aeOpMyBaHHS — MPY>KHOTO
MIBOPOCTOPY MiJ Ji€l0 TIOBEPXHEBO HABAHTAXEHUX aOCOIIOTHO IKOPCTKUX
ITaMIIB Pi3HOI (HOPMH.

Ilpeomemom 0ocnioxycenna € KOMIIOHEHTH HamNpyXeHO-ae(hopMOBaHOTO

CTaHy TMPYXKHOTO TIBOPOCTOPY, IO 3HAXOIUTHCS MiA €0 TOBEPXHEBOTO
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HAaBaHTAXEHUX AaOCOJIOTHO J>KOPCTKUX INTaMINB Pi3HOI (OpMH, a TaKoOXK
1meHTrH(IKaIis MI0IMaI0K KOHTAKTY JIJIsi BUMAAKIB 1i HEB1JOMOCTI.

Memoou oocnioncennsn: Jlns moOyAoBH 1 aHamily MaTeMaTUYHHX Ta
KOMIT'IOTEPHUX MOJIeJIeH KOHTAaKTHOI B3a€MOJIl CKIAJHUX TUI 3aCTOCOBAHO
aHAIITUYHI METOAM JIHINHOI Teopli MPYKHOCTI, OOUYMCIIOBAIHLHOI MaTEeMaTHKH,
00’€KTHO-OpPIEHTOBAHOTO  MPOTPAMyBaHHS, METOJ CKIHYCHHHX EJICMCHTIB,
00’ €KTHO-OP1EHTOBAHOTO MPOTPAMyBaHHS.

Hayxoea nosuszna ooepicanux pe3yibmamis noiscac y HaCmynHomy:

e OTpuMaHO aHANITHYHI PO3B’SI3KM [JIs  3ajadyl MpO BAABIIOBAaHHS B
OMHOPIIHUM Ta 130TPONHUNA TPYKHUWU TMIBIOPOCTIp IUIIHAPUYHOTO
a0COJIIOTHO KOPCTKOIO IJIOCKOTO ABO3B’A3HOrO IITammna B (GopmMi OJIU3BbKOI
10 Kuiblig (TPUKYTHOTO, IIECTUKYTHOI'O 1 BOCBMHUKYTHOTO, KOJIM MEXH
001acTi KOHTAaKTy He € MoaiOHMMH). Biepmie Oyiio po3B’si3aHo 3amadi Jyis
mTamMniB 'y (opmi KUlbLis, TpaHUIl SKUX OJM3bKI JO TPUKYTHUKIB,
MIECTUKYTHUKIB, BOCbMUKYTHHUKIB y BUTJISIZII PO3KJIAJIaHHS 32 HOBUM MajuM
apaMeTPOM.

e Po3pobieHo HOBe mporpamHe 3a0e3nedeHHs Ha MoBi C++ i aHam3y 1
Bi3yasizallii aHaJITUYHOTO PO3B’SI3KYy TPO BIABIIOBAHHS B 130TPOIHUMN
NPYKHUWA MIBIPOCTIp IWIHAPUYHOTO aAOCOJIIOTHO 3>KOPCTKOTO IITAMITY
MONEPEeYHU Tepepi3 SKOro 3aiiMae JABO3B’A3HY oOnactb. HaBegeHo
BIJIMTOBITH1 TTOPIBHSUIBHI pe3yJIbTaTaMHU.

e Bnepme po3pobineno mnporpamue 3a0esnedenHs min  ANSYS  Ha
cnenupiuHId TPONPUITaAPHIN MOBI TPOrpaMyBaHHS JUIsl THKEHEPHHUX PIIIEHb
(APDL) nns xoperyBaHHSI mMapaMeTpiB KOMIT IOTEPHOT MOJENl dYepe3
¢yHKLIOHAN, SKUW BIJCYTHIH B MNOTOYHOMY 1HTep(elici KopucTyBaya
nporpamHoro komruiekcy ANSY S.

e DbyJi0 CTBOPEHO Ta MPOTECTOBAHO EKCIEPTHY CHUCTEMY ISl PO3B’SI3aHHS
3amaul ineHtudikanii GopMH MOMEPEYHOro Mepepizy MTamiy, 110 Jli€ Ha

Opy>XKHUK miBOpOCTip. s nporo Bmepmie O0yJi0o 3aCTOCOBAaHO MPOTPaAMHY
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cucremy CLIPS 1 po3poGieHo mnporpamHe 3a0e3nedeHHs Ha MOBI

nporpamyBanHss COOL mig CLIPS.

e Bmnepme Oyjo CTBOpEHO MiAXIJA JJIsI PO3B’SI3aHHS 3ajadl 1aeHTUdIKaIi
dbopMH TOMEpPEYHOro Tepepidy ITaMITy 13 3aCTOCYBaHHSM Cy4YacHUX
MaTeMaTUYHUX aJTOPUTMIB Ta 1HGOPMAIIMHUX TEXHOJOrIH, a came,
pPO3pO0JICHO y3arajdbHIOIOUNNA aITOPUTM Y SIKOMY BHKOPUCTOBYIOTHCS
aHajmiTiuHi migxoau, nporpamui cucreMu ANSYS, CLIPS, 1 po3poGieno
BJIACHI MIPOTpaMHi JOAATKH, K1 TIOEIHYIOTh BCl €Tanu JOCIIPKEHHs B OJUH
KOMIUIEKCHUM MPOIYKT.

Obrpynmosanicmo i 00CmosipHicmb OJIepIKaHUX pe3yibTaTiB
3a0€3Mevy€eThCS BUKOPUCTAHHIM 3arajJbHOBU3HAHUX IOJIOKEHB, CIIBBITHOIIICHD Ta
METO/IB MeXaHIKu Je(OpMIBHOTO TBEPAOr0 Tija; TapaHTYETHCS CYBOPICTIO
BUKOPUCTOBYBAHOTO MAaTEMAaTHYHOTO amapary 1 MIATBEPIKYETHCS MOPIBHSIHHIM
pe3yabTaTIB 3 OTPUMAHUMU PaHIIIE 3 BUKOPUCTAHHIM PI3HUX METOAIB, a TAKOX 3
BIJIOMUMU pe3yJbTaTtaMmu 00YHUCITIOBAIEHUX €KCIIEPUMEHTIB 1
€KCIIEpUMEHTAIbHUMU JTaHUMH 1HIIUX aBTOpiB. CdopMynboBaHi B poOOTI
MPUNYIIEHHS OOIPYHTOBaHI SIK HUIAXOM iX 3MICTOBHOTO XapakTepy, TakK 1
METO/IaMH MaTEeMaTHYHOTO MOJICIIFOBAHHS.

Ilpakmuyne 3nHaueHHA 00eprcaHux pe3yabmamis TOJSATae B TOMY, IO
po3po0IIeH] B AUCEpTaIliiHIi poOOTI HOBI MaTeMAaTHYHI Ta KOMIT IOTEPHI MOJIEII,
QITOPUTMH 1 MIAXOAU MOXKYTh OyTH BHUKOPHUCTaHI SK TIpU TPOBEIEHHI
OOYHCITIOBAILHUX E€KCIIEPUMEHTIB, TaK TiJ 4Yac pO3B'SI3aHHA TMPAKTHIHHUX
IHKEHEPHUX 3a7a4. BOHM MOXYTh CIIyKUTH HAyKOBO-METOJUYHOIO OCHOBOIO JJIS
MEPCIEeKTUBHUX PO3POOOK B MeXaHIll KOHTAKTHOI B3a€EMOJIl IJIi PO3B’s3aHHS
aKTyaJbHUX 3a7a4, [0 BUHUKAIOTh B I1HXKCHEPHIW MPAKTUIl TPU PO3paxyHKax
KOHTaKTHUX XapaKTEPUCTHK B KOHCTPYKIIISAX Ta CIOPYAax.

[IpoBeneHi AOCHIHKEHHS Ta X pPe3yabTaTy CKIaAaloTh BIAMOBIAHUN PO3MILIT
IHIIATUBHUX HAYyKOBO-JAOCTHIAHMX poOIT «MaremaTnduHe Ta KOMII'IOTEpHE
MOJIEJIIOBAaHHSI KOHTAKTHOI B3aeMOAIT Til ckiaaHoi gopmm» (Ne nepskpeectpartiii

0119U101053, 2019-2021 p.p.), «lerepmiHOBaHI Ta CTOXACTHYHI aJITOPUTMHU
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KOMIT FOTEPHOTO MOJICJIFOBaHHS O0’€KTIB Ta TIpoIeciB pi3HOI mnpupoam» (Ne
nepxpeectpamii 01220001467, 2022-2024 p.p.) npu kadeapi Komm IOTEPHHUX
TEXHOJIOT1H Y BIIMOBIIHOCTI 10 TEMAaTUYHUX TUIaHIB HAYKOBO-TOCIITHUX POOIT

TeopeTnyHi Ta MpaKTUYHI MOJOKEHHS POOOTH CTaU CKJIaI0BOI0 YACTHHOIO
HaBYaJIbHOT JucHumIiHg «KoMm'toTepHe MOJIeIOBaHHS CUCTEM Ta MpoLeciBy (A
3m00yBadiB mepmoro (6akaaaBpChKOTO) PIBHS BHINOI OCBITH criemiagbHOCTI 113
[Ipuknagna wmarematuka OIl «Komm’iorepHe MOJEIIOBaHHS Ta TEXHOJOTIT
nporpamyBaHHs» Ta auctumunian «Metonn Computer modeling and simulationy
(1 3m00yBaviB ApYroro (MaricTepChKOro) piBHS BHIIOI OCBITH CHELIaJbHOCTI
113 TIlpukinagna wmatematuka OIl  «Iadopmatuka»). Okpemi TeopeTHUH1
pe3yabTaT OyJ0 BUKOPUCTAHO MPHU BUKOHAHHI KYpCOBUX Ta AUIUIOMHUX POOIT
CTyJlIeHTaMU (PaKyJIbTEeTy MPUKIATHOI MATEMATUKH.

Ilyonikauii ma ocobucmuii éHecoxk 3000yeaua. 3a TEMOIO aucepTallli
omy0OiikoBaHO 5 ctateil. [[Bl 3 HUX y BUJAHHSAX, IO BXOASAThH 10 HAYKOMETPUYHOI
6a3u Scopus [125, 141]. Tpu crarti — y BUAAHHSX, IO BXOJATH O MEPEIiKy
HayKoBUX (paxoBux BUAaHb YKpainm kareropii b [11, 17, 20]. Yci pe3ynbratu
JTUCepTaIlifHOI poOOTH, 110 BUHOCITHCSA HA 3aXHUCT, OTPUMaHI aBTOPOM OCOOHCTO.
BuzHaueHHs1 3arajbHOrO IJIaHy JOCHIKEHb HAJEKUTh HAyKOBOMY KEPIBHUKY
T. A. 3aiiuesiil. Y mnpaisgx, mo omyOJiKOBaHI Yy CHIBaBTOPCTBI, 3/100yBaueBi
HAJIC)KUTh:

[20] — po3pobneHo mporpamue 3a0e3nedeHHs sl pO3PaxyHKy KOHTAKTHUX
XapaKTEPUCTHUK B3aEMOIIT YKOPCTKOTO MITaMIty y (hopmi OIM3bKOTO 10 TPUKYTHOTO
KUIBIIS 3 MPYKHUM I1BIPOCTOPOM; IMOOYA0BAaHO CKIHYEHHO-EJIEMEHTHI MOJEI JIJIs
CUCTEMH HITaMIl — MPYKHIM MIBOPOCTIP, MITAMII Y MONEPEUHOMY Mepepisi 3aiiMae
dbopMmy OIM3BKY 10 TPUKYTHHX KUIEIb PI3HOT IMUPUHU; TPOBEICHI YHUCIIOBI
EKCTIEPUMEHTH; BHKOHAHE TMOPIBHSHHS 3 pe3yJbTaTaMH OTPUMaHHWMHU paHillie,
[125] — po3pobneHo mporpamHe 3a0e3MEUCHHS IS PO3paxyHKy KOHTaKTHHX
XapaKTEPUCTHK B3aEMOJII JKOPCTKUX MITaMmiB y ¢Gopmi OIM3BKOI O KIIBI 3
OPY>KHUM MIBIPOCTOPOM; OTPUMAHO AHATITHYHHMM PO3B’SI30K AJIs JiedkuXx (opm

IITaMIIiB; TIPOBE/ICH] YUCIIOBI €KCIIEPUMEHTH; HA/IaHI PE3yJIbTaTH KOMIT FOTEPHOTO
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MOJIEJIFOBaHHSI CUCTEMH IITAMI — MPYXKHINA MIBOPOCTIpP, KE MPOBEIECHO HA OCHOBI
po3pobiIeHoro mporpamHoro aoAatrky, [141, 17] — cTBOpeHO eKCIIEpTHY CHCTEMY
JUTSL pO3B'sI3aHHA KOHTAKTHOI 3a/1adl B3a€MOJIi JBO3B’SI3HUX Ta OJHO3B’SIXHHUX
MITAaMITIB 3 MPYXXKHUM IBIPOCTOPOM JJis 1eHTU]IKAIlT reoMeTpudHoi (HopMu
OCHOB INTaMIIiB ska Oylla 3MiHEHa B PE3yJIbTAaTi IMOIIKOKECHB, PO3POOICHO
mporpamMHe 3a0e3MeueHHs I  KOMIT IOTEPHOTO MOJICTIOBaHHS KOHTAKTHOI
B3a€MO/Ii1, 3a0e3MeueHHss KOMYHIKAIlli MK €KCIIEPTHOIO CHUCTEMOIO 1 JIAaHUMHU Ta
IUIA peastizallii aHaji3y OTpPUMaHUX Pe3yJbTaTiB.

Anpobauia pezynvmamie Oucepmayii. OCHOBHI TIOJIOKEHHS Ta pPeE3yJbTaTu
JUCEpTalliitHOl poOOTH JIOMOBIAANMKMCS W OOTrOBOPIOBAJMCS Ha IMiJICYMKOBHX
HAayKOBUX KOH(epeHLisX JIHIMPOBCHKOrO0 HAlLIOHAJIBLHOIO YHIBEPCHUTETY I1MEHI
Omnecs I'onuapa npotsirom 2021-2024 pokiB, AOMOBIIAIUCH 1 0OTOBOPIOBAIMCH HA
ceMiHapl «AKTyaJlbHI TUTaHHS ONTHUMI3alli Ta IWCKPETHOI MaTeMaTUKW» MpU
Hayxkogiii pagit HAH Ykpainu 3 npoonemu «KibepHetrnkay, skuid QyHKIIOHY€E ITPU
JIHITPOBCHKOMY HAIlIOHAJILHOMY YHiBepcuteTi iMeHi Onecst 'oH4apa, a Takox Ha
MDKHApOJHUX KOH(PEPEHITISX:

1. Marepiasiu X PerioHanbHOI HayKOBO-TIPAKTUYHOI KOH(EPEHIIT MOJIOIUX
HayKOBI[IB Ta CTyAeHTIB «CydacHi HayKOBO-TEXHIUHI JOCJIP)KEHHS Y KOHTEKCTI
MOBHOTO ITPOCTOPY (aHTI1HCHKOI0 MOBOIO)», 13 TpaBHs 2021p., M. [JHimpo.

2. Marepianu BceykpaiHchkoi HayKOBO-TIPAKTUYHOI KOH(MepeHIlli 3100yBayiB
BHUIIIOi OCBITH 1 MOJIOAUX BUeHUX «KilacuuHi Ta MPUKIaJAHI aCleKTH CHaJKOEMHOI
MateMaTudHoi miaroroBku y 3BO: icropuyHuii Ta CydacHUN MOTIIS MOJIOJIHUX
BUCHHUX 1 3100yBauiB BUIIO1 OCBITH», 08-09 kBiTHS 2021p., M. XapKiB.

3. Proceedings of the 8th International scientific and practical conference
«World science: problems, prospects and innovationsy, Toronto, Canada. 2021.

4. Marepianu  XIX  MDKHapoJHOI  HAyKOBO-NPAKTUYHOI  KOHQEpeHIii
«MarteMaTtnuHe Ta mporpaMHe 3abe3rneueHHs iHTenekTyaapHux cucteM (MII3IC-

2021)» 17-19 nmucromaga 2021 p., m. Jainpo.
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5. Marepianu XX 10BUICHHOT MI>KHAPOIHOI HAYKOBO-TIPAKTUYHOI KOH(epeHIii
«MaremaTuuHe Ta nporpamHe 3a0esneueHHs iHTenekTyanbHux cuctem (MII3IC-
2022)», 23-25 mactomana 2022 p., m. JIHInpo.

6. The International Scientific and Practical Conference, combined with
scientific and pedagogical internship «Challenges and issues of modern science».4
yepBHsa 2023p., M. J{Himnpo.

7. Marepianu XXI MikHapoJHa HayKOBO-TIpakTHUYHa KoHdepeHmis ao 105-
piuus JIHIIPOBCHKOTO HalllOHAJIBHOTO yHiBepcuteTy iMmeHi Omecs ['onuapa
«MaremaTuuHe Ta nporpamHe 3a0esneueHHs 1HTenekTyanbHux cucteM (MII3IC-
2023)». 22-24 nuctonana 2023 p., m. J{Himpo.

3B’5130K po00TH 3 HAYKOBUMH MPOrpaMaMu, MJIaHAMH, TEMaMH.

JlucepTaltiifHi JTOCTIIKEHHS 31HCHIOBAIMCS Y BIJMOBIIHOCTI JI0 IUIaHIB
HayKOBUX JOCHIPKEHb Kadeapu KOMII' IOTEPHUX TEXHOJOT JIHIMpOoBCHKOIrO
HallloOHaJIbHOrO yHiBepcuTeTy iMeHl Oiecsa ['oHuapa B paMkax HayKOBUX TeM
«MaremaTuuHe Ta KOMITIOTEPHE MOJIEIIOBAHHS KOHTAKTHOI B3a€MOJIi TIJI
ckianHoi  gopmm» (Ne  mepxkpeectpamii  0119U101053, 2019-2021 p.p.),
«JlerepMiHOBaHI Ta CTOXAaCTUYHI aJTOPUTMHU KOMIT FOTEPHOTO MOJIEIIOBAHHS
00’€eKTiB Ta mpolieciB pizHoi npupoau» (Ne nepxpeectparii 01220001467, 2022-
2024 p.p.) mpu Kadeapi KOMITIOTEPHUX TEXHOJOTIA Yy BIAMOBIAHOCTI 10
TEMaTUYHUX TUIAHIB HAYKOBO-JOCHIIHUX poOIT JIHITPOBCHKOTO HAI[IOHAIBHOTO

yHiBepcuteTy iMeH1 Onecs ['onuapa.

Cmpyxkmypa ma ob6caz oucepmauii. Jlucepraiiiiina podota cCkiIaga€eThecs 31 BCTYITY,
YOTUPHOX PO3JILIIB, BUCHOBKIB, MEPETIKY BUKOPUCTAHUX JKEPE, 10 MICTUTh 144
HaliMeHyBaHb Ha 16 cropinkax. 3arambHuii ob6csr mucepramii — 131 cTopiHka,
o0car ocHoBHoro tekcty — 114 cropinku. Po6ora mictutrh 30 pucyHkiB Ta 1

TaOJINLIIO.

Ilo0aku. ABTOp BHCJIOBIIIOE UIMPY MOJSKY HAyKOBOMY KEpIBHUKY, KaHIUAATy
TEXHIYHUX HayK, JAOUEHTy 3aiueBiii TersHi AHaTOJIiBHI 3a NOCTIMHY YyBary,

I00pO3UUIMBE CTABJICHHS Ta JOTIOMOTY B pOOOTI.
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Posnin 1.  AHAJITUYHHUIA OIS JITEPATYPU, IPUCBSYEHOI
PO3B’SI3AHHIO 3AJIAY KOHTAKTHOI B3AEMO/III IPYXKHUX TLI

1.1 Po3BHUTOK DOCTIIKEHb B 00,1aCTIi MEeXaHIKH KOHTAKTHOI B3a€EMOil

MexaHika KOHTAKTHOI B3a€MOJIIi T MPEACTaBIsE COOOI0 BaroMy 4YacTUHY
MEXaHIKU CYIUIBHOTO CEpEIOBUINA, II0 AKTUBHO PO3BUBAETHCS Ta IMOCTIHHO
nepedyBae B IIEHTP1 CydacHUX AOCIIHKeHb. [[10 BaXKIIMBICTh MOKHA OOTPYHTYBATH
TUM, 110 BCl KOHCTPYKIIli Ta MEXaHI3MHU CKJIQJAlOThCsl 3 THM YM 1HIIMM YUHOM
KOHTaKTYIOUHX €JIEMEHTIB, a PO3MO/IiJT KOHTAKTHUX 3YCHJIb MIXK ITUMHU €JIEMEHTAMHU
3a3ganeriap HeBigoMuil. KoHTakTHI 3a71a41 MOXKHA BBaKaTH KIIFOUOBUMH B paMKax
MeXaHIKH JAe(POPMIBHOTO TBEPAOTO Tijia B 3B S3KY 3 TUM, III0 KOHTAKT € OCHOBHUM
3aco0oM mepenayi 3ycuis [5, 6, 9, 25, 26, 33, 35, 39, 51, 54, 80, 82, 94, 111, 112].

Mo>xHa BBa)KaTH, IO TEPIl KIACHYIHI JOCTIIHKEHHS KOHTAKTHOI B3aeMOIl
tBepaux Tin Oynu mposedeHi . I'epuem (H. Hertz) [92] ta 4. Byccineckom (J.
Boussinesque) [74]. T'. T'epu mepmuii oTpuMaB pPO3B’A30K KOHTAKTHOI 3ajauyl
B3a€MOJIIi JIBOX MPYKHUX MapabonoimiB [92], HagaB QopMyiu, 10 OMUCYIOTH
MJIOMIAKY KOHTAKTY Ta PO3MOIiI KOHTAaKTHUX TUCKIB. [Tpu ibomy ['epir Buxoaus 3
HACTYMHUX TPUITYIIEHB: JIIHIMHA MPY>KHICTh Ta 130TPOMHICTh B3a€EMOJIIOYUX TiJ,;
MaJICTh IUIONIAJIKM KOHTAKTY B TIOPIBHSIHHI 3 pO3MipaMu KOXHOTO 3 TUT; TEPTA Ha
MOBEPXHI  KOHTaKkTy  BiacyTHe. HactymHi  n'sTeaecsiT  poOKiB  MOXKHA
OXapaKTEepPU3yBaTHU SIK €Tall aKTUBHOI PO3POOKH Ta YTBEPKEHHS MaTeMaTHYHOT
OCHOBH TeOopli KOHTAaKTHHX 3a7ad. lIpoTsrom nporo mepiogy Oynau omyOJiKOBaHi
HAyKOBl Tpaili JOCTIJHUKIB, B SKHX pO3B’SI3yBajlucs 3ajadvi, IOB'S3aHl 3
EKCIIEpUMEHTAIILHOIO TEepeBipkor0 Teopii ['epria, i momambIiuM PO3BUTKOM 1
3aCTOCYBaHHSAM Y 1HKEHEPHIN MpaKTHIL.

Ha mowatky XX CTONITTS Teopiss KOHTAaKTHHX 3a7ad OTpuUMaja CBiH
po3BuTok y pooborax C.A. Yammrina, O. M. Junauka [9] Ta iHmHX.
H.I. Mycxemmgimi, [.H.Bekya, H.IL. Bekya, JI. I[. Ilepmanom [47] Oyio
3aMpONOHOBAHO BUKOPUCTAHHS METOIB (PYHKIIH KOMIUIEKCHOTO 3MiHHOTO. Takuii

miaxig MaB cBid po3BUTOK y pobOotax JI.O. Tamina [5], C.I. Mixmina [30],
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I''M. Cagina, /I. I. lllepmana Ta iHmMX. 3HaYHUN BHECOK B TEOPIIO MPOCTOPOBUX
3MimaHux 3agad oyno 3podaeHo A. 1. Jlyp’e [26], 1. SI. Itaepmanom [50, 51],
JI. O. Taniamwm [5].

3 cepenuuu XX CTOMITTS MOKHA BUIUIUTH JIEKIJIbKa OCHOBHUX HANPSIMKIB B
pO3p0o01Il MaTeMAaTUYHHUX MMiIXO/IB 10 BUPIIIEHHS MPOOIeM KOHTAKTHOI B3a€MO/III.
B pob6orax, A.C. Ydusama [45], 1I. Bopomiua, A.®. VYmitka [43, 44],
H.M. boponauesa [3, 4] Ta 1HIIUX 3aIPOIOHOBAHO 3BEJCHHS 3a7adi J0 JCSIKHUX
napHux abo MOTPIMHMX (YHKIIOHATBPHUX PIBHSAHB, 110 THUM YU I1HIIUM YHHOM
NEPETBOPIOIOTECS B IHTErpaibHi piBHAHHA @penroipMa ApPyroro pofy,
PO3B’sI3aHHS SKUX B110yBa€ThC HAOIMKEHUMHU METOJaMH. 3a JOTIOMOTO0 METOLY
BrHacHUX BekTOpHUX (yHKuid A.D. Vmitko [43, 44] omepkaHO Pl BaKIMBUX
pe3yJIbTaTiB B IPOCTOPOBUX 33Ja4ax TEOPii MPY>KHOCTI.

A. L. Jlypbe [26] BUCBITIMB (pyHIAMEHTaJIbHI TPUHIUIHN TEOPIi IPYKHOCTI,
BKJIFOYAIOYM OCHOBHI PIBHSHHS PIBHOBarM Ta pPyXy TBEPAOIrO Tija B YMOBax
nepopmarlii, a TaKoX CKJIAIHINI acleKTH, 30KpeMa pO3PaxyHKH HaIpy>KEeHO-
nedopMiBHUX cTaHiB. PO3IIIsIHYyTO OCHOBHI 3aKOHH TE€OPIii MPY>KHOCTI, BKIOYAIOUU
3ak0oH ['yka, 1 JOCHIPKEHO BJIACTHUBOCTI MaTepiaiiB, SKi BIUIMBAIOTh Ha iX
noBeniHKy npu Aedopmariiii. KpiMm Toro, HajlaHO OLIHKUA MPUKIAAHUM aCIEKTaM
TEOpii MPY>KHOCTI, 30KpeMa pO3paxyHKaM HaNpy>KEHHd B KOHCTPYKIISX Ta
1HKEHEPHUX 3aCTOCYBAHHSX.

3amayl mpo KOPCTKUM IITaMII, BAABJIECHUHN Y MPY>KHUW MIBOPOCTIP, IUPOKO
3aCTOCOBYBaHI JJI PO3PAaxXyHKy OajoK, IJIUT, (PyHIaMEHTIB, MO JIEKaTh Ha
NPYXKHIA OCHOBI 1 € HACTUIBKM >KOPCTKUMH TIOPIBHSHO 3 OCHOBOIO, IO iX
nedopmallisiMid MOXHA 3HEXTYBATU MPU PO3PAXyHKY HOPMaJIbHUX HAIPYKEHb.
BaxxnuBoro mpo0sieMor0 € MpOrHO3YBaHHS OCIAaHb 1 KPEHIB KOHCTPYKIIiH, IO
EKCIUTyaTyIOThCSl, Y BHMAAKYy CKJIAQJHUX, HANpPUKIAJ, 1HXEHEPHO-TE€OJIOTTYHHUX
ymoB. Kpim Toro, B mporieci ekcrutyaraiii, KOHCTPYKIII MiJal0ThCs Pi3HOTO pOay
MICIICBUM HABaHTAXKCHHSIM, SIKI 4acTO MEPEAalOThCs Yepe3 IiICHIIOYl SIIEMEHTH
(pebpa KOPCTKOCTI, OOJMIIOBAHHS, CTPUXKHEBI CHUCTEMH — paMud 1 (QepmH).

HasBHICTh KpOHIITEHHIB, MAaTPyOKiB, PI3HOMAHITHUX OMOpP 1 KPIIJIEHb, a TAKOXK
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IHIIMX KOHCTPYKTUBHUX €JIEMEHTIB TaKOX MPU3BOJUTH /IO BUHUKHEHHS
JokanbHUX HaBaHTaxeHb. JI.O. Taminum Oyna po3risiHyTa 3agada  Mpo
BJABJIIOBAHHS B MPYXXHUH MIBIPOCTIp IITAMIy 3 IUIOCKOI OCHOBOIO JOBLIBHOI
dbopmu B miani [5]. s ycTaHOBIEGHHS 3aJIe)KHOCTI MK TEPEMIIIEHHSIM IITaMITy
Ta J1I0Y0I0 HAa HHOTO CHJIOI0 OTPUMaH1 aHAIITUYHI BUPA3H.

B.I. MoccakoBCbKUM OTpUMAaHO 3araJlbHUK pPO3B’SA30K 3ajadi  Mpo
BU3HAYEHHS TUCKY IIiJl KPYTOBUM B IUIaHI IITaMIIOM, OOMEXKEHUM JIOBLIBLHOIO
MoBepxHEl, 0e3 ypaxyBanHsi TepTs [31]. B mpoMy Bumagky 3amporoHOBAHO
IPOCTOPOBY 3ajady Teopii MOTEHINaTy JJiS TapMOHIYHOT (PYHKIli, 3BECTH [0
riockoi. [ToTiM MUISIXOM 1HTErpajdbHUX MEPETBOPEHD MEPEUTH J10 3a1adi JIIHIHHOTO
cupspkeHHs. [lpu  BupimeHHl 3anayl  JIHIHHOTO CHPSDKEHHS MPOMOHYETHCS
3aCTOCYBAaHHS PO3BMHEHHS 3a MaJlUM IapaMeTpOM, BEJIMYMHA SKOTO IOB’s3aHa 3
F€OMETPUYHUMU XapaKTepucTUKamu mramiry. Y po6oti [32] B. I. MoccakoBchkuii
ta B.C. 'yOeHKO po3riisiHyJ M MaTeMaTU4H1 MOJENI 1 YMOBH, L0 XapaKTEPU3YIOTh
PO3MOJ1T KOHTAKTHOIO TUCKY MK KUIBLIEBUM IITAMIIOM 1 OBEPXHEIO MPYXKHOTO
MIBIPOCTOPY.

[. s. IlltaepmaHnoM 3ampONOHOBAHO BPaxOBYBATHU IIOPCTKICTh KOHTAKTY
[51]. B po0oTi nociiakeHo MaTeMaTUYHI MOJIEN, 1[0 OMUCYIOTh 3JICKHICTh MIXK
KOHTAKTHUM THUCKOM, JedopmallisiMd Ta T€OMETPUYHMMHU MapaMeTpaMu TiJ, II0
3HaXOAAThCS Y KOHTaKTi. BiH po3risnae pisHOMaHITHI YMOBU KOHTAaKTy, TakKl sIK
IJIaJIKI Ta HETJaAKl MOBEPXHI, HASBHICTh TEPTA Ta 1HIII (DAKTOPH, U0 BIUIMBAIOTH
Ha TIOBEIIHKY CUCTEMHU.

[linxomqu 10 poO3B’s3aHHS MPOCTOPOBUX 3a7ad KOHTAKTHOI B3a€MOJIi
JOBUILHOTO y IUIAHI HITamma 3 MPY>KHUM MIBOPOCTOPOM 3 ypaxyBaHHSIM TepTd 1
IIOPCTKOCTI HaBezeH1 y poboTi [22, 36, 37]. Takoxx Garato yBaru mpuIiIsSEThCS
MOUIYKY PpillleHb 3amad Julsl B3aemoxili Tl ckiamHoi ¢opmu [42]. B pobori
B. T. I'pinuenko, A. @. Vimitko [7] 3amada mpo KuUTbICBHI B TUIAHI IITaMII
olepKayia CBIM TOMANbIIMK  po3BUTOK. OTprMaHO PO3B’S30K MPOCTOPOBOT
KOHTAKTHO1 3a7a4l JJisi TPUKYTHOTO KUIBIIEBOTO B IUIAHI IITAMIy 3a HasBHOCTI

Tepts [47].
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B.JI. PraueBum, H.C. Cunexonom, B.C. Ilpouenko [38, 39] po3BunyTO
CTPYKTYpHUH METOJ, IO JIO3BOJUB OJEpkKaTH HAOIMKEHI PpO3B’A3KH IS
HEKJIACUYHUX 001acTei.

C. @. [lIumkanosa Ta A. b. Poiitman [115] Briepiie orpuMan aHa i THUHAN
PO3B'A30K 3aj7adi JJIsi KUTHIIEBOTO IITaMIa Y BHUIJISIAI TOJABIHHOTO DSy, B SIKOMY
KOe(ILIEHTH OOYHCIIOIOTHCS TOYHO 3 MPOCTHX PEKYPEHTHHX CITIBBIIHOIICHb.
CTBOpEHHsI Takoro MiAXOAY HAAAJI0 MOXJIMBOCTI BIPOBAIUTH BUKOPUCTAHHS
JOCTaTHBO MPOCTHX MAaTEMATUYHUX MEPETBOPEHD JJIS MOINTYKY HOBUX aHAJITHYHUX
PO3B’S3KIB KJIACUYHMX 1 HEKJIACHYHUX 337a4 MEXaHIKH.

[IpoloBXKYyIOTbCS ~ AKTUBHI  JIOCHI/DKEHHS ~ KOHTAaKTHUX  3a1ad 3
BUKOPHUCTAHHAM IITAMITIB KaHOHIYHOI B Tuiani ¢opmu [27, 121]. 3anumaerbes
BKpail  aKkTyaJbHUM 3aCTOCYBaHHS  pO3pOOJIEHUX  aHANITUYHUX  METOJIB
pO3B’s3aHHS KOHTAKTHHUX 3a7a4 MEXaHIKH Ta MONIYK HOBUX aHAITHYHUX METOIIB
[115, 116]. PoGora [126] mpucBsidueHa TOCITIIHKEHHIO KOHTAaKTHOTO THCKY I
HECUMETPUYHO JehOPMOBAHUM KIJBIEBUM IITAMIIOM 3a HasBHOCTI Ta 0e€3
HasIBHOCTI CHJI TEPTSL.

B poGotri O. JI. Ilamporcekoro, E. M. bormanoBoi [46] meTomom
MOCJIIIOBHUX MEPEMIIIEHb HA OCHOBI CTPMXKHEBOT MOJIEN1 CYLINIBHOTO CEPEOBHILA
pO3B’s3aHa 3a/1aya MpO BTUCKAHHS LITAaMITy 3 MPSMOJIIHITHOIO OCHOBOIO B MPYXKHY
CKIHUYE€HHY 00JIacTh.

3HayHy yBary MOpUAUISIIOTH JOCIHIKEHHIO BICECUMETPUUYHUX KOHTAKTHHUX
3ama4d. [Ipo/IOBXXKEHO JOCIIKEHHS KOHTAKTHOI B3a€EMOJII IITaMITiB KaHOHIYHOI
dbopmMu 3 mpykHUM TiBIpocTopoM. Y poboti [52] H. O. Speupka omucye
KOHTaKTHY B3a€MOJII0 a0COJIIOTHO >KOPCTKOro ITammna 0e3 [MOYaTKOBOro
Halpy>KCHHS Ta TPYXXKHOTO MIBIPOCTOPY 3 TIOYATKOBUM HAMpPyXKEHHSIM 0€3
ypaxyBaHHs ¢l TepTs. B cBoto uepry, y pooori [1] C. FO. ba6uu 1 H. O. Spenpka
NpPOBEIM JOCHI/DKCHHST KOHTAaKTHOI 3ajadl  Mpo  B3aEMOJIII0  MOIMEPEIHBO
HaIPY>KEHOTO MIIIHIPUYHOTO KUTBIIEBOTO IITaMIa Ha MBIPOCTIP 3 MOYATKOBUM
Hanpy>keHHsM. ABTopu [63] po3rasiHynIM 3a7ady NOpO KOHTAKTHY B3a€EMOJIIIO

MPYXXKHUX TUI 3 TTOYATKOBUMH 3aJIMIIKOBHUMH HAIpy>XCHHAMU oe3 YpaxyBaHH CHUJI
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TepTs. Bunagok >KOpCTKOro HMIIHAPUYHOIO KUIBLIEBOrO IITamMna Ta MPY>KHOTO
MIBIPOCTOPY BUBUYABCS B po0OOTI [64].

He BTpauaroTh akTyanbHOCTI JOCTIIKCHHSI KOHTAKTHOI B3a€MOJII1 IITAMIIIB
pizHoi ¢dopmu. Hampuknan, B poGoti [132] mnpencraBieHa KOMIUIEKCHA
MaTeMaTUYHa MOJIEIIb, SIKa Haa€ MOKJIMBICTh BPAaXOBYBaTH MHOKUHHY KOHTAKTHY
B3aEMOJIII0 E€JIEMEHTIB JOCHIIKyBaHUX cHucTeM. lIpenctaBieHa Moaenb Mae
MOXKJIMBICTh PO3B’SI3yBaTH 3ajadl CUHTE3y Ha OCHOBI HEJIIHIMHMX 3a/a4d aHaji3y.
Byno 3ampomoHoBaHO mMiAXig 13 3aCTOCYBaHHSM ITOMOBHIOBAHOI 0a3u JgaHUX
pO3paxyHiB HaIpyKeHO-Ie(POpMIBHOTO CTaHy, IO 3a0€3MeYnu0 TOYHICTh 1
OTIEPaTUBHICTh PO3B’s3aHHs 3a/1a4 JlaHoro Kiacy. B po6oTi [40] FO. B. Cauykowm. 1
O. B. MakcuMyKOoM HaBEIEHO PO3B’S30K 3aayl MPO KOHTAKTHY B3a€EMOJII0
MITAMIIIB KAaHOHIYHOI (OpMH 3 TPYKHUM IMIBIOPOCTOPOM 3 ypaxyBaHHSIM
3HOILIYBaHHS Matepiany. Y poboti [125] aBTOopamMu [OOCHIIKEHO MpodieMu
BIABIIOBAHHSA IINTAMIIIB 3 TIUIOCKOIO OCHOBOIO, OOMEKCHOIO IBO3B’SI3HUMU
OJIU3BKUMHU J10 0AraTOKYyTHUKIB IUIOIIAIKAMU KOHTAKTY.

B po6Goti [122] 3amponoHOBaHO aHAMITHYHWNA METOJ, MO 0a3yeThCs Ha
BUKOPUCTAaHHI PO3BUHEHHS MOTEHINAy MPOCTOrO Mapy s obsacted OIM3bKUX
JI0 KUIBLIEBUX, SIPKUM 3aCTOCOBaHWM 10 3ajay TpinHocTiikocTi. [1]o mo3Bossie
CTBEp/DKYBaTH TIPO JIOCTATHIO YHIBEPCAJIBHICTh 3alPOMOHOBAHOTO METOJY.
[Topanpimii pO3BUTOK METOJ OTpUMaB y poboTi [126] mist ciMelicTBa 3a1a4 Tpo
TUCHEHHA IITAMIIIB Ha MPY>XKHUM MIBIPOCTIp 3 (POPMOIO MOMEPEUHOIro Mepepizy
OJMM3BKOTO 70 KUIbIs. JlOCHIKEHHSI CTIHKOCTI PO3B’SI3KYy OTPUMAHOTO TaKUM
aHAJIITUYHUM IIJIIXOM, IIPOBEJCHO Y poboTi [124].

3agaul 31 CKJIQJHOK TEOMETPIEI0 KOHTAKTY Ha CBhOTOJHI 3alUIIAIOThCS
HEJI0CTaTHLO BUBYCHUMH [83]. AHamiTHUHI pO3B'SI3KM KOHTAKTHHX 3a1a4 0e3 TepTs
JUTSL YKOPCTKOTO IIITaMIla 3 OCHOBOIO, OJIM3BKOIO A0 JIBO3B’SI3HUX MPSMOKYTHHKIB,
oTpuMaHo B pobOoti [128]. OOuaBa BUNAAKM TJIAJKOI Ta MIOPCTKOI MOBEPXOHb
MPY>KHOTO MIBIPOCTOPY PO3TISAAIHUCSI OKpeMo B pobortax [126, 128]. V poborax
3aCTOCOBAHO YHCEJbHO-aHATITHYHI METOAW PO3B'SAI3aHHS 3ajadvi JJIs KOPCTKOTO

mITamMmna 3 JIBO3B'S3aHOI0 OCHOBOIO, OOMEIKEHOIO JIIHIAMHU, OJHU3BKUMH JI0
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NPSMOKYTHHKIB, 3 YpaxyBaHHSIM CHUJ TepTd Ta onTumizamii dopmMu ais
JIBO3B'SI3aHOTO IITAMIIA.

Y poboti [136] mocmikeHHs MPEACTaBICHO Y 3arajlbHOMY BHII AJs Teopil
BEJIMKUX TMOYAaTKOBUX Jedopmariiii 1 JBOX BaplaHTIB TEOpii MaJUX MOYATKOBHUX
aedopmalliii 'y mexax Teopili MPYKHOCTI MPH AOBUIBHIA CTPYKTYpl MHPY>KHOTO
nmoTeHIfiany. TakoX BaKJIMB1 TOCITIKEHHS y IIbOMY HAaIPSIMKY MPOBEICHO PSIIOM
HaykoBIiB [137]. PoGota [2] mpucBsideHa pO3B'A3KYy KOHTAKTHOI 3adadi s
MOTIEPETHBO  HAMPY)KEHOTO  IMWIIHAPUYHOTO INTaMIla Ta JBOX MPYKHHUX
MiBIPOCTOPIB 3 oyaTkoBUMH HarpyxkeHHsmu. C. F0. babuuem, H. O. fpenpkoro,
B. @®. Jlazapem 1 H. Il. Illexanem, po3B'si3aHo 3amauyy Juisi BUNAAKYy HEPIBHHX
KOPEHIB BHU3HAYAJILHOTO piBHAHHS. CaMe 3a JOMOMOTrOK TaKoro MiAXOJay MOKHa
BUBUUTH BIUIMB T[OYATKOBUX (3aJUIIKOBUX) HANPY>KEHb Y JIBOX MPYKHUX
MIBIPOCTOPAX Ta MPYKHOMY IMUIIHAPUYHOMY ILITAaMIIl Ha PO3MOJLT KOHTAKTHHX
HaIPY’>KE€Hb B 00J1aCTI KOHTAKTY.

Crnin BiI3BHAYMUTH, IO MPOLIEC AHATITUYHOTO PO3B’S3KY 3aJlad KOHTAKTHOI
B3a€EMOJIi TUT € CKJIAJHUM 1 HE 3aBXIU MOXKJIMBUM JJisg MpoBeldcHHS. Tomy
JIOIIBHO BUKOPUCTOBYBATH JIJISl I[LOTO YMCEIbHI METOJIM PO3B’SI3KYy JaHO1 3aja4li,
HAIPHKIIaJ] METOJ] CKIHUCHHHUX eJieMeHTiB [23, 24, 29, 62, 101, 103, 109, 118].

TenaeHIli B po3yMiHHI MEXaHI3MIB KOHTaKTy TBEPAMX T y TpUuOOCUCTEMAX
Ooynu y3aranbHedi L. T'. ['opsiueoto [84], H. K. Mumkinum [104], Ta A. H. I'y3poMm
[8, 90], Ta immn [70, 71, 75, 85]. ABtopamu |. Zare, M. S. Allen posrisHyTo
KBazicTaTu4yHl KoHTakTHI 3amadi [140]. F Wang., H. Wei y cBoili po6oti [134]
3aIPOIIOHYBAJIM HOBY CKIHUCHHO-EJIEMEHTHA IMOCTAHOBKY KOHTAKTHOI 3aJadl MiX
HOMIHAQJIbHO TJIAJIKUMU TIJIaMH, aje TaKWMH, 110 MarTh, MIKPOCKOIIYHI
IIIOPCTKOCTI HA MOBEPXHI. YpaxyBaHHS TEPTS B MPOIECI KOHTAKTY TUI € OJHUM 3
BAXJIMBUX NMUTaHb. [li1 yac sBUILA TEPTS OJHOYACHO MOXYTh BiIOYyBaTUCS pI3HI
IPOIECH TaKi K MEXaHiYHi, eJCKTPHYHI, TEIUIOBI, XiMiuHI Ta BiOpamiiHi. B. LI,
PLi., R Zhou., X Feng., K. Zhou, y po6oti [100] po3risHyTO YCKJIaTHCHY

MOCTAaHOBKY 3aJ1a4l 13 MOIIKOPKEHHSIMU TI1]T TOBEPXHEIO.
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1.2  Orasig cy4acHHX JOCTiKeHb MO/IeJTI0BAHHSA KOHTAKTHOI

B3acMOIil

B cBoiii pobori JI.O. Taminum (L. A. Galin) i G. M. Gladwell [82], Oyo
MPEACTABICHO PO3B’S3KM KOHTAKTHHUX 3adad I KJIACHYHUX OOJacTeH, 1o
OTPUMAHO 3 BUKOPHUCTAHHSAM aHATITHYHUX METOMiB. barato cyyacHux myOJikaiiii
PO3BUBAIOTH IT10 ITpoOIIeMaTuKy, Hanpukiaa, [Ix. P. bapoep (J. R. Barber) [68].

3amaya mpo KUIbLEBUN INTAaMM 3aJHUIIAETHCS AKTyalbHOIO B KOHTAKTHIN
Mmexanimi 1 ceoromui. |. Argatov, S. Nazarov [58] mocmiawim KOHTaKTHY 3adady
JUTSI BY3bKOTO KiJIBIIEBOTO B IIJIaHI MITAMIIa METOJIOM y3TO/DKEHUX ACHMITTOTHIHHX
PO3KIIadiB.

B po6ori [28] P. M. Maptunsik, O. B. Ilpuxonbko oTpuManu po3B’si30K AJis
MIPOCTOPOBOi KOHTAKTHOI 3a/adi TpO BIABIIOBAaHHS OJU3BKOTO JIO TUIOCKOTO
mITamia 3 3a0KpyTJIEHUMHU KpasiMU B TIPYKHUHM IMIOPCTKUMN MIBIPOCTI.

MatemMaTnyHa MOJIe]h KOHTAKTHOI B3a€EMOJIl BOX MPSIMOKYTHUX TUIACTHUH
Oyna npejacTaBieHa B po0oTi [99]. Hanpyxeno-nedopmiBanuii ctaH aHalli3yBaBcs
IIUISIXOM 3aCTOCYBaHHS METOJIa 1Teparii

B po6oti [111] V. L. Popov, M. HeB, E. Willert gyisi kOHTakKTHUX 3a1a4
HaJaHO JIeSK1 TOYHI PO3B'sI3KH, TaKl M0 MPUATHI JIsl TPAKTUIHOTO 3aCTOCYBaHHSI.
Kpim TOro, aBTOpamm poO3IJIIHYTO KOHTaKT MiX TpPaHCBEpPCaIbHO-130TPOMHUMU
MPY>KHUMH MaTeplaiamMu Ta (yHKLUIOHAJIbHO-TPAJlEHTHUMH MaTepianamu. Taki
npoOJIeMH € MPEIMETOM CyYacHUX JOCIIKEHb, OCOOJMBO B raidy3i 010MEXaHIKH.
I. Argatov, G. Mishuris [61] po3poOui KOMITJICKCHUH 1 00'€ IHYIOUMH TIAXIT 0
MEXaHIKU CyTJI000BOrO KOHTAKTy 3 aKIIEHTOM Ha KOHTAaKTHY B3a€MOJII0 TOHKHX
XPSIIIOBUX IIapiB 0€3 ypaxyBaHHs TEPTH.

3anuIaeThCs HEBUPIIMICHUM MUTAHHS KOPEKTHOCTI MOCTAHOBKH 3ajadl st
CKJIaJIHUX 00J1acTei KOHTaKTy. baraTto cydyacHuUX aBTOpIB pO3BUBAJIM 1 PO3BUBAIOThH
Taki miaxoau [102] 1 po3moBCIOKYIOTh 1X Ha (i3zuuHO pi3HI 3amadi. Hanpuxnan,
MaTeMaTUYHUN amapar JJIsg PO3B’SI3aHHS 3aJlad MPO B3AEMOJIII0 3YETUICHOTO 3

OCHOBOIO 1 KOB3HOTO IINTaMIly, Ha KOJiHEapHI MiK(a3Hi TPIIMHH 3 PI3HUMH
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€JIEeKTPUYHUMHM yMOBaMM Ha ixHIX Oeperax. ABropamu [102] cTBOprOIOTHCS
noAiOHI MaTeMaTU4YHI MOJENI, a TaKOXX METOJWKH PpO3B’SI3aHHS, 3aCHOBaHI Ha
BUKOPUCTaHHI TMOMIOHOTO MaTEMaTHYHOTO amapary, 10 JAEMOHCTPYE ITOCTATHIO
YHIBEPCAJIBHICTh 3aCTOCOBYBAaHMUX aHANITHYHMX miaxoiiB. [60, 70, 71, 73, 75, 84,
85, 128].

3Hax0/KEHHS HAMpY>KeHb 1 AeopMalliil B eleMeHTaX 1HKEHEPHUX CHCTEM €
TPaJMIIIHOIO 3a/layel0 KOHTAaKTHOI MeXaHiKu. Po3B'si3aHHS Takux 3aaad
XapaKTEePU3yEThCSl 3HAYHUMH MaTEMaTUYHUMHU TPYIHOIIAMH, SK 3a3HAYCHO
J. R. Barber B [68]. Lle npu3BOuTh 10 CIPOIICHHS MOJICIEH, 110 HE BPaXOBYIOTh
JIesiKl peajbHl XapaKTepUCTUKU TOBEPXHI, TTOYATKOBI HAMPYXKEHHS, TEPTS TOLIO.
3aranpHUN MaTEeMAaTHYHUN amapart JUisl pO3B'si3aHHS TPUBUMIPHUX 33]1a4 3 PI3SHUMHU
yMOBaMH Ta CKJIAJJHOIO T€OMETPI€I0 KOHTAKTy Aoci He icHye. KojkHa mocTtaHoBKa
3a/la4l BUMara€e po3poOKH BJIACHOTO METOAY pO3B'si3aHHsA. UucenpbHUN aHami3
po3B's13kiB 1 MoOyA0Ba HAIIMHMX Ta €(QEKTUBHUX AQJITOPUTMIB IX YHCEIbHOI
anmpoKcUMaIlii 3 3a/1aHOI0 TOYHICTIO 3AJIUIIAETHCS AKTYyaIbHOIO 337a4€I0.

VY 3B'A3Ky 31 CTPIMKMM pPO3BUTKOM KOMII'FOTEPHOI TEXHIKH, METOAH
CKIHUCHHUX E€JIEMEHTIB Ta TPAaHUYHHUX EJIEMEHTIB IIMPOKO BUKOPUCTOBYIOTHCS B
cyuacHiit mexanimi [73, 101, 103, 139]. Oanak 3acTOCyBaHHS IIMX METOJIIB 4acTO
oOMeKeHe, OCKUIbKM KOHTAKTHI 337a4l Mal0Th CUHTYJIIPHOCTI B PIBHSIHHAX CTaHy,
Kl TIOTIPIIYIOTh CTIMKICTh YHCEJIBHOTO PO3B'A3KY, KOJIM BHUXIJHA TOYKa
3HaXOJIUThCS B €JEMEHTI, 10 1HTerpyeThesa. OOpoOKa CHUHTYISIPHOCTI HEoOXi/IHa
JUIST KOXKHOI OKpeMOi TOCTaHOBKHM 3anadi. EQexTuBHMUM MeToJ peryispusarlii
CUHTYJISIPHUX 1 TINEPCUHTYJSIPHUX SIAEp IJs TPUBUMIPHOI 3ajadl y MPYXKHIN
[IOCTAaHOBIII BHU3HAETbCA MeTOX CKiHYeHHuXx eneMenTtie L.F. Prado Leite,
R.S. de Melo, F.C. da Rocha [113].

PoGora [130] mnpucBsiueHa MAOCHIPKEHHIO MaTeMaTUYHUX acCleKTiB B
MexaHilll KOHTakTHOi B3aeMojli. M. Sofonea ommcye maremaTuyHi Mojeni, sKi
BUHUKAIOTh Yy 3B'SI3Ky 3 BHUBUEHHSM IMIPOLECIB KOHTAaKTy MDK TiIaMH, [e
pPO3IUISIAOThCS  HEJIHIMHI B3a€EMOJIi Ta BaXJIMBI AaCHEeKTW iXHBOTO aHami3y.

OxpeMuii akIeHT y poOOTI MPUAUISIETHCS MEXAHIUHIN 1HTEpIIpETaIlli pe3yabTaTiB,
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10 Ha/Ja€ MPAKTUYHE 3aCTOCYBAaHHS Y KOHTEKCTI pealbHUX MpoOJieM MeXaHIKu
KOHTAKTHOI B3a€EMOII].

BukopuctanHs MeTOAy CKIHYEHHUX €JIEMEHTIB HAaJa€ MOKJIHMBICTh
BUPIIIYBAaTH OUTBII CKJIAHI 3a7a4l MeXaHiKU. ICHYIOTh cIieliajli3oBaHi IporpaMu
UL peanizaiii MeToAy CKIHYCHHHMX eJeMeHTIB, Taki sk ANSYS [56], Abaqus,
COMSOL, OpenFOAM 1 ©Oararo iHmmX. AJje 3a3BUYail  CHCTEMH
aBTOMATU30BAHOIO MPOEKTYBAHHS HAKJIAJIal0Th MEBHI 0OMEKEHHs Ha O€3KOIITOBHI
Bepcii, a0 He B MOBHOMY 00Cs31 pO3B’SI3yIOTh OCTABIIEHY 3a/1ady, TOMY iICHYIOTb 1
Taki CHCTEMHU  AaBTOMAaTU30BAaHOTO  NPOEKTYBaHHS, fAKI  PO3pOOJAIOTHCA
Oe3nocepeIHbo JociaHuKamMu [143].

B po6Goti [78] Oyno mpeAcTaBieHO MOAEIb Hampy>KeHO-1e()OopMiIBHOTO
CTaHy KOHCTPYKIIi JAOPOKHBOTO TMOKPHUTTSI METOJOM CKIHYEHHHUX EJIEMEHTIB 3a
J0TOMOro  nporpamHoro  komiuiekcy ANSYS 3 pi3HuMu  BapiaHTaMu
PO3MIIIEHHSI TPAHCIOPTHOTO HaBAHTAaKEHHA. JlOCIIKEHHS peKUMIB pyHHYBaHHS
nep(opoBaHUX cTajIeBUX OaJNOK MpencTaBiIeHo B [55].

Po6ora [138] mnpucBsiueHa OOYMCIIOBAIBHOMY AaCIEKTYy MEXaHIKH
KOHTaKTHOI B3aemoii. V. A. Yastrebov netanpHO po3risgae OCHOBHUN MEXaHi3M
aHai3y METO/IB CKIHUEHHHUX €JIE€MEHTIB, IKI BUKOPUCTOBYIOTHCS MPHU JOCIIIKEHH1
KOHTaKTHUX SIBHII. 3HAYHA CKIAIHICTh y EKCIEPUMEHTAIbHOMY BHBUYEHHI
KOHTaKTy IMOJSITa€ B iXHbOMY MYJIbTU(]DI3UYHOMY XapakTepi, 1 B 0OOMEKEHOMY
JOCTYTI 10 KOHTAaKTHUX TIOBEPXOHbB JJISl HEPSMUX CIIOCTEPEKEHb.

KittouoBi acriekT Teopii HeTiHIHHOT MEXaHIKU CYIIJIBHOTO CepeIoBuIIa Ta ii
BUKOPUCTaHHS B KOHTaKTHUX 3a7adyax BucsitieHo P. Wriggers [135]. Takox Oyio
NPEICTABICHO OTJISI CYYacHUX METOJIB MOJCIIOBAHHS KOHTAKTIB 32 JOTIOMOTOIO
METOAY CKIHYCHHHX €JIEMEHTIB. PoO3rismaloThcsi pi3HI METOAM AMCKPETU3aIlii,
OPUAUIAIOYM yBary MajluM 1 BEJNMKUM JaeopMailisM MHpu KOHTakTi. Benuke
3HAYEHHS TPUIUISETHCS ANrOpUTMaM, sIKi € BaXKJIMBUM €JIEMEHTOM pPO3pPOOKHU
e(eKTUBHUX METOMIB JUI MOJCIIOBaHHS KOHTakTiB. OcoOauBHil 1HTEpec

BUKJIMKAIOTh aJalTHUBHI METOJH, Kl 0a3ylOThCS HA KOHTPOJ MOMHUJIOK Y METO1
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CKIHYECHHUX €JIEMEHTIB Ta MeToJaxX aJamnTaiii CITKH, [0 CHIpPSIMOBaHI Ha
JTOCSITHCHHSI HATIMHUX YUCIIOBUX PO3B’S3KiB KOHTAKTHUX 3a/1a4.

J. Bonari, M. R. Marulli, N. Hagmeyer, M. Mayr, A. Popp, M. Paggi B
po6oTi [73] 3amporoHOBAaHO MiAXIJ, IO MOEAHYE METOJ] CKIHUYCHHUX C€IECMEHTIB
JUI MOJICNTIOBAHHSI B3a€MOJII Ha MakKpOpIBHI 3 METOJIOM TPaHHUYHUX EJIEMEHTIB

JUIA PIIIEHHS KOHTAKTHOT 3a/1a4i Ha MIKpPOPiBHI.
1.3  Po3B'sizanus 3aaa4 ifenTudikauii popmu miomagkm KOHTAKTY

[IpooBxKy€eThbCSl ~ pO3pOOKAa  aJIbTEPHATUBHUX  MNUISXIB  PO3B'SI3aHHS
KOHTAaKTHHMX 3aja4, SIKi JO3BOJISIIOTH CHPOCTUTH MOJICIIOBAHHS Ta IOKPALTUTH
edexTuBHICTh po3paxyHKiB [34, 88, 105, 120]. MeTtox po3B’s3aHHS OOCPHEHHX
3agad Oyno 3ampornoHoBaHo H. A. I'yk ta H. I. O6onan [88], ae posrismanacs
3aj71a4a Teopii 0OOJIOHOK Yy BapialiiHiii nmocraHoBii. et merong HaOyB CBOTO
po3BUTKY y poOoTi [107], ne aBTOpaMu Oyji0 pO3B’SI3aHO KOHTAKTHY 3ajady sK
ob0epueny. B po6oti [106] neit meTo oTpuMaB pO3BUHEHHS 1 OYJIO PO3MIISIHYTO
IJIOCKY KOHTAKTHY 3aJady Teopii MPYKHOCTI IS JBOIIAPOBOI CHCTEMH, SKa
3HAXOAUTHCS B yMOBaX HOPMAJIbHOTO PO3MOJIUICHOTO0 HABAaHTAXXEHHSA. 3ajady
c(hOpMyITLOBAHO 3 ypaxyBaHHSIM I€OMETPUYHOI Ta KOHCTPYKTUBHOI HEMHIHHOCT Y
BUTJISIII  KpaloBOT 3amadi 3 JOAATKOBUMH YMOBAaMH, IO OIKCYIOTH SBUINA
KOB3aHHS, BIAPUBY Ta 34ETUICHHS IIapiB HA JiHIT KOHTAKTy. 3afady 1AeHTH(IKaIil
JOJIAaTKOBOIO0 CHJIOBOTO BIUIMBY I 3amloOIraHHs SBHILA BIIPUBY IIapiB IS
JIBOIIAPOBOT CHUCTEMH CQOPMYJIHOBAHO $K OOCpHEHY 3agady. 3a B1JIOMHUMHU
XapaKTEPUCTHUKAMU HAPY>KEHO-1e(POPMIBHOTO CTaHY B 30HI KOHTAKTY BH3HAYEHO
MiCIIe PO3TallyBaHHS Ta IMapaMeTPH JTOAATKOBOTO 30BHIITHHOTO HABAHTAKEHHSI.

Y poboti [87] mas po3B’s3aHHS KOHTAKTHOI 3agadi sSK OOEpHEHOI
3aCTOCOBAaHO  BaplalmiiiHui  miaxig, 1o  0a3yerbcsi HAa  BUKOPHUCTaHHI
MOAU(IKOBAHOTO TMOBHOTO (yHKUIOHANY Jlarpawxka, y BuUnaaxky aegopMyBaHHs
TPUIIAPOBOI CUCTEMU 3 HEBIJOMUMH 3a3/lajieTiib yMOBaMH Ha MeExXi mapiB. 3a
JIOTIOMOT'OI0  XapaKTEPUCTUYHUX (PYHKIIH NPUEAHYIOTHCS NOAATKOBI YMOBH, IO

BKa3yIOTh Ha HasIBHICTh 200 BIJICYTHICTh 30H BIAPUBY 1 TEPTS Ta iX r€OMETPIIO.
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Po3pob6eHo iTepaliiiHuii 4MCIIOBHIM alrOpuTM PO3B’S3aHHs 3ajay Teopii
IPYXKHOCTI 3 OJHOCTOPOHHIMU 3B’SI3KaMH, WO TMOEJHYE METOJ CKIHUYEHHUX
€JIEMEHTIB, METOJ] TPOJOBXKEHHS 3a IapaMeTpOM HaBaHTAXEHHS 1 METO]
Hrrotona—Padcona. YncenbHo AOCTIKEHO OAHOCTOPOHHIO KOHTAKTHY B3a€MOJIIIO
[I1apiB TPHUILIAPOBOTO aEPOAPOMHOTO MOKPUTTS 3 YPaxyBaHHIM TEPTSL.

Po3B'si3aHHsT KOHTAaKTHOi 3a/adyi, sika BUHWUKAE€ TPH TUCHEHHI INTaMmrma B
OPY>KHUW MIBOPOCTIP 3 ypaxyBaHHSIM TepTS Ta HASBHOCTI 30H 34YEIUICHHS,
KOB3aHHS 1 BIIPUMBY € JOCTAaTHHO CKJIAAHOIO. TOMY BHKOPHUCTaHHS MiIXOMAY, IO
IPYHTYETHCSI Ha MOCTAHOBIII 3aj1a4i K OOEpPHEHO1, 3 HEBIIOMUMH PO3MIpAMH 30H
34EIJICHHS, 3HAYHO MOJIETIIWIIO ii po3B’a3aHHs [34].

[IpoaoBXKy€eThCSl MOCTIIKEHHS KOHTAaKTHMX 3a/lad 3a HasBHOCTI PI3HUX
noaatkoBux ymos [40, 93].

Came po3B’si3aHHS OOCPHEHHUX 3a/ad JI03BOJISIE OTPUMATH XapaKTEPUCTUKU
CUCTEMH HA OCHOBI HENpPSIMHX CIOCTEpEKEHb 3a 11 ctaHoMm. HeBigomumu
XapaKTEePUCTUKAMU MOXYTb OyTH (YHKIi, IO OMUCYIOTh HaBaHTAXCHHS,
IrPaHUYHI YU TIOYAaTKOBI YMOBHM, T€OMETPII0 005acTi, KOEQILUIEHTH PpPIBHSIHb.
Bigomoro iHpopmartiiero MOXyTh OyTH, HampuKIad, HampyXeHo-aedopmiBHUN
CTaH cucTeMd. [Hopmalls mpo HHOTO MOXKHA OTPUMATH IIIIXOM 3HSITTA 3
JATYMKIB YM PEATbHUX, YW YMOBHUX. OCHOBHI MIIXOIW 0 PO3B’S3aHHS TaKUX
3a7a4 BUKJIaAeHI y podoTax A. M. Tuxonosa [131], H. I. O6oxan, H. A. T'yk [88],
Y. Chen [77], HW. Engl [79], G. Q. Xie, R. Kress [98], J. Q. Lin, M. Yamamoto,
P. Wriggers [135].

OOepHeHl 3amavl B BapialliiiHI TOCTAHOBIN BIAPI3HAIOTHCS CIIOCOOOM
OTPUMAaHHS PO3B’ 3Ky MPpsIMOI 3ajadi (aHaAJITUYHUM a00 YUCIOBUN PO3B’S30K),
BUTJIAJIOM IUJIbOBOrO (YyHKI[IOHATY 1 METOJOM MOUIYKY MiHiMyMy. DyHKIIOHAT
i1l Moke OyTH cPOopMyJIbOBAHUM y BUIJISAL, 110 3a0e3Meuye He TUIbKH MIHIMYM
KBaJlpaTa HEB’sSI3KU, a i I03BOJISIE BPaxXyBaTH I0OJAaTKOBI YMOBH, SIKi BU3HAUAIOTHCS
GI3MYHUME TIPUHIIMTIAMA W TIPUETHYIOTHCS 10 (PYHKI[IOHAJIa 3 BHKOPUCTAHHSIM

MHOXHUKIB Jlarpanxa.
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Po3B’si3aHHs  oOepHEeHMX 3ajad MOTpedye 3acTOCyBaHHS CHEeHUpIYHUX
METO/IB, TaKUX SK I1HTErpaJibHI PIBHIHHSA, CKIHYCHHO-CJIEMEHTHI TEXHIKH,
TpaHUYHI IHTETPaJbHI PIBHSIHHS Ta BapialliiiHi TOCTaHOBKU. J{OCTIIXKEHHS B I[bOMY
HANpsIMKY TaKOX BKa3ylOThb HAa HAsBHICTb BUKOPUCTAHHS HEUPOHHHX MEpEex 1
TCHETUYHUX QJITOPUTMIB TIPU TMIOMIYKY PINIEHh CKIATHUX OOCpHEHHMX 3aaad
imeHTHdikanii MexaHIYHUX BiIAacTUBOCTEH MatepiamiB [81l], reomeTpuuHumX
XapaKTEPUCTUK TLT KOHTAKTEPIB TOLIO.

CphorofHi €KCIEpTHI CHCTeMHU HAOylM 3HAYHOTO IMOIIMPEHHS B PI3HHUX
NPUKJIAAHUX Tady3sX JIIOJACHKOT JISUIBHOCTI /I PO3B'sI3aHHSA TAKUX 3aBllaHb, SIK
IPOTHO3YBaHHS,  PO3Mi3HABaHHS o0pas3is, JIarHOCTHKA, yIpaBJIIHHS,
ABTOMATH30BAaHE MPOCKTYBAaHHS, MPUKIIAIHI 3a7a4l MeXaHiKd Ta 1HIIl. OCHOBHUM
KOMITOHEHTOM €KCIIEpTHOI CHUCTeMH € 0a3a 3HaHb, L0 MICTUTh HAOIp MpaBUI
YXBAJIEHHS PIlIEHb, BUPAKEHUX Y (OPMI UITKUX a00 HEUITKUX MPOTYKIIIH.

Y  pO3BUTOK TeEOpii EKCIEePTHUX CHUCTEM BHECIM 3HAYHUA BHECOK
JOCIIITHUKH 1 (paxiBIll 3 YCbOTO CBITY Y Iill Taimy3i 3HaHb. 30kpeMa, A. [' Benenin,
JI. A. 3ane [144], Y. Kappa, XK. Kacimac, M. Jlozano, XK. JI. Jlopsep, JIx. .
Jrorrep, T. Caatu, M. CakaBa, K. Tayncenn, E. X. Tuyry, JIx. Yabman, /.
Yorepmen, @. Xeppepa, @. Xobdwman, I1. K. dimbepn, @. dopcaiitr, T. Dykyna,
P. Snr ta iHmi.

[cHyIOTH pi3HOMAHITHI TpOrpamMHi JOJATKH JIJIi CTBOPEHHSI E€KCIIEPTHUX
cuctem, cepen mux CLIPS [76], Drools, Jess, Prolog, PyKnow, Expert System
Shell (ESS), Cyc,, RapidMiner Ta inmii. I{i mporpamui 10JaTKH HaJalOTh Pi3HI
MIXOAU JI0 CTBOPEHHSA EKCIePTHUX CHUCTEM 3 BUKOPUCTAaHHSM TIPaBWI Ta
iH(pepenuii 3HaHb. KokeH 3 HHUX Mae CBOi OCOOJMBOCTI 1 MOKIJIMBOCTI, IO
JI03BOJISIE PO3POOJISITH 1 CTBOPIOBATH CKCIEPTHI CHCTEMH B PI3HHUX 00JIacTsIX
3aCTOCYBaHHHI.

ExcniepTHi cucreMu MOXyThb OyTHM BUKOPHUCTaH1 JUisi MOOYJOBU MOJENEH
KOHTaKTHHX 3a71a4 1 BUPIIIEHHS 1X HA OCHOBI €KCIIEPTHOTO JOCBiAY Ta 3HaHb [110,
117, 119]. N. Bolloju C. Schneider, V. Sugumaran npomnoHyoTs BUKOPUCTAHHS

EKCIIEPTHUX CHCTEeM, NMOOYyIOBaHUX Ha OCHOBI 3HaHb JUIsl aHAJi3y MOJelel Ta
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OTMUCIB BUKOPUCTAHHS, IJIs BHSIBJICHHS HEBIJATMOBIIHOCTEM Ta KOH(QIIKTIB MIK
HUMU [72]. Y 1bOMy BHUMNAAKy CHCTEMa BHKOPHUCTOBYE 3HAHHS, HAKOMUYECHE
eKCIIepTaMu, Il aBTOMATUYHOTO BHUSBJICHHS 1 BUMPABICHHS MOXKJIUBUX MPOOIIEM.
J. R. Rabunal, J. Dorado neMoHCTpYyIOTh Pi3Hi ClieHapii 3aCTOCYBAaHHS €KCICPTHUX
CUCTEM y peaJbHUX 3aJladax 1 MOKa3yl0Th BEIWYE3HI TIEPEBaru TaKOTO MiAXOAY 10
BUpIIIEHHS CKIagHux mpobimem [114]. Baxko mnepeormiHuTH 3acTOCyBaHHS
HEHPOHHUX MEpEX y BUPILICHH] 3aBJaHb, MOB'SA3aHUX 3 BUSABJICHHSIM MOUIKOIKECHb
B CTpYyKTypax Ta OyxiBimsx [53]. M. Abambres, M. Marcy, G. Doz BBaxxaroTs, 1o y
[IbOMY BHIIQJIKy E€KCIEPTHI CHUCTEMU MOXYTh BUKOPHUCTOBYBATHCS CIIUIBHO 3
HEHPOHHUMH MEpeKaMH IS BIOCKOHAJIEHHS TIpOlleCy JIarHOCTUKH Ta
MPOTHO3YBAaHHS TOIIKO/KeHb. Tak i1 BHIMAAKy TMepeOyBaHHS CHCTEMH YH
KOHCTPYKII1 y CKJIQAHUX MPUPOJHUX YMOBAaX a00 B arpeCUBHOMY CEPEIOBHIII 32
MEeBHUN Yac, MOXYTh BIJIOyBAaTHCS TMOIIKOKEHHS PI3HOTO Xapaktepy. ToOTo
BUMAJKOB]1 TMOIIKO/KEHHS, TMOIIKO/KEHHSI THUIMY 3HOIIEHHs, a0o Taki, IO
BUHUKAIOTh 33 MEBHUM 3aKOHOM, HAINPHUKIAJ], Kopo3id. ToOTo, 3a TakKMX yMOB, 3
4acoM, pO3MIpU JeTalleid, €JEeMEHTIB KOHCTPYKIii, 30H KOHTaKTy MOXYTb
3MIHIOBAaTHUCA 1 cTal0Th HeBimomumu [11, 141].

baratro peanpHuXx mpoOJieM 1 3aBIaHb, SKI BUHUKAIOTh Yy KOHTEKCTI
EKCIIEPTHUX CHUCTEM, MaloTh HEYiTKi a00 HEOJHO3HAYHI XapaKTEPUCTHUKHU.
CyuacHwuii Byke Kiaacuaaui miaxin 3anpornoHoano H.3. Illopowm (N. Z. Shor) [123]
JornoMarae noOyJIyBaTH aJIrOPUTMHU MIHIMI3alli HErNIagkux (QyHKLIA, 10
3a0€3MeuyIoTh dbopmyBaHHS eeKTUBHUX METO/IIB PO3B’sI3aHHS
BenuKoMacmTabHux 3amad. Came Teopis ONTUMAJIBLHOTO PO3OUTTSA JIOTIOMAarae
€(EeKTUBHO YNPABISATH TAKUMH CUTYalllsIMU, JO3BOJISIIOUM Kpalle pO3yMITH Ta
MOJICITIOBATH HEYITKICTh B 3HAHHSX.

Po6ora [95] mnpucsueHa Tteopii ONTUMAIBLHOTO PO3OUTTS MHOXHUH Y
KOHTEKCTI 3a/1a4 po3Mi3HaBaHHs 00pa3iB. ABTOPH IOCIIHKYIOTh OCHOBHI ITIIXOIU
70 po30MTTS HAOOpIB JaHWUX JJIs MakcuMizallli e(eKTUBHOCTI PO3IMi3HABAHHS.
3okpema, poOOoTa BKJIIOYAE OIVISIA Teopii po3mi3HaBaHHsS oOpasiB, MaTeMaTH4HI

MOJIEII JUIsl ONTUMAIBLHOTO PO30OWTTS, 3aCTOCYBAHHS ITUX MOJAENEH ISl PillleHHS
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KOHKPETHUX 3a7a4, a TaKoX aHam3 eQeKTUBHOCTI PI3HUX TMIAXOAIB 10
ONTUMAJIBHOTO PO30OUTTSI TaHUX.

MOXJIHMBICTh 3aCTOCYBaHHS MaT€MaTHYHO! T€Opii OMTUMAIBLHOTO PO3OUTTS
Ha0OpiB B N-BUMIPHOMY €BKJIIJOBOMY MPOCTOPI JO BHUPIIMIEHHS MpoOjeM
IMITYYHOTO 1HTENEKTy Ta po3Mi3HaBaHHS oOpa3iB  JochipkeHo B [96].
O. M. KicenrsoBa, O. M. Ilpuromanosa Ta JI. JI. ['apT po3risgatoTe HeCTaHIAPTHI
3a/1a41 MaTEeMaTUYHOI'O MPOTpaMyBaHHS B HECKIHUEHHOBUMIPHOMY MPOCTOPI, SIKI
MOB'S13aH1 3 ONTHUMAJIEHUM PO30UTTSIM MHOXKHH.

TeopernyHi 3acagu ONTUMAJILHOTO PO30OUTTS MHOXHUH, SIKI MOXYTb OYyTH
BUKOPUCTaHI JJIi MOJICTIOBaHHS HEUYITKMX a00 HEOJHO3HAYHUX 3HaHb Y
eKCIIEPTHUX cCUCTeMax OyJio HaBeneHo B [97].

N.V. Banichuk, S.Yu. Ivanova Oyo 3ampornoHOBaHO €(PEKTHBHHHA METOJ
MIHIMIi3allli KOHLEHTpalli KOHTAKTHUX HANpPYXE€Hb 1 KOHTPOIIO iX PO3MOALLY 3
JOJATKOBUM YpaxyBaHHSIM HEBHU3HAUCHOCTEH HaBaHTaXEHHS 1 3HOCY, IO TaKOX
OyJio TPOJAEMOHCTPOBAHO Ha JCKUIBKOX MPAaKTUYHHMX MpHKiIagax [67]. Meron
onTuMmi3zalii GopMHU MOBEPXHI KOHTAKTEPA 1 JKOPCTKOCTI MaTepialy, 3aCHOBaHUI Ha
MeTo/ax omnTumisaiii, OyB po3pobieHuit aBropamu Yi. Zhou, Q. Lin, J. Hong,
N.Yang y po6ori [142]. V [129] G. Shyshkanova, A. Walther 3anpomnonoBano
METO/i aHAJIITUYHOIO PO3B'SI3KY KBa31CTATUYHOI TPUBUMIPHOI KOHTAKTHOI 3ajaaul
npo pyx aOCOJTIOTHO TBEPAOTO IITAMIy B3J0BXK MEXI MPYKHOTO OIHOPITHOTO
MiBIIPOCTOPY 3 ypaxyBaHHSAM CHIJI TePTs. Takok, BAKOPUCTOBYIOUH 3aIIPOMIOHOBAHE
PO3KJIaJIaHHsl TIOTEHIlaly TPOCTOTO Iapy, Oyja BHpilleHa 3ajada ONTHMI3ali
pPO3MOITYy THCKY B KOHTAKTHIM 30HI, IUISXOM IOJIY il Ha JBI IOCIIJIOBHO
po3B'sA3yBaHi 3a1a4i, sk e 0ys0 3pobiaero N.V. Banichuk, S.Yu. lvanova B [67].

H. B. Baniuykowm, | Argatov, Y.S. Chai, Ta iHIIUMH PO3TIISIIAINCH TATAHHS
11010 MOIIYKY ONTHMabHOI (JOPMH B MEXaHIlll KOHTAKTHOI B3aemoii [57, 59, 60,
65, 69, 91, 108]. V skocTi HEBIIOMOrO MPH MPOCKTYBaHHs obOupayiacs (opma
mrramiy. N. Banichuk, S. lvanova, E. Makeev 3anpononoBano eeKTHBHUN METOT

JEKOMITO3ULIIT Jie¢ pO3B’A3aHHS NEPIIOi 3a7adl BHUpIIIYyE TPOOIEeMy MOIIYKY
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PO3IOITY HANPYKEeHb, a JpyTra 3a1ada 0e3mocepe/iHii MoIyK BiAMOBIAHOT hopMu

mrramity [66, 67].
1.4 BuCHOBKH 10 po3aiiny

AHami3 myOikariii, HaBeJCHUX B MEPIIOMY PO3/LJi, MOKa3ye, 0 MOIIYK
pillIeHh KOHTAKTHUX 3aJ71a4 TEPEBAXHO BiIOYBAETHCS aHATITHIYHUMU, YUCEITHbHIMH,
a00 yYuCeNbHO-aHANITUYHUMHU MeToAaMH. Tpeba BIA3HAUWMTH, IO PO3B’A3aHHS
TakuX 3a7ad MoTpedye MOOyTOBM HOBHX Ta €(EKTHBHUX MAaTEMAaTHYHUX 1
KOMIT FOTEPHUX MOJIeNeH, po3poOKH HOBHX MIIXO/IB Ta aIrOPUTMIB, TOMY IO BCI
ICHYI0Yl Ha ChOTOJIHI METOAM € JOCTAaTHHO TPYJIOMICTKUMH Ta PECYPCOEMHHUMHU.
BaxnmuBiCTh MOAANBIIOTO PO3BUTKY IIHOTO HAMPSMKY OOYMOBJIEHA IIMPOKUAM
CIIEKTPOM MO>KJIUBUX MPAKTUYHUX 3aCTOCYBAHb PE3YIbTATIB JOCIIKEHb.

Bce 1me pae migcTtaBu  CTBEpIKYBaTH, IO 3a OCTaHHI JECATUIITTSA
3aI[IKaBJICHICTh y TMOIIYKY HOBHUX METOZIB 1 HUISIXIB PO3B’SI3aHHS KOHTAKTHUX
3a/1a4 TUIbKU 3pocTae. CTae 04eBUIHOIO HEOOXIHICTh y TOE€HAHHI BXKE 1ICHYIOUHX
KJIACUYHUX MIJIXO/IB 13 CyYaCHUMHU HOBITHIMH, 110 0a3ylOTbCS HAa BUKOPUCTaHHI
CHUCTEM, Hampukiaa, ekcrneptHux. Came B raigy3l MEXaHIKH, JIe 3a7adl 49acTo
NOTPeOYIOTh CKJIAJIHUX Ta PECYPCOEMHUX PO3PAXYHKIB, aHATI3Y BEIUKOI KITBKOCTI
3MIHHUX, €KCIIEPTHI CUCTEMH MOXYTh JOIOMOITH, HAIPUKJIAA, B J1arHOCTHUI Ta
MOHITOPUHTY MEXaHIYHUX CHCTEM, HaJaloud TOYHI Ta HaAIdHI PIIICHHS IS
MIATPUMKU 1XHBOI Mpane3natHocTi. BeeOluHuil aHami3, HanmpuKIaa, KOHCTPYKIII
MOXX€ BHUSBUTH ONTHUMAJbHI pIIMIEHHS, SIKI 3a3BUYail HEOYEBUAHI MPHU OLIBII
By3bKOMY Tiaxoxi. [HTerpaiisa pi3HUX METOAIB 1 NMPHUHOMIB MOXKE MPHUBECTH [0
YAOCKOHAJIEHb KJIACUYHUX IMIJAXOIB 1 MOSBM HOBUX B 00JIACTI KOHTAKTHUX 3ajay
MEXaHIKH.

3a pesyabTaTaMu MPOBEICHOTO aHATITHYHOTO OTJISAY 3pOO0JICHO BHCHOBKH
I0JI0 MICILSI JUCEpPTaIiiiHOT pOOOTH cepel CydaCcHUX JOCIHIKEHb 3 TMHUTaHb
MEXaHIKM KOHTaKTHOI B3a€MOJil, OOIPYHTOBAaHO aKTyaJbHICTh Ta BH3HAYEHI

OCHOBHI 3aj1a4l.
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Posgin2. MOJEJIOBAHHS B3AEMO/II ABCOJIIOTHO
"KOPCTKOTI'O B IIIAHI KIIBLEBOT'O LITAMITY TA MIPYKHOT'O
MIBIIPOCTOPY

2.1 IlocranoBka 3aga4vi. OCHOBHi PiBHSIHHA.

Posrnsinemo 3agady, Koy Ha aOCONIOTHO JKOPCTKUM HMIIHAPUYHUNA HITAMIT
Jlie BepTUKaJbHA CUJIA, IO MPUKIAJEHA y HEHTPl TsOKIHHS 1mramiy. [lonepeunuit
mepepi3 ImTamiy 3aiiMae JIBO3B’S3HY 007acTh y (GopMi HEKPYTOBOTO KUIBIIA.
bynemo BBakatu, 1m0 mijomBa ImTammna € Twiockoro. [lim miero cuim, mrami

3arUOII0ETHCS Y OJHOPIHUN Ta 130TPOIHUI NPy KHUI miBrpocTip (puc.2.1) [22,

26, 48, 125].

Puc. 2.1 /IB0o3B’s13HMI 1ITaMIIT

O6mactp (2, obmexxeHa kpuBuMu /4 1 /5, 1 Mae BCi TOYKH, pO3TaIIOBaHi
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nicina aedopmaiiii Ha 3MIIIEHIA MOBEpXHI OCHOBU InTammy. KpaiioBi ymoBu
BUKOHYIOTHCSI Ha TMIOBEPXHI MPY>KHOTO MiBIPOCTOPY, IO 3HAXOIUTHCS 1032 30HOIO

KOHTAaKTYy. ByneMo BBa’)XaTH, 10 OCHOBA ILITaMIIa € a0COJIFOTHO rJ1aaKOX0:
X3:O:(731:0, 0'23:0. (21)

Jliis Todok o0acTi «2 mie cTuckaroda cuaa P(X) :

0, XgQ,

035(X) :{—p(x), Ke O (2.2)

Posnozin tTucky p(X) € uHeimomuid. J{ist ymoB piBHoBaru (2.2), (2.3) maemo

TaKi pIBHIHHSIMU:

P = [[ p(x) dx (2.3)

Q
M, :”xzp(x) dx, (2.4)
M, ==[[xp(x) dx, (25)

ne P, M;, My — rojoBHuii BEeKTOp i TOJIOBHI MOMEHTH MPHUKIAJACHHUX JIO

ITaMITy CHJL.

JI71st eMMHOCTI PO3B’SI3KY 3a7a4i HEOOX1IHO BUKOHAHHSI YMOBU O00OCpHEHHS B
HyJdb (QYHKIIN MepeMilieHHs Ha HECKiHYeHOCTl. BBenemMo TmoO3HA4YeHHS 1
3aMMIIeMO, JJIsl MOCTYMOBOIO MEPEMIIEHHs, 1110 BiAOyBaeThCA MapaleiabHO BICI

X3, uepe3 0,a B, B, - MpoeKIil BEKTOPY MOBOPOTY.

X=0, (4,X%)eQ: Us=5-LFx+ X (2.6)

Jlnst ymMOB MTOHHOi 3a7a4i MaeMO JIBOBUMIPHE IHTETpPaJIbHOE PIBHIHHS

HEPIIOro POy JUIS PO3MOILITY HOPMaIbHOrO TUCKY P(X):

PO4'\ %) dx'dx’ 2.7)
X =%+ (%= X,")

0 = BoX + X :]é;é/ﬁ\/(
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ne G - momyns 3cyBy, u — koedimient IlyaccoHa, 0 — moCTymajibHE
HepeMillieH s mTaMIy napaieiabHo oci OX,: [, B, — Ipoekii BeKTopa moBOpOTy

[ITaMITy.
Bim3nauumo, 1o mraMi MOBMHEH OyTHM MPUTHUCHEHHMM IO yciil oOmacti

KOHTAKTY:

P(X,%2) 20, (X, %) € Q2. (2.8)
Jlns Bumajgka JBO3B sA3HOI OOJIACTI KOHTAKTY, OTPUMAHO IS IIIyKAHOTO

HaIpy>XKeHHO-1e(OPMIBHOIO CTaHy pIlICHHS IHTErpajbHe piBHSAHHS Jlypbe-

ITaepmana [5, 22, 25, 26, 41, 48, 125].

2.2 3BeaeHHs 3ajavi s mTamMna y (popMi HEKpyroBoro KiJiblsi 10
MOCJIIIOBHOCTI 32124 JAJIs1 KPYIrOBOI0 KilbIis.

2.2.1 IlepeTBopeHHS TPAHUIb KOHTAKTY

[Ipuryckaemo, 10 OCHOBA, SIKOIO INTaMIT IPUTUCKYETHCS JI0 MiBIPOCTOPY,

Mae (GopMy TIIaaKol TMOBEpXHi, MJIOIIAJKa KOHTAKTy 3aiiMae B rurommHi OX X,
IBO3B’SI3HY 00JIaCTh (2, 00MeXeHy 3aMKHeHuMHU JiHisimu /1 1 15 [22, 48, 125].
[IpeacraBumo piBHAHHA rpaHuubs /1 1 /5, 1m0 oOMEXyroTh Q, 001aCTh

KOHTAaKTY, Yy BUTJISIL

I;: p=a-(1+ f(s0));
I,: p=b-(1+ fy(,0)), (2.9)

ne a<b, e<1, ¢yukuii fi(€,0), f,(s,0) — nenepepsHi Ta ogHO3HAUHI

¢ynkuii IlpeacTtaBumMo iX y BUIIISIAL PAIB 32 CTETICHIMU €

f.(6,0)=¢ f,0(0) + & ,,(0) + & F,,(6) +... =igi £,  (2.10)
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f(6,0) =& 1,(0) + % T(0) 4 £ Fy(0) +..= D 10 (0),  (211)

koedimientu, skux fj (0) - nemepepsui Gpynkuii Ha Biapisky [0,27].
[tamMn BIaBIIOETHCS B MPY>KHUN MBOPOCTIP BEPTUKAIBHOIO cujiol0 Q, sika

napanensHa 0ci OX;.

P=Q;. (2.12)
M, = X»Q, (2.13)
Mj =-x,Q, (2.14)

PiBHsHHS JiHINA, 10 00MeXyroTh 00macte (2, (2.10, 2.11) 3anexath Bif
Majoro napamerpy &. byaemo BBaxkaTH, IO 1 IIyKaHUWA PO3MNOJIT HOPMAaJIbHOIO
Ttucky (2.3), (2.7) 3anexurtb Bii manoro &. [IpencTtaBuMo IIykaHuil po3B’sI30K

piBHSIHHSA (2.7) y BUTJIAI PSAAY 3a CTETICHIMU & .
p(0.0) =3 py (o, 0)s. (2.15)
k=0

3anuiemMo y BUTIISAAL psAy 3a CTENEHIMH & |

U= p(p’g)fdpdeziuig‘. (2.16)
0 i=0

Koedimientamu (2.16) € moxiaHi 3a mapamMeTpoM & MOABIHHOIO iHTErpaja
U 3i cmabkoro ocobnuBicTio [22, 48, 125] y BuMaaKy, KOJIM PIBHAHHSA MEX 001acTi
IHTETpyBaHHS (2 3JIeKaTh BiJl IIbOTO ITApaMETpYy.

Ockinbku — migiHTerpasibHa  Qynkmis B (2.16) HaOmmxkaeTbcs 10

HeCcKiHYeHHOCTI B Touli (0,6)) €Y, TO mpH 3HAXOMKEHHI MOXiAHHUX, MOTPIOHO

CIOYATKy BUKJIFOYMTH IF0 TOUYKY 3 00jacti Q [5, 22, 26, 41, 51].
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2.2.2 TlpeBeaeHHA 00J1aCTi KOHTAKTY 10 KPYTrOBOI0 KijJbIsl

BBeneMo HOBI 3MiHHI R 1 ¢

p:R+E:2bf2(5,¢)+§%gafl(g,¢), 0=0. (2.17)

Jnst Bunagky R=a abo R =b orpumaemo piBusiaus (2.9) BHyTpimHb01 /71
30BHIIIHBOI /[, Mex obsacTi (2 :Bi10yBaeThcs nepexiy GopMu o0acTi y Kpyrose
kineiie D: a<R<b, ne p=R mpu £=0.

Po3monin HopManbHuX THCKIB - P(p,d) (2.15) wmae Burisg st Takoro

PO3BHUHEHHS.

PR¢.2) = LRR.0) & (2.18)

e
Po(R,9) = po(R, )

P(Ro)=pmR o)+ PR )R py(R ),
P,(R,») = p,(R,») + pi(R, ¢)f<1>(R o) R+

(2.19)
+ DR ) PR 9) R+ 2 pi(R 9|7 (R )R]

PR ¢) = p3(R, @) + p5 (R 9) [P (R,0)- R+ pi(R,0) F, (R, @) - R+
2R O|EOR o) T R2+ PR ) TOR )R +
FRRATOR ) PR )R +2 5RO R ) R

BBenemo nmo3HaueHHS:

fOR ) == [b abfo,()+ gaflo(go)} i=123,... (2.20)

Bupaszumo moTeHIias TpOCTOro Iapy s HEKPYTroBOTO KiIbI dYepes

NOTEHIIAMM JiUIsl KPyroBoro Kimbil, y Bumaaky o —>0 1 ¢£=0 3amumemo
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koedimientu U; po3BunenHs (2.16), sxi mist i =0,1,2 y BUDIISL:

Uo (R, o) = ﬂ Pgsg; ds, (2.21)
UiRoth) =[] ey 85+ (R[N R.g)
ﬁﬁigf?W%R@ds %
U, (Ro, ) = g fgéﬁg ds+(1- R, égo)g Eg’*gg FO(R ) ds +
+ ”% @R, ) ds + (1-R, di’o) If fgge’ég tO(R, ) ds +

f RO 10®R gyas+LrE 2ﬂ P?F(s&fg[fl(”(R,w)]zdS-

Jle D - kpyrose kijbie: a<R<b; ds=RdRdg;

rz(R' Ro) = R? + Rg —2R Ry cos(¢ —¢); (R, 9) € D,

AR = & 522 a0+ 2% fol)] (2.23)

2.2.3 llpeacraBiieHHA iHTerpaJjbHUX PiBHAHb PiBHOBArv y BUIJIAAL

PO3BUHEHDb 32 Ma/IUM IapaMeTPoOM
[IpeacraBuMoO MOCTyMadbHE MEPEMIIICHHS IMTaMIa O Ta MPOEKIIii BEKTopa
noBopoty mramna S i By, y BUIJISI psiaiB 3a crenensamu € [22, 48, 125]:

S= iaigi; (2.24)
i=0

m=é%& @=§@@- (2.25)

Takox mnpeacTaBUMO 1HTErpajid y PIBHAHHAX PIBHOBAarM y BUIJIAL
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PO3BHUHCHDB 3a CTCIICHAMMU & .

Jns 1iboro 3HalIeMo HeoOX11H1 TTOX1/IH1 1 IPUBEIEMO JEsIKi 3 HUX.

Lj’—g jj p(p,e)dﬂ} jj R(R,¢)ds +2 jj R(R.#) (R, #)ds +
+[R(R.#) 12 (R $)ds
{% ij p(p,@)dQ} ) = ij 2P, (R, #)ds + ij 4P(R,4) f O (R, ¢)ds +
+ 2[[RR.A PR Pds + [[4R(R.4) 7 (R $)ds +
. J (2.26)
+2 [[RRAHLPR s +2 [[RRAHILOR s +
+2 [[RR.A LR, L2 (R #)ds,
{dijj p(p,0) psin edg} =ij1(R,¢)Rsin¢ds+
£ e D (2.27)
+3” P,(R,#)Rsing- f1<1)(R,¢)ds+jj2P0(R,¢)Rsin¢- f,P(R, $)ds.
OTprMaEMO HACTyITHI PO3BUHEHHS
[[ p(p,0)d02 = if{” PR @)ds+F (R, Py, F’u)} : (2.28)
Q0 1= D

[[ p(p.0)psingd = igi{”H(R,go)Rsin ods +V; (Py, P, Pil)} 1 (2.29)
Q i=0 [ D

[[ p(o.6)pcosod2 = Ze{ﬂﬂ(R,go)R cosgds + Wi (P, Pl,...,Pil)} :(2.30)
Q i=0 | D
Beenemo Taki mosnauenus Ky, Vi W, ans  inTerpanbHuX omepartopis, y

Bunaaky i =0,1,2:

Fo=0; Fi(P)=2[[P(R @) 7 (R, @)ds + [[ Py (R, ) 2 (R, @)dls; (2.31)
D D
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R (R.P) = [[2RR A LR )ds + [[RR A LR g)ds +
+[[2R(R.H) LR P)ds+ [[R(R.#) 2 (R, g)ds +
[[RRAORHTDs + [[RRHLOR LD (R g)ds
V, =0;
Vi(R) = [[3P,(R.@)psing - £,V (R, #)ds + [[ 2R, (R, #)Rsin g - 1,7 (R, g)ds;
V2(Ro, ) = [[3R (R @)Rsin - £O(R, g)ds +
D
+[[2P(R, @)Rsin @ £, (R, p)ds + [[3P)(R, @)Rsin - 17(R, p)ds +
D D (2.32)

+[[2Py(R,@)Rsin ¢+ T2(R, @)ds + [[ 3Py (R, @)Rsin ¢ -[ 7 (R, )P ds +
D D

+[J2R R @)Rsing- 1O (R.9) O (R, p)ds.
D
W, =0W, (R, ) = [[ P, (p.0)31,(0)pcoseds;
D

Wz(e),a):jj3[a(p,9) £,(8)+P(p,0)f,(0)+

+Py(p,0) £°(0) | pcoseds

2.24 OtpuMaHHSl TNOCJTIIOBHOCTI CHCTeM PiBHSIHb I KPYroBOIro

KIILIA

3acTOCOBYIOUM 3aJI€KHOCTI (2.12) 1 MpUPIBHIOIOYU BUPA3U MPU OJHAKOBUX
CTENEHSX &, OJEP’KYEMO HACTYIHI CUCTEMHU PIBHSHB AJI1 BUSHAUEHHS HEBIJOMUX

koedirientis possuners B (R, @), 6, By, o
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O'k27Z'G ”‘ P, (R ¢)dS+(D (PP, P):

ﬂP(R #)ds + F (P, B, Rey);

(2.33)
X, Qe :H P.(R,#)Rsing ds+V, (P,,P,....P_,);
D
XoQc = [[ (R, #)Rcosg ds + W, (R, B,,.... P.,).
D
TyT npuiiHATI HACTYTIHI TO3HAYCHHS
o =6, + PuRysing, — B, R, cos g, + &\ (R, ); (2.3

Q,=Q; Q =0; k=0; ds=RdRdg.

= i?k(Ro’%)'gk
k=0

Omnepatopu Fy, Vi, W taki cami, ax 1B (2.31), (2.32).
Hasenemo interpo-mudepenuianbhi onepatopu @Dy mns K=012, ski

HEOOX1H1 B MEpIIUX HAOMMKEHHSIX MPU PO3B’ I3aHH1 3a/1aui:

Dy =0; &(R)=L(R); @,(R,R)=L(R)+L,(F). (2.35)

ac

_ 2 it Ro(R,9) R(R.¢)
L) =R 2R ) fO(R p)ds + IR.Ry) PR g)ds  (236)

6 2 RRY) o
L(R)=(A-R,—o >H (RR)f (p,0)ds +

P, (p,0) () 2 0’7 P (R,9) 16N
+Hr(RR)f (R¢)d+ R, ﬂ ek [ RATGs.

(2.37)

D - kpyrose kinbie: a< p<b;
Bigznaunmo 1110, B TpoIieci MOMIyKy MOCTYNaIbHOTO MEePEMIIIEHHS IITaMra

0 (2.24), mpoexiii BekTopa moBopoty [, o (2.25) 1 dyukuii p(p,6) (2.13), sxi

€ po3B's3koM 3amadi (2.4), (2.5), (2.7) ans aBo3B's13HOT 00MacTi (2, MOOYAOBAHO
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MOCJTIIOBHICTh aHaJIOTYHUX 3a1a4 (2.33) i kpyroBoro Kijbist D [22, 48].

Komu fi(0,0) = f,(0,0) po3BuHEHHS MOTEHITIATY TPOCTOTO MIAPY OJCPKAHO

B [49]. [IpomorkeHe gociimkeHHs y podorax [22, 48, 125].

_if P@O)yn_s= K KR
U=[l, =92 =20 [ irp,) 5+ 2P PR | (238)

B onepxanomy posBuHeHHI (2.38) moTeHIiany Koedilie€HTH MPU CTEMEHSX
£ 3aJIeKaTh BiJl aHAJIOTIYHUX MOTEHITIaNIB, PO3MOBCIOKEHUX 10 001acTi B (hopMi

KpYroBoro Kuiblis [22, 48, 125].

2.3 ABTOMAaTH3allisi PO3PAXYHKOBHUX aHAJITHYHMX GopMy.

3 METOI MOJICTIOBAaHHS Ta BUKOHAHHS OOYHCIEHb OyJ0 po3po0JIeHO
cHeliajibHe porpaMHe 3a0€3MeUEeHHs, peali30BaHe Ha MOBI IporpaMyBaHHs C++.
B mpomeci immiemenTanii OyJio 3aCTOCOBAaHO Cy4YacH1 MIAXOAM /10 PO3POOKHU
nmporpaMHoro 3a0esmedeHHs Ha MoBi C++, M0 CHPUAIO IIJIBHIICHHIO
e(eKTUBHOCTI OOUUCTIOBAILHUX MPOIECIB Ta 3a0€3MEeUMIIO BUCOKY CTAOUTBHICTD B
poOOTI.

Bubip MoBu mporpamyBanns C++ ama  peamizamii  IpOrpaMHOIO
3a0e3MeyeHHs] BU3HAYMBCS HHU3KOIO OOTPYHTOBAaHUX MPHYMH, SKi CIPHSUIA
e(peKTUBHOMY BHPILIEHHIO TIOCTaBJIEHOI 3ajadl aBTOMAaTH3alli PO3PAXyHKIB
KOHTaKTHHUX XapaKTepUCTHK. [ 0JIOBHOIO MPUUHMHOIO BUOOPY MOBH MPOTpaMyBaHHS
C++ craja MmWBUAKICTh BHUKOHAaHHS KOAY, IO € KPUTUYHUM B KOHTEKCTI
pPO3B’sI3aHHS CKJIQJHUX MaTeMaTUYHHMX 3a7a4 JJII BUKOHAHHS OOYMCIIOBAIBHHIX
3aBaaHb. MoBa C++ mae mmpokuii Habip OaraToQyHKIIOHANBHUX O10710TEK
NOB’S3aHMX 3 TMPOBEACHHSIM MaTEMaTHYHOTO aHamily, M0 JJO0MOMararTh
BUPIIITYBATH 3aja4i MOCTABJIEHOTO KJIaCy.

OO0'eKTHO-OPIEHTOBAHMM MIAX1J 10 TPOrpaMyBaHHs, TIATPUMYBAHUI MOBOIO

C++, crpusie CTBOPEHHIO CTPYKTYPOBAHHMX Ta JIETKO 30€peKEHUX MpOrpam, Io €
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Ha/3BUYAlHO BaXJIMBUM JJIi OOUYMCIIOBAJIbHUX HAYKOBUX JOCHIDKEHb. A
pO3po0IIeHI KiIach MOXYTh OYTH MOBTOPHO BHKOPHCTaHI B paMKax HACTYITHHUX
IHIMX JoCHiKeHb. JlomaTkoBO Tpeba BIA3HAYWTH, MEPEHOCHMICTh KOIY, IO
3abe3neuyerbcsi MoBoro C++. Came 1e [03BOJMIO CTBOPUTH MPOTpamHe
3a0e3neyeHHsl, 10 Moke OyTH BUKOHAHE Ha PI3HUX IUIaT(opmax, 110 € BaKINBUM
aCMeKTOM JUIS HAyKOBHX JOCHIKEHb. 3a3BUyail Taki HAayKOBI JOCHIIKEHHS

MOXKYTb BUMaraTv BUKOPUCTAHHS PI3HUX OOUYUCITIOBAILHUX PECYPCIB.

Da File Edit View Git Project Build Debug Test Analyze Tools ensions  Window Help Se +Q cpp-text-table

e - B-awd 9- Debug ~ x86 ~ b Local Windows Debugger - = 5

T examplecpp # X TextTableh

LRSEEE [ Microsoft Visual Studio Debug Console

example.cpp

Properties
ally close the consol
) -

150 Ch:21  SPC  CRLF

v R x

a

Error List

[J Ready # 30 @ cpp-text-table «

Puc. 2.2. KonconbsHuit BUBIJ pe3yabTatiB po3podiaeHoro 13

Taka MOOLIBHICTH 3HAYHO CIPOIILYE PO3B’SI3aHHS MNPOOJIEMH CTBOPEHHS
KOMYHIKaIlii MK pI3HUMH TIporpaMHuUMu qonatkamu. Kpim toro, C++ mae Benmuky
Ta aKTUBHY CHUIBHOTY PO3pPOOHMKIB, 110 3a0e3Meuy€e HasBHICTh 3HAYHOI KITBKOCTI
pecypciB, TOKyMEHTAIlli Ta MOXJIUBICTh PO3IIUPATH POOOTY HAJ YK€ ICHYIOUUMHU
IIPOrpaMHUMU 3aCTOCYHKAMH.

Po3pobnene mnporpamHe 3a0e3neueHHs Ha MOBI mnporpamyBaHHa C++

D03BOJISI€E OTPHUMYBATH YHUCEIbHI pe3yJibTaT Ha OCHOBI CKIagHUX aHAJITUYHUX
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dopMyn 3 Hamepen 3aJaHOK TOYHICTIO MPHU PO3B'sI3aHHI 3a7a4 KOHTAKTHOI
B3a€EMO/II1 aOCOIOTHO JKOPCTKOTO IITaMmIa 3 MPY>KHUM IMIBIPOCTOPOM ITiI JIEIO
CTUCKAKYOl CUJIU.

Y Tabmumi 2.1. mpuBeAcH! 3HAYEHHS KOHTAKTHOTO THCKY IIiJT OCHOBOIO
mramny npu b=2a s pisHUX &£, OOYHMCIEHI OOMEKYHOUHUCh Y PO3BHHEHHSX

(2.13), (2.24) TpeTiM Ta YETBEPTUM CTETICHEM & BKIIFOYHO.

P £ =0.1406 , £ =0.1406,
b TPpU WICHA Py YOTUPH WICHA pALY
0.51 7.21315 7.23708
0.525 5.18108 5.22611
0.55 4.03681 4.09139
0.6 3.40276 3.47135
0.7 3.30059 3.39031
0.8 3.73114 3.84503
0.85 4.19032 4.32249
0.9 5.01338 5.17538
0.95 6.94692 7.17546
0.975 9.73309 10.0556

Tabmuus 2.1. 3nauenns tucky A € =0.1406 min mrammom 3 monepeaHum

nepepizoM y popMi OJU3BKOIO 10 TPUKYTHOTO KiIbIIS

TakuM uuMHOM, mporpamHe 3a0e3nedyeHHss Ha MoBI C++  BiIKpHUBae
MO>KJIMBOCTI JUIsl OTPUMAaHHS TOYHHUX Ta HAAIMHUX pe3yJbTaTiB MPHU PO3B'sS3aHHI
CKJIQJHUX MaTEeMaTUYHUX 3a/ad, [03BOJISIOUM aBTOMATHU3yBaTU TMPOIECH
oOuuciens 1 ananmizy. Ilpuknag poOOTH cHeHiadbHOTO MPOrpaMHOro AOJATKY

MPEJCTaBIICHO Ha pucC. 2.2.
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2.4  B3aeMogjis miTamMmny 3 0OCHOBOIO y (popMi He KPYroBoro Kijibus 3

NPYKHUM MIBIPOCTOPOM

2.4.1 B3aemMogia mramMmny 3 OCHOBOKW y (pOpMi KijibIiA 06MeKeHOoro

JiHiIMU GJIU3BKUMM A0 TPUKYTHHUKA 3 NPY>KHUM NiBIPOCTOPOM

[Inockuii mTaMIl BAABIIOETHCS B TPYXKHUU miBmpoctip. [lim  miero

BEPTUKAIbHOT cuiaM Q BIH poOUTH KpIM TOCTYNAJIbHOTO BEPTUKAIBLHOTO
MEepEMIIIICHHS I1Ie ¥ MOBOPOT HABKOJIO JIesIKOi ocl B IiomuHi OXY 3aJIe)KHO BiJl
KOOpIUHAT (X, Yo) TOYKH MEPETHHY JIiHIT il BEPTUKAIBHOI CHIIHU i3 TUIOU[HHOO
OXy Ta HassBHOCTI MOMEHTIB, IIIO JAIIOTh HA MTaMII. Y CHJIY IIbOTO ISl BU3HAYCHHS

3araUOJICHHS] IIITaMITa 1 PO3IMOAUTY THCKY T HUM HEOOXITHO BHUPINIyBaTH
CHCTEMY 4YOTHPbOX piBHSHb (2.32)-(2.33) i3 dotmpma HeBimoMHUMH: O —

IOCTyHaJbHE BEpTHKAJIbHE MEpeMillleHHs mramna, [, f,, — Npoeklii BeKTopa
noBopoty mramna, P(p,6) — GYHKIIsS, MO XapaKTepU3y€e PO3IMOMALT TUCKY i
HITAMIIOM.

PosrasHeMo mitockmii mTam, mo 3aiiMae B TUTaHi 001acTh Q, KOHTYP SKOT

obmexxeHuil 1Boma TpukytHukamu I3, I, (puc. 2.3) [20, 22, 125].

Puc. 2.3. Cucrema ABO3B’SI3HUH B IUIaHI IITAMII — MPY>KHINA MIBIPOCTIP
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[ToyaTOK KOOPAMHAT PO3MICTHMO B IIEHTPi ONMKMCaHOro Koja. [losnaunmo b -
pajalyc KoJia, OINKWCAHOTO HABKOJIO 30BHIIIHBOIO TPUKYTHUKA, & - HAaBKOJIO
BHYTPIIIHBOTO. PIBHSHHS MeX 00JacTi KOHTAKTy B MOJSPHIM cHCcTeMl KOOpAMHAT

MPEeICTaBUMO Y HACTYITHOMY BUTJISII:

pr=at®, p,=bf), (2.39)

e £(0)=1+Y7" £'1,(0),

f,(6) =-1+0,03571c0s 26 ; (2.40)
f,(6) =0,08077cosd +1,2880co0s360 + 0,07158c0s40 ;
fy(6) = 03351cos50 +13485c0s66 + 01805c0s 76

f4(0)=1.2623c0s80+1.6531c0s90+0.4761cos100
g =0,3697 .

[ItamMn BOABIIOETHCS B MPYKHUW MIBIPOCTIP BEPTUKAIBHOIO cuiiolo Q,

JHIA J1i K01 MPOXOAUTH Yepe3 MOYaTOK KOOPAUHAT.

HesinmoMi mpoekuii BekTopa MOBOpOTy wTamna f3, [f,, BEpTUKAJIbHE
MepPEMIILIEHHs ITaMia O , PyHKIII0 PO3NOALITY HOPMAILHOIO TUCKY il IITaMIIOM
P(p,0), sKi € po3B'sI3KaMU CUCTEMHU PiBHSAHB (2.4)—(2.5), MpeICTaBUMO Y BHUIJISIII
pPO3BUHEHH MO cTeneHsx & (2.25), (2.24), (2.13) abo (2.18). [ns Bu3HAuEHHSA
HEBIZIOMUX KOeQili€HTIB IUX PO3BHHEHb O\, L, Pok, Pk(0.0) omepxyemo
cucteMu piBHAHB (2.33) [20, 22, 125].

V uynsoBomy HabmmkenHi, konmu &£=0, npu 3HaAXOMKEHHI IEPLIMX

xoedinientis posknanis (2.13), (2.24), (2.25) &y, B Poo. Po(p,0), mpu k=0

OJIEpXKY€EMO cucTeMy piBHsHB [18, 21]:

H l_ 2 P 19 .
S + Biof SIN B — By, COSE, = Zﬂ\é I 0(/; )ds,

Q= J, Rp.0)ds,
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Amnajoriua OJCPKaHNM 50 03B’S130K BU3HAYAETHCS HACTYITHUM BHPA30M
5

_ 2k _ a 2k+3
Ro(p) = Poo(0); pi,m(p)=Zf{X£'k'm)(§j +y£'k’T%(;j } (2.42)

p
a) .
x5 = I > oGy agﬁ)(—b) ;

WAESEES SReT) Y-l I (2.42)

1-v
Cij=Clf =CR=0; c=r52: &=-rUg?

1oy pzonlz(a/b)p(agfg 12k +2) - B9l b2 2k +1)), (2.43)

Bpaxoytoun Burisig Gyukii f,(6) (4.1), (4.2) B piBHAHHAX MeX 1 QYHKIIIT

P,(p) anamoriuHo ozmepKyeMO CHCTEMH PIiBHSHb B HACTYIHUX HAOIMKEHHSIX MPU

k=12,....

O06uucIMMO KOHTAaKTHUHN THCK, 0OMEXXYIOYHCh B po3BHMHEHHI (2.18) apyroro

CTENEHIO0 &, TOOTO MEPUIMMU TpbOMa HAOMMKEHHAMHU. OnepKyeMO, 10 TUCK Mij

HECMMETPUYHHUM KiJIBLEBMM IITAMIOM, Kok D =2a, B Toukax (0,6 ) mpomenro,

0 BHUXOJWTH 3 MOYATKy KOOpPAMHAT Ta MEPETHUHAE 30BHIMIHIA 1 BHYTPILIHINA

KOHTYpH 00JacTi KOHTakty B Toukax (pprq1,6) 1 (ppy,6:), BIANOBITHO,

BU3HAYAECTHCS 3AJICKHICTIO:

P(p.0) =By + &P, + &°P,, (2.44)
ne £ =03697, £2=01367, P, =Q o,
P, = Q[20, + (0,00067765, — 0,024185,) c0s 26.],

P,= 6 [2,98210'0 +0,0008640; + (0,0002033%, —
—0,072540,) cos 26, + (0,0347500, + 0,23470, +0,012310, — 0,458507) -
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c0346. + (023570, + 006788 pr. / pcos. + (074580, —

—0,72040, +0,33400,) py, / pcos36.+0,08077|o4(p/ pr, —

2
P b a)Y ,p b _
p’r, a+b a+b) 3 a+b00} cosd. +

Pr,
2
p_p b __a
+1,28800, [pr L a+b ax bj cos36.]. (2.45)
oi=rxyl2y, 0[(p/prz)2 al) +(prl/p)2k+3ﬂ(') a/b)’. (2.46)
BHpa3 HJIs1 BCPTUKAJIBHOT'O HepeMiHIGHHH mTramiia HpHﬁMae BUTJIA.
5=1v_Q (14 ,4+008182) (2.47)
G apy? | |

B okpemomy Bunazaky, npu a =0 orpumyemo Bupa3s 1 QyHKLIT po3noiny
TUCKY M1 IITAMIIOM JJI1 OJHO3B'SI3HOI 00J1acTi, OOMEXKEHOI JIIHI€I0, OJIM3BKOIO 10

tpukyTHuka [20, 22, 125]:

P gl A [1.9.4¢23-05.003572
p(pr jzﬂbwp p{+g+‘9[( S )+

2

7( _4p j cosO. +12880— P~ cos36, +
(p+pr) o pr (p+pr) pr

+(0,07158+3/4-00357%F)(p/ py)? cos4d. |

+0,0807

CriBBIIHOIIEHHS MK 3arIMOJIEHHAM IIITaMIIa Ta JIFOYO0 HA MITAMII CHJIOO

3aJI0BOJIbHSE HEPIBHICTD, OJIepkaHy B [5], Ta Mae BUTIIAN :

S=01-v2)/E-Q/2b-l+&+£2(1-00357F/2)).
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| \ 4 ! 05|

10

-04 -02 0 02 04 06 038

Puc.2.4 Po3nonist HOpMaabHOTO THCKY ITiJT IITAMIIOM 3a (hOPMOIO TTOTIEPEIHOTO

nepepizy omusbkoi o TpukyTHoro kimeng o =0, a/b=0.3

2.4.2 B3aemMoaisa witamMny 3 OCHOBOIO Yy GpopMi KijibLisI 0OMeXeHOoro

JIiHIAMHY GJIM3BKMMH [0 6araTOKyTHHUKIB 3 IPY>KHUM NIiBIPOCTOPOM

[IpenacraBumMo pIBHSHHSA TPaHUIb KOHTAaKTHOI oOyacti ) y BUIJISAL, J€

dyukuito f.(6), i =1,2,3 moxna npeacrasutu Hanpukiad, npu € =0.1406 sx:
f,(6)=-2.6295+0.039c0s 26,
f,(0)=0.5584c0s8 +8.9052cos36 + 0.4949cos 46
f,(0)=6.0921cos56 + 24.5156c0s 66 + 3.2815¢0s 76 .

Tyr e=41-h?/h*, ne h=15 - Bucora Tpuxyrnuka, a h =1.4851 - ii
JOIYCTHME BIIXHIJIEHHS IS YCYHEHHS T'OCTPHMX KyTiB. 3HAYEHHS & MOXe OyTH
oOpaHe 3 IHTepBaIy (0,1). AHaJIOTIYHO, B3SBIIM T€ caMe &, JJIA CTHCIOCTI,
OOMEXMBIIUCH 3HaueHHAM |1=12, QyHKOii MalTh BUIISA, ONU3BKUN 10
KBaJPaTHOTIO:

f, (6?) =0.8178—cos46,
f,(6)=1.2677cos80;

A0 IIPAaBHUIILHOI'O MIECTUKYTHUKA

f,(6)=—0.6504 +0.3758¢0s60,
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f,(6)=0.7410c0s126;

A0 IIPpaBUJIBHOI'O BOCBMUKYTHHKA

fl(H) =-0.5626 + 0.1556 cos 48,
f,(6)=1.5092c0s86.

KonTakTHHiI THCK, 3CyB IITamMma Ta TMpOEKIii BeKTopa oOepTaHHS

2
OOYHUCITIOIOTECA 3 OOMEXKCHHAM Ha ¢&° y TEpIIMX TPhOX HAOIMIKCHHSIX.
AHaJIOTIYHO METOZaM, 3alporoHOBaHUM y pobortax [121, 127, 128], 3anumiemo

BHpa3 JII BU3HAYCHHA HOPMAJIBHOI'O THUCKY HiI[ TPUKYTHUM LITAMIIOM, KOJIA

b :
—=2, B TOYKax ( ,0,0*), K1 BUXOIATH 3 IMOYATKY IIPOMCHIO Ta IICPCTHHAIOTH
a

30BHIIIHIM Ta BHYTPINIHIA KOHTYPHM KOHTAKTHOI 00JIacTi B TOYKaXx ( prz,é?*) Ta

( Pr,» 6?*) BIJITIOBIJTHO, 1110 BU3HAYA€ETHCS 3AJIEAKHICTIO.
p(p.0)=P, +¢&-P+&°P,,
ne € =0.1406, P, =Qo,,
P, =Q|[ 5.25890, +(0.0018c, — 0.06520, )c0s 2. |, (2.48)

P, = §[20.61820, + 0.0060a, +(0.00145, — 0.50150, ) c0s 26.
+(0.24030, +1.62270, +0.08510, —3.17010, ) - cOs 46,
+(1.62960, +0.46930, ) . / pcosé.

+(5.15640, — 4.98080, +2.30930, ) ;. / pCOS3A.

: b i
05584 i p(ath) bp' | 300 - oin
a+b Pr, Pr, Pr,

(2.49)

, 2
, 8905207 {p(“b) bp _aJcos?;H*]

a+b Pr, Pr,

. 2k P 2k+3 a D
_ Ty P (i) T, (i) ( )
o= =] al+| == BY =],
2 k,pZ—O Lpfz] g L P ) "\ b
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s (0) (0) 2k+3
Ac y = Z(EJF} ol — 'Bpk (Ej . a(n) IB(n)_
K.p=0 2 b 2k +2 2k +1\b » @k Mpk

36epiraroun ckindeHHy Kinpkicts uieniB, 0<k<n-1, 0< p<m-1y paxni

(1) - (4), cyMy BIZKMHYTHX YICHIB JIETKO OIIHUTH, OOMEKHBIIN 3AJIMIIOK PSIY
T€OMETPUYHOI0 TIPOrpeci€ro. byno BCTaHOBIICHO, MO CyMa BIIKHHYTHX YJICHIB

paAay HC IICPCBUITYE HACTYITHC 3HAUCHHSA:

2n
b ,Oé a) [ p
|Rmn|£b et (Bj +| = |+
—a Pr, —P Pr,

(2.50)
2 m 2n
P (ﬁj N (p_]
(,0 - prl) b P
3a1eXHICTh MK HAaBAaHTA)KEHHIM Ta BIAXWICHHIM Mac BUTJISA;
5=(1-v)-Q-(1+£+0.9818- %)/ (4by -G). (2.51)

HepiBHiCTb, 110 3a10BOJIbHSIE 3aJI€KHICTh HABAHTAXKEHHSI BiJ] TIEPEMIIICHHS,
Oyno 3HaiineHo B [3]. Ll HEpiBHICTh BUKOHYETHCS IS JOBLIBHOI KOHTAKTHOI
o0nacTi 1 Moxe OyTH BHUKOpPUCTaHa JUIsl NEPEBIPKA OTPUMAHOTO PO3B'SI3KY. Y
JTAHOMY BHIIQJIKy OTpHMMaHa 3aJIekHICTh (2.51) 3a10BOJIbHSIE 110 HEPIBHICTH MPHU
b=2a

JI71si OpIBHSIHHSL aHATITUYHOTO PO3B'SI3KY 3 UMCENIbHO-aHATITHYHUM, OYJIO
BBEJICHO KOE(QILIEHT HIOPCTKOCTI MPY>KHOTO MIBIPOCTOPY, SKUH MOXKe OyTu
PO3MIIIHYTUH K perymorounii mapamerp [127, 128]. OcHOBHUM IHTETpalbHUM
PIBHSIHHS JJI4 33/a4l BAABJIIOBAHHS IITaMIa B MPY>KHUN IOPCTKUI MiBIpocCTip 0€3

TEPTs € PIBHSIHHS:

P o — f,p,c086, + f,p,SIinG
1-a)-P(p,0 ——-dS = 220 . 0. (252
( a) (,0 )+J;227z'br 27h (252)

ne P(p.0)=(1-v*)/(zE)-p(p.0), B//(27)=1-a, O0<a<l [127],
Bl=B7Z'E/((1—V2)'b), B - me koedimienT, mo xapakrepusye aedopmartiiiui

BJIACTUBOCTI TMOBEPXHEBOI IMIOPCTKOCTI MPY>KHOTO TiBmpoctopy [59, 85], E -

MOJIYJIb TIPYHOCTI MIBIPOCTOPY.
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BeprukanbHi BiAXWUJIEHHS MIKPOBUCTYIIIB, [0 BUHUKAIOTH BHACIIIOK i
JOTUYHOI CHJIM, MOXHa BIAKMHYTH [85]. PiBHsHHS (2.44) € 1HTErpajIbHUM
piBHsHHSAM @pearonbma MEpHIOro poAy 3 ciaabkoro ocoOnuBicTiO  [86].
Perynspuzamis piBusHHsS (2.44), 3ampornoHoBaHa B [127], 3BOAUTH PO3B'S30K
piBHsiHHSA (2.44) 1o po3B'sS3Ky piBHSHHS Apyroro poxy (2.52). Takum duHOM, y
IIbOMY BHUIIAJKY PETYIISPHU3aIlis Ma€ CEHC JJII BPaXyBaHHS IMOPCTKOCTI €TaCTHYHOT
HaIIBIUVIOIIUHKM, 1 4YUM OJMKYe 3HAYCHHS Koe(]illleHTa o 10 OJUHMIN, THM
TIaAII0K0 BBaKaeThes nosepxus. Komu a <1, ne piBusaas Moxxe OyTH po3B's3aHe
METOJIOM ITOCJIIIOBHUX HAOJINIKEHD.

YucnoBe IOCTIHKEHHS MOXKe OyTH MPOBEACHE 3aCTOCOBYIOUU MPEACTaBIIEHI
aHAJIITUYHI Ta YHUCEJIbHO-aHAMTHYHI METOJM Ta BHUKOPHUCTOBYIOUH IIOTEPE/IHI
po3paxyHku 1 pesyapTatd poOiT [121, 127, 128]. PisHuus y pesyJbrarax,
OTPUMAHUX aHAJITUYHUMH Ta YHCEJIbHO-aHAJTITUYHUMH METOJaMHU, MPOSBISETHCS

JIMIIIE Y YeTBEPTOMY 3HaKy Micis AecatkoBoi komu nipu o =0,99 [20, 22, 125].

P* f
—a/b=0.5; a=0.6
91 ——-ah=05; a=09 — T
g - —al=().5: =99 .. | .k
----- ~-a/b=0,7; a=0.9
71 --ah=035; a=0.9
5
4
3 4— =
2 - -
0.3 0.5 0.7 0.9 p*

Puc. 2.5. I'padiku po3noaiiay TUCKY MiJl ABO3B’ I3HUMH IIECTUKYTHUMU

mramMnamMu B po3auii 6 = 0 3 pi3HO mUPUHOIO a/b Ta MIOPCTKICTIO 0.
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Ha puc. 2.5 mnokazani rpadikd po3noAilTy HOPMAJIBHOTO THCKY
P" =27b’ p( p,@) /Q B pos3mini =0 mix ABO3B’A3HUM IITAMIIOM, OOMEKEHUM B

TUTaHl JiHISIMHU, OJU3bKUMHU J0 TMPABHIIBHUX IIECTHUKYTHHUKIB, 3aJIEKHO BiJl BIUIUBY
pi3HMX 3Ha4eHb mapaMerpiB o Ta a/b. 3i 36iIbIIEHHAM MIOPCTKOCTI PO3MOALT
THUCKY CTa€ OLIBII OJHOPIAHUM Y3J0BXK KOHTAKTHOI 00J1acTi, TOOTO MiHIMAJIbHHMA
TUCK 30UIbIIYETHCSA, @ MAKCUMAJIBHUI THUCK 3MEHIIYEThCS HA MeXaX KOHTAKTHOI
obmacTi, mo 306iraeTscs 3 pesyapTatamu B [127, 128]. Jlinii, 10 BIAPI3HAIOTHCS 3a
3HAYEHHAM IUpHMHK InTammna a /b, mokasyroTs, o Py 3MEHIIEHH] IMPUHU TUCK
30UTBIIYETHCS 3a PAXYHOK 3MEHILIEHHS KOHTAKTHOI 00JIacTI.

byno po3p’s3ano 3amaui ais pizHMX KoHirypariii mrammiB. OTpuMaHo
pe3yabTaTH JJsl pO3NOJALTY HOPMAJIbHUX HANpPY>KE€Hb HA MPYXHOMY MIBIPOCTOPI

1 IITAMIIOM :

0.5+

-0.5 0 0.5 1

Puc. 2.6. Po3moia KOHTaKTHOTO TUCKY ITij IITaMIIoM 3a (popMOIo
IIONEPEYHOro nepepisy 6am3pKkoro a0 mectukyTHoro kinbug —a =0.9 i a/b=0.5

Jlist SICHOCTI Ha PUCYHKY 3 HaBEACHO MOBEPXHI OE3pO3MIpHUX 3HAYCHD
KOHTaKTHOTO THCKY Ta KPHBI PIBHOTO THCKY, III0 1M BIAMOBIIAIOTH, IS IITAMITY 13
MOJIITOHAJLHOI0O OCHOBOIO OOMEKCHOIO CXOXKHMH JIIHISIMHM, OJIM3BKUMH IO

npaBuiIbHUX BocbMuKyTHUKIB ( puc. 2.7 —a=0.9 1 a/b=0,5).
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s

o
N

Puc. 2.7. Po3noaisn KOHTaKTHOTO TUCKY i IITAMIIOM 32 (hOPMOIO
HOIEPEYHOr0 Hepepizy OIM3LKOro 10 BOCKMHUKYTHOIO Kinbig —a =0.9 i

a/b=05

Ha puc. 2.8 nokazano po3mojaisi TUCKY IMiJl ITaMIIOM, KOHTYPHU SIKOTO HE
CXOX1 — JHIi, OJMU3BKI [0 TMPAaBWJILHOIO BOCBMHUKYTHHMKA 30BHI 1 KBajpara
Beepemuni (¢ =0.9 i a/b=0.5). Yucnosuit ananis, BuKOHaHMI I Pi3HUX

KOHTAKTHHUX 00JIaCTeH, 103BOJISIE OLIIHUTH HAJIIMHICTh PO3B'SI3KY.

4.8
4.6

44

Puc. 2.8. Po3moii1 KOHTaKTHOTO THUCKY ITiJ1 IITAMIIOM 13 30BHIIITHIMH
JHISAMH, CXOKUMH Ha MPABUIILHUN BOCBMUKYTHUK, Ta BHYTPIIIHIMHU, CXOKUMH Ha

kBagpar (a=0,9 i a/b=0.5).

byno mpoBeneno ananorio [33] MK KpUBUMH PIBHOTO THCKY Ta JHIIMH

piBHs [lpanaTis mijx yac CKpy4dyBaHHsS CTEpPXHS BIANOBIJHOTO mepepizy. Y BCiX
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PO3TJISTHYTUX BUITQJIKAX 3HAYECHHS PIBHOTO THCKY BIANOBIIA€ BKa3aHIA aHAJIOTII:
01151 cepeIHbO1 YaCTUHU KUJIbIA KOHTAKTHA 00JIaCTh MaJIO BIAPI3HAIOTHCS B1J KOJIa,
1, pyXalouuch BiJ HUX, HAOyBalOTh (OPMHU, CXOKOT HAa MEXKY KOHTAKTHOI 00JIacTi,
OpSIMYIOTh Ta PO3TATYIOTHCS JO KYTOBOI TOYKH. biJii MeXi KOHTAKTHOi 00’acTi
JiHIT PIBHOTO THUCKY CTarOTh ToBHMMH. Came Ha MeXl THCKM NpPUUMAIOThH
MaKCHMaJbH1 KiHIIEB1 3HAUEHHS Yepe3 MIOPCTKICTh, alie TUCK HECKIHYEHHO 3pOCTae
B pasi abCOJIFOTHO IUIaIKOTO KOHTaKTY. JIiHIi pIBHOTO TUCKY 3aMKHYTI O1JI TOUOK 3
MiHIMaJbHUM THUCKOM, SIKI PO3TAIlIOBaHI1 B IIMPIIMX YAaCTHHAX IITaMIa, y IbOMY
BUIIAJIKy — MK KyTOBUMH TOYKaMU M€K KOHTAKTHOI 00JIacTi.

OnTumizamiss KOHCTPYKLIi 3aBXAM € akKTyaJlbHOIO  3ajayero. Y
MOJITOHAJIBHOMY BUNAAKY (DYHKIIIS € HETJIaJKOK, TOMY 3ajiladya yCKIIaHIOEThCS, 1

HEO0OX1THO BUKOPUCTOBYBATH METOIM HETJIaaKkoi ontumizarii [133].

2.5 BHCHOBKM 10 po3aiiay

B npyromy po3auii po3risiHyTO 3a/iady IpO BAABIIOBAHHSA B OJAHOPIAHUI Ta
130TPOIHUIA TIPY>KHUN TIBIPOCTIP a0COIIOTHO KOPCTKOTO TUIOCKOTO JBO3B’SA3HOTO
mrammna. JlJis OTpUMaHHS aHaJIITUYHOTO PO3B’SA3KY, 3aCTOCOBAHO BapiaHT METO/a
30ypeHb 3aCHOBAaHMI Ha PO3KJIAJaHHI 32 MaJIUM apaMeTpOM MOTEHIliana MPOCTOro
mapy, po3moIiJIEHOr0 1o ABO3B’s13HIM o0nacTi. Takum 4nHOM Bi0yI0CS 3BE/ICHHS
3a/ayl Ipo BIABJIIOBAHHS IUIOCKOTO IUTaMIiy Yy (opmi HEKPYroBOrO KUJIbLS 0
MOCJIITOBHOCTI 3a7a4 Juisl mramna y ¢opMi kpyroBoro kuibiisd. Ile mo3Bomuio
BUKOPHUCTATH BIJIOME PIIICHHS JUIsl KPYTOBOTO KIJIBIISL.

Po3B’s13aH0 3a7a4i 1S mwWTaMiiB y (opMi KiIbIs, TPAHULI SKUX OJHM3bKI J10
TPUKYTHHUKIB, IIECTUKYTHUKIB, BOCbMUKYTHHKIB Ta IITAMIy JiHIT KOHTYPIB SIKOTO
HE € TT0a10H].

byno po3pobsieHo cremialibHE TporpaMHe 3a0e3ledyeHHsT Ha MOBI
nporpamyBaHHs C++ 11 aHami3y Ta Bi3yalii3allii OTpUMaHUX pe3yibTariB. OOpaHa
MOBa TMPOTPaMyBaHHS 3aBISKH CBOid HHU3bKOPIBHEBOCTI MPHUCKOpHWIA MPOIEC

po3paxyHkiB. Po3pobiiene mporpamse 3a0e3medeHHs € KpocmiaTGOopMEeHHUM Ta
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MOKe OYTH THTErpPOBAaHO B ICHYIOY1 CUCTEMH, 110 CHPOIILY€E MPOIEC HAATOKEHHS
KOMYHIKaIlli MDK pI3HUMU [POTPAaMHUMHU JIOJaTKaMU. 3a PpaxyHOK CBOET
CTPYKTYPOBAHOCTI KOMIIOHEHTH PO3pPOOJICHOTO MPOTPaAaMHOTO 3a0e3nedYeHHS
MOXXYTb OyTH MOBTOPHO BUKOPHCTaHI JIJIsl MIPOBEACHHS HACTYIMHUX AOCTIHKCHb 3
IHIIMMHU BX1JHUMH ITapaMeTpaMHu.

Otpumano uMcnoBi Ta TpadiuHi pe3ynbTaTH. 30KpeMa, MPECTaBICHO
rpadiku HOpMaJIbHUX HAIPY>KEeHb JIJIs IITaMIIiB pi3HOi KoHpiryparii. Ha mijgcrasi
aHaII3y X PE3yIbTATIB 3p0OJICHO TaKi BUCHOBKH:

1) pe3yabratd, 1o OyJid OTpHUMaHi 3a PO3PaXyHKOBUMH aHATITHYHHUMHU
dbopmMynamu, mokazaiu 3pOCTaHHS HOPMAJLHUX HAMPYKEHb 10 HECKIHYEHHOCTI, SIK
3 BHYTPIIIHBOTO TaK 1 3 30BHIITHBOIO KOHTYPIB IITAMITY;

2) OyJlo IOCHI/PKEHO BIUIMB IIUPUHU KUTBLS IITaMIy Ha PO3IMOJILI
HOPMAJIBHUX HAmpy>KEeHb 1 3arfJuOJICHHS INTaMIly; 3MEHIICHHS IMHPUHU
MPU3BOAWIO 0 30UIBIICHHS 3arjMOJICHHS IITaMmIa Ta MiJABUIIECHHS KOHTAKTHOIO
TUCKY; 3HAWJIEHO 30HHU 3 MIHIMQJIbHUM THUCKOM, SIKI PO3TalllOBaH1 B HAWIIHUPIIMX
JacTHUHAX IITaMIIA.

[IpoBeneHO TOPIBHSUIBHUI aHaJ3 OTPUMAaHUX PE3YJbTATIB 3 1CHYIOUHUMH,
KWW TIOKa3aB, 110 PO3B's3aHI YMCIOBI 3ajayl MATBEPIKYIOTh MPABUIBHICTh Ta

€()EeKTUBHICTh 3alPONOHOBAHOIO METOY PILICHHS.
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Po3nin3. KOMIPIOTEPHE MOJEJIOBAHHA KOHTAKTHOI
B3AEMO/III LITAMIIA 3 IPY>KHUM NIBIIPOCTOPOM

3.1 ITocranoBka 3agaui

PosrisHemMo 3amady aHanoridydHy cGopMybOBaHIN y po3aui 2, a came Mmpo
BJABJIIOBaHHS B OJHOPIIHUN Ta 130TPONMHUN NPYKHUK MIBOPOCTIP KOPCTKOTO
AJTTHIPUYIHOTO IITAMITy 3 INIOCKOK OCHOBOIO (puc. 2.1).

VY cuiy upboro st BU3HAYEHHS 3arjJuOJIeHHS IITaMIIa 1 pO3MOAUTY TUCKY Mij
HUM HEOOXIJHO BHUPIIIYBaTH CHCTEMY YOTHPbOX piBHsAHb (2.33) i3 yoTHupma
HEBIIOMUMH: O — TOCTyHalbHEe BEpTHKAJIbHE MepeMilneHHs mrammna, [y, [, —
HPOEKINT BEKTOpa MOBOpoTy Intamma, P(o,6) — (yHKIA, M0 XapakTepusye
pPO3MOALT THUCKY MiJ IITaMroM. PIBHAHHS MeX 00JIaCTI KOHTAKTy B MOJISIPHIM
CUCTEMIi KOOPJMHAT MPEACTaBUMO Y HACTYITHOMY BHIIIsI (2.9).

HeoOxigHo po3rasiHyTH (OpMH OCHOB IITAMITIB Y BUTJISAL Kpyra, Kbl Ta
KiJTenb OJM3BKUX J0 TPUKYTHUKA, KBAIpary, IMECTUKyTHUKA. [ BUIagka, Koau
a=0, MaeMO OJIHO3B’sI3HY 00JacTh KOHTakTy. BBakaeMo, 10 cHCTeMa IITaMII-
NPY>KHUW MIBOPOCTIp mepedyBae y CKIATHUX MPUPOJHUX yMOBax abo B
arpecCMBHOMY CEpEIOBHILI MEBHUI 4Yac, ab0 eKCIUTyaTyeTbCs JOBrUM dyac. Y
3B’SI3KY 3 IIUM MOXKYTh BIJOYTHCS TOIIKO/DKEHHS PI3HOTO Xapakrepy. 1o0To
BUIMAJKOB1 TIOIIKO/KEHHS, IIOIIKO/DKEHHS THUITY 3HOIIEHHS, a0o0 Taki, II0
BUHUKAIOTh 3a T[EBHUM 3aKOHOM, Hampukiajg, Koposis. Tomy HeoOXiaHO
noOyyBaTH CKIHYEHHO-EJIEMEHTHI MOJIET JJisl IITaMITiB BU3HAaYeHO1 Gopmu 6e3

MOIIKO/KEHb, & TAKOXK 13 TIOIIKOXKECHHSIMU PI3HUX THIIIB 13 PI3HOTO CTEIEHS.

3.2 YunceapHe MOJECJIIOBAHHA KOHTAKTHHX 3a/Ja4 3a J0IOMOIOI0

nporpamuoro kommjiexkcy ANSYS

JlJis 9rcenbHOr0 MOAEIOBAHHS MPOLIECY KOHTAKTHOI B3a€MO/I1Ti aOCOIIOTHO

KOPCTKOTO TUIOCKOTO INTAMITy 3 TPYXXHUM MBIPOCTOPOM OyJIO 3aCTOCOBAHO
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METOJ CKIHYEHUX eJEeMEHTIB. MojaemoBaHHs BiOyBaJocs 3a JIOMOMOTOIO
nporpamioro komriekcy ANSYS [56] (akamemiuna Bepcis). Cucrema
aBTOMATHU30BaHOTO TMpoeKkTyBaHHS Bkimodyae Mechanical, CFD, Autodyn,
SpaceClaim ta DesignXplorer. Kondirypariist po6o4oi craniii Ha sikiil BigOyBaBcs
nporec mozemoBanas Windows 10 Home (64-bit, Version 22H2, OS build
19045.4170), mpouecop AMD Ryzen 5 4500U with Radeon Graphics 2.38 GHz, ta
16.0 GB omnepatuBHOi mam’siti. Moayns Static Structural, cucremun ANSY'S, Hanas
JOCTYIl 10 TPOEKTYBaHHS B paMKax CTaTUKH Ta TIPOBEICHHS CKIHYCHHO-
€JIEMEHTHOT'O aHaJII3Yy.

Ha mnepmiomy ertami BiOyBajocs CTBOPEHHS TE€OMETPUYHOI Mojaenl. Y
Workbench nns nboro BUKOpUCTOBYeThbes Monyiab (Geometry, SKUW J03BOJIsIE
BUKIUKaTU nojaTtok Design Modeler. ['eomerpuunuit npouecop Design Modeler
IpyHTY€eTbcs Ha sapi Parasolid Ta Mae MOXIMBOCTI IIOJAO IapaMeTpu3arlii
reometpii. [loOy0oBa reoMeTpudyHMX MojeNel BiIOYBA€ThCA 4epe3 MOCIIOBHY
peanizaliio ornepamnid, siKki BHUKOHYIOTh MEPETBOPEHHS T'€OMETPUYHUX OO0'€KTIB.
[ToGynosa reomeTpuunoi Mojieniit B ANSY'S BiiOyBaiach NUISIXOM MO€THAHHS ABOX
METO/1B: BUKOPUCTaHHS TOTOBUX MPUMITUBIB Ta 3aCTOCYBaHHs OYyJIEBUX Olepariii
0 HHX abo0 1€papXi4yHOTO TIOCHIJIOBHOTO CTBOPEHHS CKJIAIOBHX MOJCII,
PO3MOYNHAIOYH 3 OITOPHUX TOYOK, JIiHIH, CIUIalHIB Ta moganpmux 00'ekTiB [12, 13,
15, 16, 19, 141].

Ha npyromy erari npoBoauiiach MpoCTOPOBA JUCKPETU3AIIIS JOCITIHKYBaHOT
o0OyacTi, sKa BIJNOBIAAE TOYATKOBIA TEOMETPUYHIN MOJei, OTpUMaHIi Ha
nonepenuboMy etami. [loOyaoBa oOuMcitoBanbHOI CITKM Oyjla BHKOHAaHa 3a
normoMororo mMoxayiisi Meshing. Tlicns 3amiau  nudepeHiianbHUX PIBHSIHB Y
YACTUHHUX TMOXIJHUX, IO OIMHUCYIOTh MOBEIIHKY CYLUJIBHOTO CEpeAOoBHINA, iX
JUCKPETHUMHU aHaJoraMu, OTPMMaHO HOBI MapaMeTpyd — 4YacoBl Ta MPOCTOPOBI
KPOKHU 00YMCIIIOBaIbHOI CITKH. [100y10Ba MPOCTOPOBOI CITKH € OJJHUM 13 BArOMHX
€TamiB y BHpINICHHI 3a7a4 CTBOPEHHS KOMIT IOTEPHUX MOJENeH 3a JOMOMOTOIO
METO/IB CKiHYCHHX OO0'€MIB 1 CKiHUeHHMX ejeMeHTIB (puc. 3.1). AIeKBaTHICTh
noOy/10BaHOI 00UYMCITIOBATIBLHOI CITKUA Y OUTBIIOCTI BUMAAKIB € OJHUM 13 KITFOUOBHUX

aCHeKTIB OTPUMaHHS HAAIMHMX pe3yJbTaTIB YUCENbHOrO po3B'sa3Ky. Kpim Toro,
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pPO3paxyHOK Ha CITIli, SKa HEJOCTaTHHO TOYHO BIJMOBITA€ KOHKPETHIA 3ajadi,
MOXE TIPU3BECTH JIO0 3HUKEHHS TOYHOCTI PO3B'S3KYy, BTpaTh 301KHOCTI,

BUHUKHEHHS PI3HUX BHUJIIB HECTIHKOCTEH, TOIIO.

<
i
R

~

.

RS2
AR

X

Puc. 3.1 Ilpuknan CKiHUEHHO-EJIEMEHTHO1 CITKH

HanamryBanHss po3MmipiB Ta IIUJIBHOCTI CITKOBUX KOMIPOK, a TaKOX
KEpYyBaHHS PO3JIJIBHOK 3JATHICTIO CITKM SIK IJI00ajJbHO TaK 1 JIOKaJbHO OyJ0
MIPOBEJICHO 3a JOMTOMOTOI0 TPYIH HapamMeTpiB «Sizing». J[ist KOHTPOJIIO KyTiB MiX
HOPMAaJISIMH TIPOBEJICHUX JI0 pebep CyCiAHIX €IEMEHTIB CITKU, KUIBKOCTI €JIEMEHTIB
CITKM B 3a30pax MiX JBOMa r€OMETPUYHUMHU €JIEeMEHTaMU 301pKU Ta BIIHOIICHHS
PO3MIpIB CYCIHIX KOMIpOK OyJio BuKopucTaHo «Size Function» [16, 19, 20].

Ha mpakruiii, yci KOHCTPYKIII MarOTh HEIIHIMHI BIACTHBOCTI, ajieé 1HOI
BIUIUB HEJIHIMHOCTEH € He3HayHuM. Hampukian, medopmariii KOHCTPYKIi €
MajJuMH, TO TEOMETPUYHI HEIIHIHHOCTI MOKHa IrHopyBatu. Komum wmatepian
MpaIfloe B MeXkax JIIHIMHOI NPyKHOCTI, TO MaTepialibHI HEJIIHIMHOCTI MOXKYTh OyTH
3HEXTyBaHl. AJle, KIIO BUSBIEHO, 110 HETiHINWHI €PEKTH CYTTEBO BIIMBAIOTH HA
MOBEJIHKY CHUCTEMH 1 IX HE MOXKHa ITHOPYBAaTH, 3aJady CIiJ po3risgaTH B
HEJIHIHHOMY KOHTEKCTI.

KonTakt € ogniero 3 hopM KOHTAKTHOT HeNMiHiHHOCTI. [1ix yac qociikeHHs

BCl PO3MVISIHYTI KOHTaKTU OyJlM TakuMH, IO HaJleXkaThb KJIACy MKOPCTKI-TIPYXKHI.
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ToOTO KOHTaKTYIOYl Tijla MaJM PI3HY >KOPCTKICTh (@0COIIOTHO >KOPCTKHUM IITaMII
Ta MPY>XKHUHN MIBIPOCTIP)

VY mporeci imiTanii KOHTaKTHOI B3a€MOJ1i OyJi0 BUKOPHUCTAHO CIEIiaibHi
exementH, BigoMi Ik CONTAxxx ta TARGEXXX, IK1 HAaHOCHJIMCSI Ha B1AIIOBIIHI
noBepxHi Mozeni. 3azBuuair, CONTAXXX 3aCTOCOBYETHCS JUIsl BU3HAUYCHHS THUIIIB
KOHTAaKTy MK TIOBEpXHSIMH B CKJIQJHHX OOYHCIIOBAIBHUX  MOJEISX.
"CONTAxxx" B koHTekcTi ANSYS Moxke BIIHOCHUTHCS 10 PI3HUX THIIIB
€JIEMEHTIB KOHTAaKTy, Ae "XXx" Mo3Hauae KOHKpPETHHM Tum abo Koj eneMeHTy. B
ANSYS icHyloTh pi3HI BHUIM €JIeMEHTIB KoHTakTy, Taki sik CONTAI17I,
CONTA174, CONTA178 1 T. A., KI BUKOPUCTOBYIOTHCA IS MOJCIIOBAHHS
PI3HUX THUIIIB KOHTAKTHUX B3a€MOJIN MK 00'€ekTaMu a00 YaCTUHAMU KOHCTPYKIIIH.
B cBoro ywepry TARGEXXX 3amae 1ibOBY MOBEPXHIO KOHTaKTy, a BIJIMOBIJIHI
1HJEKCH BKa3yIOTh Ha THII IJIbOBOI OBEPXHI. ByIio 3acTOCOBaHO pi3HI KOMOIHAIIT
CONTAxxx ta TARGExxx.

Po3mip TOpOHUKHEHHSI pPO3paxoOBYBaBCA SK BIJICTaHb MIK  BY3JIOM
KOHTAKTHOTO €JIEMEHTa Ta TPAaHHIO JOMOMIXKHOTO ejieMeHTa. ToOTo 11 BUMAAKIB
KOJM PO3MIpU KOHTAKTHUX €JIEMEHTIB OyJIM 3HAYHO OUIBIIUMHU 3a PO3MipU
JOTMIOMDKHUX €JIEMEHTIB, BY3JM JOMOMIKHOI IMOBEPXH1 IHKOJU 3I1HCHIOBAIN
B3a€EMOIIPOHUKHEHHS dYepe3 TpaHi KOHTAKTHOI TMOBepxHi. BomHowac, By3mu
KOHTAaKTHOI TOBEPXHI HIKOJM HE MPOHUKAIHM Yepe3 rpaHi JOMOMIDKHOI MOBEPXHI.
Tomy, po3Mip CITKM B 30HI KOHTaKTHOI B3aeMOJii Mig0UpaBcsi JAPIOHUM IO
BITHOLLIEHHIO /0 00'€KTa 3 KOHTAKTHOIO MOBEPXHEI0, 100 OyJ0 He MOpYLIEHO
(b13M4HOTO CEeHCy 3ajayi.

J1J1s1 JKOpCTKO-TIPY’KHOTO KOHTAKTY IIJTOBA MOBEPXHA OyJia po3TalioBaHa Ha
KOPCTKOMY TiJTi, @ KOHTaKTHA MOBEPXHS — HA MIPYKHOMY.

Jlist 0OuncaeHHs] KOHTAKTHUX CUJI OyJIM BUKOPUCTaHI Tak 3BaHl «wITpadHi
METOIN», SIKI Tepen0adaroTh MOXKIMBICTh HEBEIIMKOTO IMEPEKPUTTS KOHTAKTHUX
MMOBEPXOHb HA TIEBHY BEJIUYHHY.

B makeri Workbench Mechanical 3anponoHoBaHo pi3Hi METOU PO3B'SI3aHHS

KOHTaKTHUX 3amad. g po3B’s3aHHS TOCTABJICHHWX 3a/ad OyJO0 BUKOPHCTAHO
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meton mrpadis (Pure Penalty), ta posmmpenuit meton Jlarpamka (Augmented
Lagrange).
Metonu mtpadiB Ta posmmpeHuii Merton Jlarpamxka TIpyHTYIOTbCS Ha

3aJ1€)KHOCTI KOHTAKTHOI CHUJIN BiI[ BCIIMYMHU ITPOHUKHCHH:

Jle kn — sxopcrTkicTs KOHTAKTy (B3OBX HOpPMali 1O ITIOBEpXHi); *P—
BEJIMYMHA MPOHUKHEHHS (B370BXK HOPMaJli IO MIOBEPXHI).

OcHoBHa pi3HuLA MK MeTtogamu Pure Penalty Ta Augmented Lagrange
[OJISiTa€ B TOMY, IO B OCTAaHHbOMY JI0 CHJIM KOHTAaKTy JIOAA€ThCS MapameTp A,

SIKAM SMCHIIIY€ LIYTJII(IBiCTI:o J0 3HAYCHH )KOpCTKOCTi KOHTAaKTYy:

F,=k,-x,+4

3a 3aMOBYYBaHHSIM BUKOPUCTOBYBaBCA MeTOJ IWITpadiB AK HANOUIbII
HamliHUNW 3 TOukM 30py 30DKHOCTI. Posmmpenmit Merox Jlarpamxka
BUKOPUCTOBYBaBCS 3 KOHTakTamu TUNy Frictionless y 3amayax 13 3Ha4YHUMU
nedopmariisimu.

Hns metony mrpadiB Ta po3MUpeHOro wmetonxy Jlarpamxka icHye
MOJKJIUBICTh BHU3HAYEHHS TOYOK IHTErpyBaHHS, MIO B JCSKUX BHITAIKaX CIIPHSIE

MOJTIMIICHHIO 301’KHOCTI, aji¢ BOJHOYAC TPOIIKH 30UIBIIIYE Yac PO3PaXyHKY.

3.3 Omnmuc 00paHOro CKiH4€eHHOTO eJIeMEeHTY

[Ticnst mpoBeeHHS 3HAYHOI KIJTLKOCTI YACETbHUX €KCTICPUMEHTIB 3 PI3HUMU
TUIIAMU €JIEMEHTIB UIsl MOJEIIOBAHHS MPYKHUX T 1 BpaXOBYIOUM iXHI IepeBaru
Ta oOMexeHHs, Oyno oOpano enemeHT SOLID186. Bin 3ag0BoJIbHSIE CBOIMH
BJIACTUBOCTSIMU 1 MOJJIMBOCTSIMHM MOJIEIIOBAHHSA OLIBIN HIXK 1HINMX CKIHYEHHI

enementu, Taki sk SOLID185 ta SOLIDI187. IlopiBHtoroun 3 SOLIDI8S,
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SOLID186 wmae Oinplily TOYHICTH Y MOJCHIOBaHHI Aedopmalliii Ta BEJIMKUX
HaIpy>K€Hb B CKJIAJHUX FEOMETPUUHUX CTPYKTypax, Tak sk SOLID186 no3Boisie
BUKOPHUCTOBYBATH OUIBIITY KUTBKICTh BY3JiB 1, TAKUM YHHOM, TOYHIIIIE allPOKCUMYE
dopmy Ttina. Y mopiBasHHI 3 SOLID187, SOLID186 Mae Ouibliy THYYKICTh y
BHU3HAUEHHI MaTepiaibHUX BIACTHBOCTEH, IO JI03BOJISIE TOYHIIIE MOJEIIOBATH
peasibHI MaTepiau.

SOLID186 € TpuBuMipHuM 20-BY3JIOBUM TBEPIUM EJIEMEHTOM, SIKHii
MPOSIBIISIE€ KBAAPATUYHY MOBEAIHKY MEPEMIIICHHSI.

Enement Bu3Hauaetbcs 20 By3namMu 3 TpbOMa CTYNEHSIMH CBOOOJM Ha

BY30JI: 3CYBU By3la B HalIPAMKY X;, X, Ta X,. EJEMEHT MATPUMYy€ IIaCTUYHICTD,

rinepruiacTUYHICTh, HANPYKEHICTh, BEJIMKI BUTMHU Ta Benuki aedopmariii. Came
Takl BJIACTUBOCTI CKIHUEHHOTO €JIEMEHTY HaJal0Th MOXJIMBICTh 3aCTOCOBYBATU
nmoOynoBaH1 MoJel Uil MOAAIBIINX JOCIIKEHb MPOLIECIB 3 BUXOJOM 3a MEXI
IPYXKHUX Jepopmarltii.

['eomeTpist, MICLE3HAXOJKEHHSI BY3JIB Ta CHUCTEMa KOOPAMHAT EJIEMEHTY

JUTA IOTO €JIEMEHTY MOKa3aHi Ha puc. 3.2.

r t
P \%Y O
x /T
M i 'U N/ V
B oA
| E
Yo !
»
T.
X2=V /‘
|
Xl,u
X3,W

Puc. 3.2 3oBnimnii Burian enementy SOLID186
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Jani ¢pyHKIii popM 3aCTOCOBYIOThCS JIJIs1 TBEPAUX eJleMeHTIB 3 20 By3iamu,
3okpema it SOLID186.

1

u==

8
+U, (1+s)A+t)A-r)(s+t—-r-2)+u (L-s)@A+t)A-r)(-s+t-r-2)

+U, 1-s)A-t)A+r)(-s—-t+r—-2)+u, @A+s)A-t)L+r)(s—-t+r—-2)

+Uy L+ 8)A+t)A+r)(s+t+r—-2)+u, (L-s)A+t)A+r)(-s+t+r—2))

+%(UQ(1_ s?)(L—t)L—r)+ U, (L+5)(L—t2)(L—T) (3.1)

+U (L-s)A+t)(A-r)+u, L-s)@L-t*)L-T)
+u, (L-s*)A-t)@+r)+u, 1+s)A-t*)(L+T)
+Uy, (1-s?)A+t)@+r)+u, A—s)A-t*)(A+T)
+u, (L-s)L-t)A-r*) +u, A +s)A-t)@-r?)
+U, (1+8)A+t)A-r’)+ug(L—-s)A+1)A-r?)

U Ad-s)d-t)A-r)(-s-t-r-2)+u,A+s)A-t)A-r)(s-t-r-2)

V= %(Vl L-s)A-t)A-r)(-s-t-r-2)+v,(1+s)A-t)A-r)(s-t-r-2)

+V, (@+s)A+t)A-r)(s+t-r-2)+v, 1-s)A+t)A—-r)(-s+t—-r-2)

+v, 1-s)A-t)A+r)(-s-t+r-2)+v,L+s)A-t)A+r)(s—t+r-2)

Vo L+ S)A+t)A+r)(s+t+r—-2)+v,(1-s)A+t)A+r)(-s+t+r—-2))

+%(VQ 1-s)A-t)A-r)+V @1 +s)1-t*)(A-T) (3.2)

+V (L-s)L+t)L-r)+v, A-s)1-t*)(A-T)

+V, (L-s?)A-t)A+r)+v, L +s)(L-t*)(L+T)

+V, 1-s?)A+)A+Tr)+v, L-s)L-t*)(L+T)

+V, (1-s)A-t)(L-r?) +v, (1+s)L-t)A-r?)

+V, L+ s)A+t)(L-r?) +vyA-s)L+t)L-Tr?))

Jle U — nepeMmilleHHs B3A0BX OCl X;, V — IepeMilleHHs B3J0BX ocl X, , W

— mnepeMilleHHsl B3AoBX ocl X,. Koopmunatu S , t 1 I HopMami3yrooTbcd,
nepexozsuu Bif -1,0 3 oqHOTO O0OKY enementa 1o +1,0 3 iHIIoro, i He 060B’A3KOBO
OpPTOrOHAJIbHI OAHa OAHIA. B 3arampHOMYy Bumazky oci X, X,, X, MaroTb
OJTHAKOBHMM HampsiM 3 ocsimu S , T 1 I BigmoBigHO. M, X, P, W, O, V, N, U, A, K,

R, J,Z Q, 1LY, T,L,S, B-By31u CKIHUEHHOTO €JIEMEHTY.
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3.4 Onmuc po3pod/ieHOro nporpamMHoro 3adesnedennsi Ha Mmosi APDL

Jl1st MozieNTIoBaHHsI KOHTAaKTHOT B3a€MO/I11 a0COJIFOTHO YKOPCTKOTO IITAMITY 3
MPY>KHUM IMBIPOCTOPOM OyJI0 PO3po0IeHO MmporpaMHe 3a0e3nmedeHHsS Ha MOBI
nporpamyBanHss APDL. Mosa APDL € mnoTyXHUM 1HCTPYMEHTOM JIJisi
aBTOMATHU3allll TPOIECIB MOJICTIOBAHHSI 1 PO3B'A3aHHS CKIATHUX 3a7a4 Yy
cepemoBumi ANSYS. Ii 3acTocyBaHHS [03BOJNMJIO CTBOPUTHM CKPHITH IS
BU3HAYECHHS T€OMETPil MOJIeN1, 3a/laHHs BJIACTUBOCTEW MartepiajiB, BCTAHOBJICHHS

IPAaHUYHUX YMOB, BUKOHAHHS PO3PaxyHKIB Ta aHaNI3y pe3yJbTaTiB (puc. 3.3).

o
File Select List Plot PlotCtris WorkPlane Parameters Macro MenuCtris Help

7& g g @ .@J ﬁ] 1] g | BN Mechanical APDL 2020 R2 Output Window
Toolbar ANCE FOR WINDC r
SAVE_DB| RESUM_DB| QuIT| POWRGRPH|

Main Menu ®

E Preferences NODAL SOLUTION
& Preprocessor

@ Solution

@ General Postproc
@ TimeHist Postpro
@ Radiation Opt

=

B Finish

STEP=1

d

EebllipkkbERR

=

| Pick @ menu item or enter a command (POST1) [mat=1 [type=1 [real=1 |csys=0 | secn=1 |

Puc. 3.3. Inutrepdeiic po3pobaeHoro nporpamMHoro 3ade3nedeHHs Ha MmoBi APDL

Opnniero 3 nepesar BukopuctanHs MoBu APDL e 1i rHydKiCTh Ta MOXKITUBICTD
apromatuzaiii. 3a pgomomorow rpadiuyHoro iHTepdeiicy ANSYS, a Ttakox
ckpuntiB APDL Oyno cTtBOopeHo ckiamaHi mojem. lle A03BONMIIO MIBHIKO
po3po0isaTH Ta MoAMdIKyBaTH pi3HI CIEHApli MOJEIIOBAaHHS 1 MPOBOAUTH
aBTOMATUYHUI aHaJli3 PI3HUX BapilaHTIB OCTAHOBOK 3aBJIaHb.

[Hmoro  BaxknmMBOIO TiepeBaror € iHTerpamiss MoBu APDL 3 maketom

ANSYS. Ockinbku APDL po3po0OneHna cremianbHo aiis B3aemo/ii 3 ANSY'S, uepes
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Hei OyJo OTpUMaHO JAOCTyn A0 0araTb0X OCOOJIMBUX MOKIMBOCTEH LIBOTO
nporpamMHoro 3abesneueHHd. CaMe 1€ 03BOJIMIO BUKOPUCTOBYBATH PO3IIUPEH]
¢ynkmii ANSYS 6e3nocepeanbo y ckpuntax APDL st cTBopeHHs CKiagHuX
MojieJiel Ta IPOBEJICHHS PO3PaXyHKIB.

[lepen BUKOHAHHSM OCHOBHOI YaCTHHHM CKPHITa 3alpOrpaMOBaHO IMPOIIEC
HAJTAIITYBaHHS CEPEOBHUIIA a CaMe: 3aBEPILIECHHS MONEPEAHbOI POOOTH, OUUIIICHHS
MOMEepeHIX JAaHUX Ta BIAKPUTTS HOBOTO PEKUMY JJI MiATOTOBKU KOMIT FOTEPHOT
mozpemi. Jlami BigOyBaeTbcst CTBOPEHHS OJIO0KOBOI CITKM Ha OCHOBI JAaHWX BKa3aHHMX
KopucTyBaueM. Ilicias 1mbOro MpOBOJIUTHCA MpOLIEC iHIIIAMI3AIIl BIACTUBOCTEN
MaTepianiB, TOOTO BHU3HAYAIOTHCA IX XapakTepucTuku. Jlanmi 3agaroTbcs yMOBU
HaBaHTaXeHHA. B okpemMomy mporpamMHOMy OJIOII BCTaHOBJIIOETHCS KOJIHOPOBA
najitpa 3 BukopuctanHsaM RGB s 3aganux iHIeKciB KoiabopiB. Ilicis 3amanHs
BCIX HEOOXIJTHHX TapaMmeTpiB BIAOYBA€ThCS 3alUT HAa PO3B’SA3aHHS 3ajJadl.
OTpumani pe3yJibTaTh Bi3yali3ylOThCs 3a JIONOMOIrOI0 CHELIaJbHOTO CEpelOBUIIA
(puc. 3.3) /I HAOYHOTO TPEACTABICHHS YHCEIbHHMX JaHUX, 3aBIAKUA SKOMY
pe3yibTaTH PO3paxyHKIB HOPMAJIbHUX HAMPYKEHb 1 MEpEeMillleHb BUBOIITHCS Ta

OynytoTbes rpadiki.

3.5 AHami3 oTpuMaHUX Ppe3yJabTATiB Ta ImepeBipka Mojaedi Ha

AeKBATHICTDH

[licnst 3aBIaHHs BCIX HEOOXIAHUX MapaMmeTpiB Ta MPOBEICHHS MPOIIECY
KOMII FOTEPHOTO MOJIENIOBaHHS, OyJ0 MPOBEIEHO aHaji3, BUKOPHUCTOBYIOYH post
processing OTpPUMaHUX pPE3yabTaTiB. byllo JOCHIIKEHO HaNpy>KEeHHS, IO
BUHUKAIOTh B Mpolec NpyxHoi aedopmallii miBopocTopy mia Ai€ro mrammna. Ha
puc. 3.4 HaBeCHO MPUKIIA]] CKIHYUEHHO-EJIEMEHTHOI CITKM Ha TIOBEPXHI MPYKHOTO,
ne(OpMOBAHOTO MIBMPOCTIPY HA SKWM TUCHE aOCOJIOTHO KOPCTKUM, IJIOCKHIM,
TPUKYTHUW KUTBLIEBHHA B TIJIaHI IITAMII, [0 MAa€ HABAHTAKEHHS 30CEpeIKEHE Y
IEHTPl TSOKIHHS INTaMITy, TOOTO IEHTpajlbHE HaBaHTaxeHHs. (s oTpumaHHA
Takux pe3yJsbTatiB B ANSYS Oyno BUKopucTaHo crieniajibHuii Mmoayib Linearized

Stress.
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Puc. 3.4. CkiHueHHO-eJIeMEHTHA CiTKa Ha MOBEPXHI 1e(POPMOBAHOTO

MIBIIPOCTOPY, 00JIACTh KOHTAKTY

pr 8 /
7.5

65
/ ’
Fd
6 ,
55
/o=
P4

0.4 0.5 0.6 0.7 0.8 0.9 1
p/b

Puc. 3.5. Po3mozin HopmansHOro Ticky B mepepizi 0 =0 1- ananituune

pilIeHHS, 2 — YHCeIbHE PIIICHHS

Ha puc. 3.5. mpencraBienHo rpadik po3moaily HOPMAJIbHOTO THUCKY ITiJT
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KUIBLIEBUM TPUKYTHUM IITAMIIOM JJisi JAHUX OTPUMAHUX AHATITUYHHUM IUIIXOM
st Bumazka, ko a=0.60 B Toukax (p,6.) mpomeHst, SKHil BUXOIUTE 3 IIOYATKY

KOOpPJIMHAT Ta MEPETUHAE 30BHINIHIN 1 BHYTPIMIHIA KOHTYpPU 00JIACTI KOHTaKTy B
Toukax (pp,6.) 1 (pr,,6.) .

PesynpTati mOCHIKEHHS MOKa3aJd M0 HOPMaJllbHI HAMpYXEHHS OTpPUMaHi
aHAJIITUYHUM LUISIXOM Ha KpasX 30HM KOHTAKTy 3HAYHO BHIIl 3a YUCENbHI Ta
OpSMYIOTh J0 HECKIHYEHHOCTI. B 30HI KOHTAaKTy B MeKax CEpEeIHbOI YaCTUHU
KUTBLIS 3HAUEHHSI HOpMaJIbHUX HaIMpyXeHb Maibke 01u3bki. Ha 30BHINIHIN TpaHuUIl
KOHTaKTy MaeMO 3HA4YHUU po30ir B OTpUMaHUX pe3yJbTaTaX, L0 MOKHa OyJio
nepeA0ayuT 3 MPUYMHM ICHYIOUMX PI3HHIb y MIIXO0JaX MDK aHAIITHYHUM 1
YHUCEJIbHUM pO3B’SI3aHHAM TakKoro Kiacy 3ajgad. Takoxx Tpeba MaTtu Ha yBasl
0COOJIMBOCTI, IIO0 MAalOTh MICLE NpPU PO3pPaxXyHKy HAOpyr y KyTOBHX 30HAX
KOHTaKTYIOUHMX TUI. BigHOCHa pi3HULA y po3paxyHKaX HOPMalIbHOTO THUCKY Y
cepenHiil 30H1 KUIbIl He mepeBunnyo 10%, Ta iCHyrOTh 00JacTi € MPHUCYTHI
Maii’)ke TIOBHE CHIBIAJIHHA pe3ynbTaTiB. Takoxxk TpeOa BII3HAYUTH, IO HANPYTH
POCTYTb LIBHUJILIE 13 30BHIIIHBOI CTOPOHU KUIbIA. 31 3SMEHIICHHSIM IIUPUHHA KUIbLS
3HaYHO 3POCTAIOTh HAIPYTH 1 3 BHYTPIIIHBOI CTOPOHU Pe3ynbTaTv 4MCeIbHOrO
PO3B’SI3Ky 3HAXOSATHCS B paMKaX JAOMYyCTUMHUX BiIXUJICHb.

Posnonin HopMallbHUX HANpy>XeHb B 30HI KOHTAKTY IIJIOCKOTO a0COJIFOTHO
YKOPCTKOT'O OJIHO3B'SI3HOIO IITaMITy 3a ()OPMOIO MOIEPEUYHOI0 Tepepizy Mo 1i0HOTro
10 MIECTUKYTHUKA 3 MPYXHUM MIANPOCTOPOM HaBEIEHO Ha puc. 3.6. 3amaua €
BicecuMeTpuyHOI0. Ha mtamm fie, 1m0 npukiiageHe BEpPTUKAIBHO JIiHIA Jii SIKOTO
OPOXOOUTh dYepe3 IEeHTp TOKIHHSA 1mmramimy. HopMmanbHi HampyXeHHA €
HaWOIBIIMMHU  B3JIOBX KpaiB MIJOMIBM IITamMny. MakcuMmaiabHI 3HAYEHHS
HaNpyXeHb BUHUKAIOTh Y KYTOBUX TOUYKAaX.

Y 1eHTpanbHIM YacTHUHI 30HM KOHTAKTy, HANpPYXEHHS IOCSTalOTh CBOTO
MIHIMyMY, @ caM€ y LIEHTpP1 TSDKIHHA MiJomBHU mrtamiy. [lepemienHs npy Horo

MiBIPOCTOPY MiJI MIJOIIBOIO MITAMITY € PIBHOMIPHHUM.
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Global Coordinate System
Time: 1

1.4015e5 Max
-24431e6
-5.0263e6
-7.6095¢6
-1.0193e7
-1.2776e7
-1.33597
-1.7%42e7
-2.0526e7
-2.3109e7 Min

Puc. 3.6. Po3noain HOpMaJIbHOT'O TUCKY IMiJT IITAMIIOM TOMIEPEYHUN TIepepi3

AKOT0 OJIM3bKUN IO IIECTUKYTHUKA

Poznoain HOpMalibHUX HampyeHb B 30HI KOHTAKTy IJIOCKOIO aOCOIIOTHO
’KOPCTKOr'0 JIBO3B'I3HOrO B IUIAHI IITAaMIy B (popMi OJIM3BKOI /10 IIECTUKYTHOIO
KUIBLA 3 TPYKHUM MIANPOCTOpOM mpeacTaBieHo Ha puc. 3.7, 3.8. Posmomin
HOPMAJIbHUX HANpPYXEHb MiJ MiJOIIBOI0 IITAMITy JOCATAE CBOIX MaKCHUMyMIB Ha
IPAHMIIX IITAMITy, 3HAYHO OLIBINNKN 31 CTOPOHHU 30BHIIIHBOT IPAaHUII ITamMIy (1110
CHIBIMAJIa€ 3 XapaKTepOM TMOBEAIHKM HaIPY>KE€Hb [JIs aHaJITUYHOTO PO3B’S3KY,
OTPUMAHOr0 y JAPYyroMy pO31iii), ajle He NpsIMy€e J0 HECKIHYEHHOCTI, IO
MpUTAMaHHO ISl PE3yJIbTAaTiB OTPUMAHMX 3a JOMOMOTOK METOAa CKIHYCHHHX
€JIEMEHTIB JUIsi MOJell TPYXKHOTO MIBIOPOCTOPY. MaKcumanbHi 3HAYeHHS
HaIpYy>KeHb BUHUKAIOTh Y KYTOBUX Toukax. [lepeMileHHs mpy>KHOTO MiBIIPOCTOPY
M1 TT1OIIBOIO IITAMITY € PIBHOMIPHHUM.

Ha puc. 3.8, a - 6 mpencraBieHO poO3MOJAUT HOPMAJbHOTO THCKY IiJT
JIBO3B’3HUMHU INITAMIIAMH 3 TIONEPEYHUM TmepepizoM y ¢opMi ONM3BKOI 0
IIECTUKYTHUX KUIelpb pi3Hoi mupuHu. Ha puc. 3.8, 2 mpeacTtaBieHo po3momain
HOPMAaJIbHOTO HAIPYKEHHs M1/l OHO3B’A3HUM ILITAaMIIOM 3 ONIEPEYHUM IEepPepPi30M
y dopmi mectukytHuka. Ha rpadikax HamaHo po3mojail HOPMAIBHOTO THCKY Y

B310BX Bicl OX.
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Global Coordinate System
Time: 1

3.6836e5 Max
-2.3915e6
-3.1513e6
-7.9111e6
-1.0671e7
-1.3431e7
-1.6191e7
-1.895¢7
-2.171e7
-2.447e7 Min

Puc. 3.7. Po3moaisi HOpMaJIbHOTO TUCKY 1] IITAMIIOM MONEPEYHUI ITepepi3

SIKOTO OJIM3bKHI A0 MICCTUKYTHOI'O KiJ]BHS[

2.50E+07

2.00E+07

1.50E+07

1.00E+07

5.00E+06

0.00E+00

12

-5.D0E+D6 p'b
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Puc. 3.8. I'padik po3mnogiasy HOpMaJbHOTO TUCKY 1] IITaMIIOM y dhopmi
MIOTIEPEYHOTO TIepepi3y OIM3BKOI J0:
a — mecTuKyTHOTO Kinbis ripu &/b = 0.4; 6 — mectukyTHOTO Kbl nipu a/b

= 0.5; 6 — mecTukyTHOrO KiJbiyt npu a/b = 0.6; 2 — mectukytarka a/b = 0

Ha puc. 3.8 mnpeacraBieHo rpadikud po3noAily HOPMAaJbHOTO THCKY ITiJT
IITaMIIaMH 3 TONEPEYHUM IepepizoM y Gopmi OJIU3BKOI A0 MIECTUKYTHOTO KiIbIIS
JUIA BUMAQJAKIB KOJM KOE(IMIEHTH MOMIOHOCTI MK BHYTPIIIHIM 1 30BHIIIHIM
koHTypamu gopiBHiooTh 0.4; 0.5; 0.6. A Takox mnpeacraBieHo rpadik s
BUIAAKY PO3MOJUTY HOPMAJIbHUX HAINpPY>KEHb MiJ OJHO3B’A3HUM IIECTHUKYTHUM
mraMrnoM. MoxHa No0auuTH 110 3HAYEHHS HAIpyXEeHb I OUIbII BY3bKHX
IITaMIIIB BUIIl MOPIBHSAHO 3 OUIBII IIMPOKUMU ITAMIIAMH, Ta MalOTh AHAJIOTTYHUNA
3arajJbHUM XapakTep MOBEAIHKH PO3MOALTY.

Ha pwuc. 3.9 mnpencraBieHo pe3yiabTaTH KOMIT IOTEPHOTO MOJICITIOBAHHS
B3a€MO/IIT HUJITHAPUYHOTO TJIOCKOTO Y IJIaHi mrammna y Gopmi Kpyra 3 130TpOITHUM
npyxHuUM TiBrpoctopoM. Ha puc. 3.9, a mpeacraBieHo po3mojaisl HOpMaJbHUX
HampyXeHb i Imramna y ¢opmi kpyra 0e3 momkomkenb. Ha puc. 3.9, 60
HOCIIZOBHO MPEACTABICHO PO3NOALT HOPMAIbHUX HANPY>KEHb JJIS1 MOIIKOKEHHS
TUny 3HomIeHHs. [lomKOMKEeHHs 3HOIICHHA BiAOyBajgocs 3a HACTYIHUM
PaBUJIOM: JIJIsl EHTpabHOTO KyTa Yy 90° moctymnoBo 3 kpokom 0.04 Bij BeTUUHHH
paziyca Kpyra BUAaJIsAIacs YaCTHHA TIOTIEPEYHOTO Mepepizy Kpyra (3a J0MOMOT o0
crutaiin  ¢ynkuii). 3 puc. 3.9, 6 MoxHa 0auuTH, MO 3HOIIEHHS BiIOyBasoCsS 3
OJIHI€1 CTOPOHM KpyTa (LeHTpanbHui KyT - 90°) Ha rmubuny 0.12 Big BeIMYMHU
paniycy. 3 puc.3.9,6 MoxHa OauyuTH, IO 3HOUIEHHS BIAOyBaJOoCAd 3 JBOX
MPOTWIICKHUX CTOPiH KpyTa (90°+90°) Ha rubuny 0.12 Bix BenwuuHH paaiycy. 3
puc. 3.9, 2 MokHa 0auuTH, MO 3HOIICHHS BiIOYBaIOCAd 3 TPHOX CTOPIH Kpyra
(270°) na rnubuny 0.12 Bix BenuuyuHU paaiycy. 3 puc. 3.9, 0 MoxkHa 0a4yuTH, 1110
3HOIIEHHS BIAOYBaJIOCS 3 4OTHPHOX CTOpiH Kkpyra (360°) mHa rmmbuny 0.12 Bin
BenuuuHU  paaiycy. Ha puc. 3.9, e mnpencraBieHo BUMAIOK  TOYKOBOTO

MONIKO/PKEHHSI THUITY Tpill[MHA, IO MpOHWKae Ha TauOuHy (.2 BiJg BeTUYUHU
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pajiyca mramria.

0 e

Puc.3.9. Po3noain HOpMajgbHUX HaNpyKeHb HaA MIBIOPOCTOPl IMiJl KPYTrOBUM
HITAaMIIOM: @ — KPYyT 0€3 MOUIKOIKEHb; O — KPYT 3 MOLIKOHKEHHSAM KPako IITaMITy Y
MeXax LEeHTpaiabHOro Kyra 90°; ¢ — Kpyr 3 IMOLIKO/KEHHSM KpAro IITaMILy Y
MeXax JBOX BEpPTUKAIBbHUX UeHTpaibHuX KyTiB (90° + 90°); o — kpyr 3

MOIIKO/DKEHHAM Kpalo IITaMIly y MeXax TpbhoX IEeHTpalbHuX KyTiB (90°
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+90°+90°); 0 — Kpyr 3 TMONIKO/UKEHHSM Kparo IITaMIly Yy MeXax YOTHPhOX
neHTpaabHux KyTiB (90°+90°+90°+90°); e — kpyT 3 MOMIKOIHKEHHS TUITY TPIIIIUHA,

10 IpoHuKae Ha ruOuny 0.2 Big pajiyca mraMma

Ha puc. 3.10 y gxocTi npuKIaiB NPeACTaBICHO PE3yIbTaTH KOMII IOTEPHOTO
MOJIETIIOBAHHSI B3a€MOJI1 IWIIHIPUYHOTO TUIOCKOTO Yy IJIaHl mrammna y Qopmi
KUIBII 3 130TPONTHUM TpYXHHMM TiBnpoctopoM. Ha puc. 3.10, a npencrarieHo
PO3MO/IiT HOPMAJIBHUX HANPY>KEHb JJI mTamna y GopMi KiibIls 0€3 MOUIKOIKEHb.
Ha puc. 3.10, 6—e mociiIoBHO MPEACTaBICHO PO3IMOAL HOPMAIBHUX HAIMPY>KEHb
JUIA TIOUIKOJKEHHSI TUIY 3HolIeHHsS. ITomkomkeHHs 3HOLIEHHS BiIOyBajiocs 3a
HACTYIIHUM IPABUJIOM: JUUIA LIEHTPAIBHOTO KyTa y 60° moctymnoBo 3 kpokom 0.0625
BIJl BEJIMUMHU UIMPUHU KUIbLIA BUAAJSIACS YacTUHA IONEPEYHOro mepepisy (3a
nomoMoror crutae  ¢yskiii). 3 pwuc. 3.10, 6 MoxkHa OayuTH, MO 3HOMICHHS
B110yBanocsd 3 OAHIE] CTOPOHU 30BHIIIHBOTO KOHTYpY KuUIbIl Ha rimOuny 0.125
Bin mupuHu Kutblg. Ha puc. 3.10, 6 npoaeMOHCTpOBaHO, IO 3HOIIEHHS
B110yBaiocs 3 TI€l ) CTOPOHU 30BHIIIHBOIO KOHTYPY KUIbll Ha rmuOuny 0.1875
Bi mpuHu Kibis. Ha puc. 3.10, 2 — 3HOmIEHHS BiAOYBaOCs 3 Ti€l )X CTOPOHU
30BHIIIHBOIO KOHTYpPY Kinblsg Ha rauouny 0.25 Big mwmpunu kuiblsg. Ha
puc. 3.10, 0 — 3HOmIEHHS BimOyBasOCs 3 Ti€i K CTOPOHM 30BHIIIHBOTO KOHTYPY
kbl Ha TnuouHy 0.3125 Big mmpunu kuibis. Ha puc. 3.10, e — 3HOmIEHHS
B110yBasocs 3 TIET )K CTOPOHU 30BHIIIHBOTO KOHTYPY KiIbI Ha Tnbuny 0.375 Big

ITUPUHU KUTBIIA.
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0 e

Puc. 3.10. Po3noain HOpMansHUX HaMpyXeHb HA MIBIPOCTOPI MMiJ] KITIIEBUM
HITAMIIOM: @ — KPYTOBE KUJIbLIe 0€3 MOIIKO/IX)KEHb; 6 — KPYTOBE KIJIbIE 3
MTOIITKOKEHHAM Ha KyTi 60° rimuouHoro 0.125 Bijg BETUYWHU MUPUHU KiIBIIA | 6 —
KpPYTOB€ KUIbIIE 3 MOIIKOKEHHAM Ha KyTi 60° rmmbunoro 0.1875 Big BeauunHU
IIUPUHU KUTBIIS ; & — KPYTOBE KUJIbIIE 3 OMIKOKEHHIM Ha KyTi 60° rnOuHOI0
0.25 BiA BEIMYMHU WIUPUHU KIIbIS ; O — KPYTOBE KUIbLIE 3 TOLIKOKEHHSIM Ha KYTl
60° rmu6unHOo0 0.3125 Bif BEMUYMHU ITUPUHU KIJIBII ; € — KPYTOBE KiJIbLIE 3

MOIIKOKEHHAM Ha KyTi 60° rimmbunHoro 0.375 BiJ BETUYUHN IUPUHU KUTBITI

Ha puc. 3.11 npeacraBiaeHo pe3ylbTaTd KOMIT IOTEPHOTO MO/ICTIOBAHHS
B3a€MO/IIi HUJITHAPUYHOTO TJIOCKOTO Y IJIaHl mramna y (Gopmi Kulbls OJIM3bKOTO
70 KBaJpaTHOTO 3 I130TPOMHUM TPYKHUM miBrpoctopoMm. Ha puc. 3.11, a
MPEACTABICHO PO3MOAUT HOPMAJIbHUX HANpyXeHb [JI TaMmna y QopmMi
KBaJpaTHOTO KumbHsd ©Oe3 momkomkeHb. Ha pwuc. 3.11, 6—2 mocaigoBHO

npeacTaBjiICHO pO3HOI[iJ'I HOPMAJIbHUX HAIIPYKCHb JJII TIOIIKOIKCHHS THITY
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3HOIICHHS. [lomKoKeHHs 3HOIIEHHS BiAOYyBaIocs 32 HACTYITHUM MPaBUIIOM: ISt
IeHTpajapHOoro kyra y 60° moctymoBo 3 kpokoMm (.05 Bijg BeaudyuHH pajiyca
OIMCAHOTO KoJjia (pajaiyc OmucaHoro Kojia € 0iCeKTPUCO0 IMEHTPATLHOTO KyTa 60°
JUISL SIKOTO BiZIOYBA€THCS 3HOICHHS) BHIAISAIACS YACTHHA MOMEPEYHOIO Mepepisy
13 30BHIIIHBOT CTOPOHU KBAJAPATHOTO KIIBI[S, CaMe TTOYMHAIOYH 3 KyTOBOi TOUKH. 3
puc. 3.11,6 moxHa O6auuTH, IO 3HOIICHHS BiIOyBaJOCS 3 OJHOTO KyTa
30BHINIHBOTO KOHTYPY (LIeHTpaibHUK KyT - 60°) Ha rmobuny 0.15 Bij BeIUYUHM
panaiyca onucanoro koia. Ha puc. 3.11, 6 — 3HOmICHHS BiAOYyBaIoCs 3 I[bOTO K KyTa
30BHIIIHBOTO KOHTYpY Ha mmOuHy (.25 Bij BEJIMYMHU pajilyca OMMCAHOrO KOJa.
Ha puc. 3.11, 2 — 3HOomeHHs BigOyBajlocs 3 IMBOTO X KyTa Ha riaubuny 0.4 Bin

pajiyca OIMcaHoro Koa.

Glabal Coordinate System

Time: 1 Global Coordinate Systermn

Time:
1.3824e5 Max
-2,2929¢6
-4.724e6
-7.1551e6
-9.5862¢6
-1.2017e7
-1.4448e7
-1.688e7
-1.9311e7
-2.1742e7 Min

1.3936e5 Max
-2.366e6
-4.8714¢6
-7.3768e6
-0.8822¢6
-1.2388e7
-14893¢7
-1.7398e7
-1,99047
-2.240%e7 Min

Global Coordinate System Global Coordinate System
Time: 1 Time:

1.4069e 5 Max
-2.4278e6
-4.0962e6
-7.5647¢6
-1.0133¢7
-1.2702¢7
-1.527e7
-1.7839%7
-2.0407¢7
-2.2975e 7 Min

1.5708e5 Max
-2.8069:6
-5.7709¢6
-8.7348¢6
-1.1699%7
-1.4663e7
-1.7627¢7
-2.0591e7
-2,3555¢7
-2.6519e7 Min

8 2
Puc. 3.11. Po3nonis HOpManbHUX HAMPYKEHb HA MIBIPOCTOPI i KITBIIEBUM
IITAaMIIOM: d —KBaJpaTHE KiJIblle 0€3 MOIIKOKEeHB; 6 — KBaJIpaTHE KiIbIIE 3
MOMIKOKEHHAM Ha KyTi 60° rimubunoto 0.15 Bij BenMunHU pajiyca OMUCaHOTO
KOJIa, 6 —KBaJ[paTHE KUIbIIE 3 TOMIKOKEHHAM Ha KyTi 60° rmuouHoro 0.25 Bin

BEJIMUMHHU paJilyca OMMCAHOI0 KOJIa; 2 — KBaJApaTHE KUIbIIE 3 MOIIKOHKEHHAM Ha
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kyTi 60° rmubunoo 0.4 Bij BeTUYMHU pajiyca OMMCaHOTO KoJia

Ha pwuc. 3.12 mpencraBieHO pe3yibTaTd KOMIT IOTEPHOTO MOJICITIOBAHHS
B3a€MOIl IMWJIIHAPUYHOTO IJIOCKOTO y IUIaHl mrTamma y ¢GopMi KBaJpaTHOTO
KUTBLA 3 130TPOMHHUM MpPYXXHUM miBnpoctopoM. Ha puc. 3.12, a—e npexacraBieHo
pPO3MOIiT HOPMAJIBHUX HANpPY)XeHb I TOIIKO/DKCHHS THUIYy 3HOIICHHS.
[TomkopkeHHs B1OyBasIoCs 3a HACTYIHHUM MPABUIIOM: JJI LEHTPAIbHOTO KyTa y
60° (pamiyc ommcaHOro Koja € OICEKTPHCOIO IICHTPalIbHOro Kyra 60° mis sSKoro
BIIOYBA€ThCS 3HOIICHHS) MOCTYyHoBO 3 KpokoMm 0.05 Big BEIWYMHH PaaiyCy

OMKCAHOT0 KOJIa BUJIAJISIAC YaCTUHA MMONIEPEUYHOI0 MEpepi3y ITaMIIA.

Global Coordinate System
Time: 1

8 2
Puc. 3.12. Po3nonist HOpManbHUX HAMPYKEHb Ha MIBIPOCTOPI i KITBIIEBUM
IITAMIIOM: @ — KBaJpaTHE KUIbIIE 3 OMIKOIKEHHSIM 30BHIIIHLOrO KyTa 0.25 Ta
BHYTPIIIHBOI cTOpoHU IOuHOI0 0.1 Bi BEMMYMHU pajilyca OMMCAHOIO KOJia; 6 —
KBaJIpaTHE K1JIbLIE 3 TTOMIKOPKEHHSAM JIBOX 30BHINTHIX KyTiB 0.25 Ta BHYTPIIIHBOI

croponu TmouHOo0 0.1 Bij BeTUYMHM pajiyca OMMCAaHOTO KOJja; 8 — KBaJApaTHE
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KUIBIIE 3 MOIIKOKEHHSIM TPhOX 30BHIIIHIX KyTiB 0.25 Ta BHYTPIIITHBOT CTOPOHU
rimbuHoo 0.1 Bi BeMMYMHU pajiyca ONMUCAHOTO KOJia; 2 — KBajapaTHEe KUIbIIE 3
MOIIKO/KEHHSAM YOTHPHOX 30BHIMIHIX KyTiB 0.25 Ta BHYTPIIIHBOI CTOPOHHU

rimouHoo 0.1 Bij BeIMYMHU pajiyca OMMCaHOTO KoJia

[TomkomkeHHsT Takok Oyso 13 OJAHIET BHYTPIIIHBOI CTOPOHU KBaJpPaTHOTO
Kbl Ha TnubuHy 0.1 Bing paaiyca omMcaHOro Koja Ha LeHTpalbHOMY KyTi 90°,
MPOMEHI SKOTO TPOXOAWJIM 4Yepe3 BEPIIMHM BHYTPIIIHROTO KBaapary. Ha
puc. 3.12, a — 3HOMIEHHA BiIOyBaJOCS 3 OJHOTO KyTa 30BHIIIHBOTO KOHTYPY
KBaJ[paTHOTO Kbl Ha raubuny 0.25 Bif pajiyca ONMMCaHOIO KOJia, Ta 3 OJIHI€L
CTOPOHM BHYTPIIIHBOTO Kbl Ha rauouny 0.1 Big panaiyca onucanoro kosa. Ha
puc. 3.12, 6 — 3 ABOX CYCIIHIX KYTiB 30BHIIIHBOTO KOHTYPY KUJIbIS HA TITUOMHY
0.25 Bix pajiyca OMUCAHOTO KOJIa 1 3 BHYTPIIIHHOTO KOHTYpY Ha riubuny 0.1 —
3anumuiocs B Tid ke mosuiii. Ha puc. 3.12, 6 — 3 TpbOX KyTiB 30BHIIIHBOTO
KOHTYpY KUIbI Ha ruOuny 0.25 Bij pajiyca OMMCaHOTO KOJa, 1 3 BHYTPIIIHBOTO
KOHTYpy Ha rimbuny 0.1 — 3amummiocss B Ti ke mosuiii. Ha puc. 3.12,2 — 3
4OoTUPHOX KyTiB Ha rmbuny 0.25 pajiyca omumcaHoro KoJia, 1 3 BHYTPIIIHBOTO

KOHTYpY Ha ruOuny 0.1 — 3anummmnocs B Tii ke MO3UIIii.

P
1.60E+07

1.40E+07
1.Z20E+07
1.00E+07

E.DDE+D6

—_ -G

6.00E+06

4.DDE+D6

2.00E+D6

0.00E+D0

1z

p'b

-2.0DE+DE

Puc. 3.13. I'padik po3noairy HOpMaabHOTO TUCKY M1 IITAMIIOM y GopMi

MOMNEPEYHOro Nepepizy ONU3bKOI J10:
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a —xBajpatHoro Kijei npu a/b = 0.3; 6 —kBaapaTHoro kiabls npu a/b = 0.6;

6 —kBajapata a/b =0

Ha puc. 3.13, a, 6 npeacrapieHo rpadiku po3noaiTy HOpMaIbHOTO TUCKY T
IITaMIIaMH 3 TIONEPEYHUM TiepepizoM y (popmMi OIM3BKOI 10 KBaJAPATHOTO KiJIbIIS
JUISL BUIAJIKIB KOJM KOE(PIIIEHTH MOAIOHOCTI MDK BHYTPIIIHIM 1 30BHINIHIM
koHTypamu nopiBHiOI0TH 0.3; 0.6. A Takox mpeactaBieHO rpadik A BUMAAKY
PO3MOUTYy HOPMAJIbHUX HAMpPY>KEHb i OJHO3B’SI3HUM KBaJPATHUM IITAMIIOM.
MosxHa mo6auuTH 10 3HAYEHHS HAMpPY>KEHb JJIs OUIBII BY3bKHUX IITAMIIIB BHIII
MOPIBHSIHO 3 OUIbII IMIMPOKMMHU IITAMIIAMH, Ta MalOTh AHAJIOTIYHUN 3aralbHUM
XapakTep MoBeAIHKH po3noautry. Ha rpadikax HamaHo po3moJisl HOPMaJIbHOIO
TUCKY y B3JI0OBX Bici OX.

Posrngnanuch MOMIKOJKEHHS TUIy 3HOIIEHHS, ajle ICHye MiAXiA, Lo
0a3yeTbcs HA ICHYIOUMX KOPO31MHHUX MOJESIX TaKUX K MoJiedb ['yTMaHa 1 MOJeIb
HomuHcbkoro. 1l Mozxeni — 1e aBa pi3HUX MIAXOAM 0 MaTeMaTUYHOIO OIHCY
IIPOIIECIB KOPO3ii MeTaJIiB.

Mopnens ['yrmana [89] Ga3yeThcsi Ha TEOMETPUYHUX PO3TIBIIAHHIX POCTY
KOpO31MHOTO MOMIKOIKEeHHS. BoHa onucye mpoiecu pocTy Ae(eKTiB Ha MeTaneBii
MOBEPXHI BHACIIIOK KOpo3ii. Y mMojeni ['yTMaHa BpaxoBYy€eThCs BIUTMB XIMIYHUX Ta
(13MYHUX XapaKTEPUCTHK CEPEAOBMINA HA IMIBUAKICTH KOpo3ii. Mojenb BpaxoBye
CTYMiHb NOIIKOJKEHHSI METAJIEBOI TOBEPXHI Ha PI3HUX eTanax Kopo3li. LIs moaens
0a3yeThCs Ha PIBHAHHI, SIKE BPaXOBY€E BIUIMB KOHLEHTpALii KUCHIO, TEMIIEpaTypu
Ta XIMIYHOTO CKJIaJly CEpeIOBUIIA Ha IMIBUJIKICTh KOPO3ii.

OcHoBHe piBHSHHS MoJieni ['yTMaHa Mae BUTIIA:

Vo
RT

dw
—=V, ex
at 0 EXP

ne V, — BUAKICTh KOPO3ii HABaHTAaXXKEHOT0 MaTepiay, V — MOJIbHUN 00’ eM
MeTaly, O — IIapoBa 4YacTHHA TEH30py HampykeHb, R — yHiBepcaiabHa ra3zosa
KOHCTaHTa, | — Temrieparypa B KenbBiHax.

Lle piBHSAHHS 103BOJISIE MPOTHO3YBATH MIBUIKICTh KOPO3ii B 3aJIEKHOCTI BIJ

napaMeTpiB CEpEelIOBMINA, TaKUX SIK KOHIICHTpallil KUCHIO Ta TeMmIepaTrypa, a
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TaKOXX BJIACTUBOCTEH MaTepiaidy, BKIIOYAIOYM HOTO XIMIYHMM CKJIaJ Ta KIHETHYHI
napaMeTpH.

Monens ['yTMana Moke BUKOPUCTOBYBATHUCS JIJISl OLIHKH CTIMKOCTI CTallel y
PI3HHX CEpEelIOBHINAX Ta Jis MPOTHO3YBAHHS TEPMIHY CIIyKOU METaIeBUX
KOHCTPYKIIIH M1 BIUIMBOM KOPO3ii.

Mopnenr Jlomuucbkoro [10] Ga3yerbcs Ha NPHUHIMIAX EIEKTPOXIMIUHOT
KOpPO3ii Ta 1HTEpaKI[i MK MeTajeM Ta cepeoBHIleM. Mojenab OMHCYy€e KIHETUKY
XIMIYHUX pEakKilii, 1o BiAOYBalOThCS HA METAJICBIA MOBEPXHI MiJ 4Yac KOPO3ii.
Mogens JIOJMMHCHKOTO MOXKE€ BpaxOBYBaTH PI3HI MeXaHI3MH KOpO3ii, Taki SK

aHOJIHE, KaTOJHE Ta 3MILIAHE BUKOPUCTAHHS €JIEKTPO/IIB.

dw
——=¢(t)(1+ko)
dt
ne @(t) — ¢yHKIA, M0 ONMKUCYe MIBHAKICTH KOPO3ii HAaBaHTa)KEHOTO

marepiany, K — koedilieHT KOpo3ii, KM 3aJ€KUTh BiJl XIMIYHOIO CKJIaay Ta
BIIACTHBOCTEH MaTepialy, O — IIapoBa YaCTHHA TEH30PY HAINPYKCHb.

Mopaenb JIoMMHCHKOTO TaKOX MOKE BKJIFOUATH JIOJATKOBI MapamMeTpH, Taki
K KOHIIEHTpAIlil peareHTiB, Temneparypa, pH cepenoBuima Ta iHmI GakTopH, sKi
MOXYTh BIUIMBaTH Ha IIBUAKICTh KOpo3ii. BoHa 103BOjsS€ MPOTHO3YBATH
MIBUKICTh KOPO3ii METaJly B PI3HHX YMOBaX Ta CEPEIOBHUINAX HAa OCHOBI (Pi3UKO-
XIMIYHHMX BJIACTUBOCTEN CUCTEMH.

OTxe, BOHM BIIPI3HAIOTBCS MIJXOJaMH JO OINHUCY MPOLECIB KOpO3ii,
METO/IaMH MOJICTIOBaHHS Ta (I3UYHUMHU AacleKTaMu, SKI BOHH BpPaXxOBYIOTb.
O6uABI MO/ENl BUKOPUCTOBYIOTHCS JJIsl aHaji3y Ta MPOTHO3YyBaHHS KOPO3IMHUX
MPOLIECIB, aje MOXKYTh MaTH Pi3HI 00JIACTI 3aCTOCYBAHHSI B 3aJIS)KHOCTI BIJl YMOB 1

00'eKTIB JTOCIIIKEHHS.

3.6 BHCHOBKH /10 po3aiiay

PosrnssHyTO 3ajady mOpo BIABJIIOBAHHS B OJHOPIAHMM Ta 130TPONMHUMN
IPY>KHUH MIBIPOCTIP aOCOMOTHO KOPCTKOTO, TJIOCKOTO HWJIIHAPUYHOTO HITaAMITY,

00OMEXEHOTO TJIAJKOI MOBEpXHEr0. JlOCHiKeHHs KOHTAaKTHOI B3aeMOIIi MIXK
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IJIOCKUMHU IIITaMIIaMH 3 TIPYXKHUM MIBIOPOCTOPOM TIPOBEIECHO 3a JOMOMOTOIO
nporpaMHoro komriekcy ANSYS.

BiamoBimHO pe3ynbTaTaM OTPUMAaHUX 3a MOJIETISIMH, IMOOYTOBAaHUMHU B
JIPYTOMY PO3IiIi, MAEMO 3POCTAHHS HOPMAJbHUX HANPY>KEHb 10 HECKIHYCHHOCTI
SK 3 BHYTPIIIHKOTO TaK 1 3 30BHIIIHHOTO KOHTYPIB INITaMITy. AHali3 YUCIOBUX
pe3yibTaTiB MPOJEMOHCTPYBaB, IO PO3MOJAUT HOPMAJIbHHUX HAIpPY>KEHb ]l
MIOIIBOI0 IITAMITY JTOCSITA€ CBOIX MAaKCHMyMIB Ha TPAHUIAX INTAMITy, 3HAYHO
OUTHIIMI 31 CTOPOHHW 30BHIIIHBOT T'PaHUIll mMTamMmy (IO CITIBIAJAE 3 XapaKTePOM
MOBEAIHKA HANpPY>XEHb MJIs aHAIITHUYHOTO PO3B’SI3Ky, OTPUMAHOIO Yy APYroMy
po3aiii), ajle He HPSIMY€ A0 HECKIHUEHHOCTI, IO MPUTAMAaHHO IS pPEe3yJIbTaTiB
OTPUMAaHUX 3a JOMIOMOTOI0 METOJ/Ia CKIHYUEHHHUX €JIEMEHTIB JIJI1 MOJAEN1 MPY>KHOTO
MIBIIPOCTOPY .

3a monomoror mporpamHoro komriekcy ANSYS Oyio mpoBeaeHO HUBKY
YUCJIOBUX EKCIIEPUMEHTIB JIsi TPyNu MoOJENed M0 BpaxOBYBajld MOKJIUBI
MOIIKO/)KEHHA y pa3l nepeOyBaHHA CUCTEMU IITaMO-TPYXHIA MIBIPOCTIp B
CKJIQJTHUX TIPUPOJHHUX yMOBaxX ab0 B arpeCMBHOMY CepeloBHUII. TakuMm YHWHOM,
Oy1no cpopMOBaHO MAaCHBH JIaHWX 3 METOIO MOAAIBINOI Mepeaayi ii y mporpaMHuin
iHcTpyment CLIPS ae B moganbiiomy Oyina chopMoBaHa €KCIIEPTHA CHCTEMA.

3 METOI KOpEryBaHHS MapaMeTpiB KOMII IOTEPHOI MOJENl  4Yepes
(yHKL10HAM, SIKAW BIICYTHIN B MOTOYHOMY 1HTep(eiici KoprcTyBaya MporpaMHoro
komruiekcy ANSYS Oyiio po3pobieHo nporpaMHe 3a0e3redeHHs Ha crenudiaHii
NponpuiTapHid MOBI TmporpamyBaHHs sl iHkeHepHux pimens (APDL).
Po3pob6iene nporpamue 3a0e3MeueHHs] Ha/laJl0 MOKJIMBICTh IIBUAKO CTBOPIOBATU
Ta aHATI3yBaTH CKJIAJHI MOJIETl, OTPUMYIOUYH A0CTYyT 110 BCiX ¢yHKiii ANSYS.

[TopiBHSIHHA  OTpUMAHUX  YHCJIOBUX  PE3yJibTaTiB 3  pe3yJIbTaTaMu
aQHAJIITUYHOTO PO3B'SI3KY OYyJIO MPOBEACHO JIsi OI[IHKM TOYHOCTI Ta aJeKBAaTHOCTI
noOy/IOBaHUX  CKIHYCHHO-€JIeMEeHTHUX  Mojened.  [lopiBHSIHHS — TOKas3ajo
Y3TOJIPKEHHS MK YUCIIOBUMH Ta aHATITUYHUMH 3HAYEHHSMH, 110 CBIIYUTH TMPO TE,
[0 3ampoOTNOHOBAaHI MOJEN aJeKBaTHO OMHUCYIOTh (I3UYHI TPOIECH, SIKI

BIJIOYBAIOTHCS Y 30H1 KOHTAKTY.
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Po3ain4. PO3B’SI3AHHSA 3AJAY ITEHTUDIKALIL ®OPMU
IHOIIEPEYHOTI O IIEPEPI3Y HITAMITIA

4.1 IlocraHoBKa 3amavi

Inentudikamis  GopM IMIOMATOK KOHTAKTYy TiJ, IO B3aEMOIIIOTH
3aNUIIAE€THCS aKTyalbHOIO Mpobiemoro. L{g nmpobnemarruka Mae BelMKe 3HAUYCHHS
Juist  0aratbOX — Tally3ei, BKIIOYAIOUM  MAlIMHOOYAYyBaHHS,  MEIUIMHY,
poOOTOTEXHIKY, reosiorito 1 0araro iHmuX. CaMe Takl JOCHTIIKEHHS CTalOTh BCE
OBl BArOMUMHU ISl BUPILICHHS] MPAaKTUYHHUX 3aBAaHb Ta ONTHUMI3alli MPOLECIB,
1110 Ma€ CYTTEBMI BIUIMB Ha HAYKOBU Ta pomucioBuii iporpec [88, 105]. Oaun 3
METO/IIB BUPILIECHHSI — PO3B’s3aHHS OOCPHEHUX KOHTAKTHUX 3a7ad. AJie X Taki
3a/1a4l TIOCTaTHHO CKJIAaJHI JUIsl pO3B’sI3aHHS 4epe3 Te, W0 3a3BUYail 1H(opMaris,
JOCTyMHa JUisl aHajizy, OOMEXeHa Ta HemoBHAa. BupimieHHs iX BUMarae
BpaxyBaHHs 0aratbox (pakTopiB, TaKUX SK HENIHIAHICTh B3a€MOJIli, OOMEKECHHS
BHUMIPIOBaHb, TOIIO. EKCIIEpTHI CHUCTEMH CTalOTh KJIFOYOBHM 1HCTPYMEHTOM JIJIst
PO3B’sI3aHHS IIUX CKJIAJHOIIB 3aBASKH CBOIM 310HOCTSM 10 HaBYaHHS, aHAJI3Y
BEJIMKUX 00cATiB iH(OpMAIIii Ta po3mi3HaBaHHS CKIaaHUX 3anexHoctei [110].

®dyHaamMeHTanbHI KOMIIOHEHTH €KCHEPTHOI CHCTEMH BKIIIOYAIOTh 0azy
3HaHb, MEXaHI3M JIOTIYHOTO BUCHOBKY Ta iHTepdelic KopucTyBada. ba3a 3HaHb
MICTUTh €KCIIEPTU3Y Ta MPEAMETHO-CIELialIbHI 3HaHHS, OTPUMaH1 BiJ €KCIIEepTiB-
JOJed Ta 1HIUX JpKepen 3HaHb. BoHa opranizoBanuii y (opmi npaBuil, Qakrtis,
€BPUCTHUK a00 1HIIIUX METO/IIB MPECTABICHHS 3HAHD.

PosrisiHemo 3amady aHanoriydy copMyiibOBaHIN y po3aui 2, a came Mpo
BJABJIIOBaHHS B 130TPOMHUI MPYKHUM MIBIPOCTIP KOPCTKOTO LUIIHAPUYHOTO
ITaMIly 3 IJIOCKOI OCHOBOIO (puc. 2.1). ¥V pa3i nepeOyBaHHS CUCTEMH IITAMII-
MPYXKHIM TIBIOPOCTIp B CKIATHUX MPUPOJHUX yMoBax ab0 B arpecUBHOMY
CEpeNoBHUIIll 3a TEBHUU 4Yac, BiOYBAIOTHCS MOMJIMBI BUMAIKOBI TOIIKOKEHHS
TOOTO, HANPUKIAI, yJapHi, BUMHUBAaHHA MOTOKaMH BOJHM, BITpYy abo Taki, IO

BUHUKAIOTh 33 TIEBHUM 3aKOHOM, HANpUKIaJ], kKopo3id. ToOTo, 3a TaKMX yMOB, 3
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9acoM, PO3MIPU 30H KOHTAaKTy MOXKYTh 3MIHIOBATHCS 1 CTAalOTh HEBIIOMUMH.
[Tics momkomkeHb GOPMU MITaMITy, HaBaHTKEHHS IepecTae OyTH ICHTPATbHUM
1 3’sBIs€ETbCA HEOOXINHICTh BpaxyBaHHS JIOTHYHUX HampyxeHb. EkcrepTHa
cUCTeMa MO0y J0BaHa TAKMM YMHOM, III0 32 HEOOX1THOCTI BPaxOBYIOTbCA 1 TOTHYHI
Hanpy>keHHa. HeoOXilHO Ha OCHOBI OTpUMaHWX 3HA4Y€Hb PO3IMOALTY Hampy>KeHb
OJIM3bKO 70 KOHTYpY ITammna (1HKOJIM TiJ IITaMIIOM) po3paxyBaTH T€OMETPUYHI

XapaKTePUCTUKHU 3MIHEHOTO MOMEPEYHOTO Mepepizy MITaMIIa.

4.2 3arajgbHuil WAXiA A0 PoO3B’A3aHHA KOHTAKTHOI 3aaaui sk

o0epHeHoI

[TocTaHoBIlI Ta MeTOAAaM pO3B’sI3aHHA OOEPHEHMX KOHTAKTHUX 3ajad
NPUALUIAETbCS BCe OLIbIIE yBarv sIK B Hallll KpaiHi, Tak 1 3a kopaoHoM. [Ipo e
CBITYHTDH MOCTIHE 301JBIICHHS HAyKOBUX ITyOJIiKaIlii 3a JAHOK TeMaTHkoiw [34,
86, 106, 107, 131, 135]. KoHTpojb CTaHy TEXHIYHHX CHCTEM IIepeadadac OLiHKY
KPUTUYHIMINX MapaMeTpiB iX MaTeMaTWYHUX mojened. OCKUIbKU JTOCUTh 4YacTo
BJIACTUBOCTI 0aratbox OO0'€KTIB MPUPOAM HEAOCTYIHI sl Oe3MmocepeHbOro
BHUBUYEHHS, OILIHKA IIMX MapameTpiB Moxe OyTH MpOBEAECHA, HAPUKIAA, HUIIXOM
po3B's3anHsg 00epHeHuX 3a1a4u [11]. Lle BimHOCHTHCS 10 1X BU3HAYEHHS Ha ITiICTaBi
IHIITMX MapaMeTpiB, K1 JTOCTYMHI JIJisi KOHTPOJIsi, TOOTO BUPIIIEHHI OMEPaTOPHOTO

PIBHSIHHS 3araJIbHOI CTPYKTYPH:
Au=f, 4.1)
ne A — nesxuii omeparop, SKHMl IEPETBOPIOE OLHIOBaHI eneMeHTH U i3
muoxuau U Ha enementu f i3 Muoxunu BumiproBans F [131]. IIpumycrumo,
1[0 MaTeMaTH4Ha MOJEb oneparopa A Bimoma. Po3p’s3anns o6epHEHOI 3a1a4i B
TaKOMY BHUIIQJIKy MOKe OyTH 3aliCcaHe 5IK:
u=A"'f, (4.2)
ne A — obepHeHHMI OrepaTop i BiH He € B3araji KaydH, HElEPEPBHIM.

CxkrnagHolii y BUpIIICHH] 3a7a4yl B Takii MMOCTAHOBIII MOB'I3aH1 3 TUM, IO B

MOYaTKOBOMY BHIJISI/II BOHA MOXK€ OyTH HEKOPEKTHO CPOPMYJIHLOBAHOI, TOOTO HE
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3aJI0BOJILHATH TPhOM BHMOraM Anamapa 10 OOEpHEHUX 3aJad — YyMOBaM
PO3B'SI3yBaHOCTI — Uit KOKHOTO eneMenTa UeU icHye po3B's3ok 3 mpoctopy F ;
€IUHOCTI — PIMIEHHA OJHO3HAYHO BHU3HAYEHO; CTIHKOCTI (HEMEpepBHOCTI) Yy
pocTopax (U F ) Tomy moTpibHa perynspuzariis 3aaa4i, TOOTO MepEBEICHHS i1 B
KJIaC KOPEKTHO IMOCTABJICHUX, 32I0BOJIBHSIOUN ITUM BUMOTaM.

SIK HEKOPEKTHO TOCTaBJICHY 3aauy MU Oy/eMO pO3TIsiIaTh Ty, 110 BKIIOYAE
BUPIIICHHS PIBHSHHS:

Az =u, (4.3)

BimnocHo z, ne UeU, zeZ , U 1a F — wmerpuuni npocropu. Oneparop
A Bino6paxae F wa U . Ilpunyckaerses, mio € B3araii Kaxydu He HelepepBHUI
obepHeHuii orepartop A™.

[[Iupoko 3acTOCOBYBaHUM y OOYHCIIOBAJIBHIA TMPaKTHUIl CHOCOOOM
HaOMMKEHOTO pimeHHs Takoi 3amadi € wmertonm mimbopa [131]. ToGto, mms

CJIEMEHTIB U JIETKOTO BXXKE€ CTBOPEHOTO IMiJKIaca MOXJIMBHX pimeHs M (M - F)

o0uncaoeTbes omepatop AZ, ToOTO po3B’A3yeThes OpsAMa 3agada. Y SKOCTI

HaOIMKEHOTO PillleHHs OepeThes Takuii eneMedT Z, i3 muoxkunun M, Ha sxomy

HEeB’s13Ka O (AZO,U) J0CATaE MIHIMYMY:
IOU(AZO’U):IZDJPU(AZ’U)' (4.4)
[TpakTuHa MiHIMI3aLig HEB’SI3KH O (AZ, u) BUKOHYETHCS HAOJIMIKEHO.

Tomy akTyanbHuUM € mnUTaHHS e(QEeKTUBHOCTI MeToja mimbopa. B pesynbrarti
aHajizy MeToja miadopy, Oyja0 BCTAHOBJICHO 3arajibHO(YHKI[IOHATBHI BUMOTH, SIK1
00MEXYIOTh Kiac MOxiuBux pimens M . IIi BuMorm 3abe3neuyroTh CTIHKICThH

METO.y migoopy Ta Z, —> Z;, i BOHM BUPAXKAKOTHCS y KOMIAKTHOCTI MHOKuHM M .

3aragbHUM TPUHIUAIIOM PO3B'S3aHHS 3a7adi pPeryJispu3aiii BBa)KAE€THCS
dbopMyBaHHS Ta MOAAIBINA MIHIMI3AIllsS TaK 3BAHOTO IUTHOBOTO (DYHKITIOHAITY, IO
nossousisie moOyaysatu omepatop M, skuil Bxke 1 BUKOHY€ KOPEKTHY (YHKIIIIO

obeprenoro omeparopa A'. Omxe, 3aBJaHHSA 3HAXOHKEHHS HAOIMIKEHOIO
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pO3B's13Ky piBHAHHS (4.3), sikuil Oyje CTIMKUM 10 3MiIH MPaBOi YaCTUHHM, MOJKHA
c(hOopMyITIOBaTH HACTYITHUM YUHOM:

a) BU3HAYCHHS PETYJSIPU3YIOYHNX OTIEPATOPIB;

0) BCTAHOBJIEHHS TapaMmeTpa peryispusaiii ¢ Ha OCHOBI J0JAaTKOBOi
iHbopMallli Mpo 3a7ady, HANMPUKIAA, 33 BEITUYMHOIO, SIKOI0 BU3HAYAETHCS IMpaBa
gyactuHa Uy,

Mo, BacHe, 1 BIATBOPIOETHCS Y MPOIIEC] peasizallii MeTo1a peryJisspu3artii.

3aranbHOMPUUHIATAN METOJT BUPIIICHHS HEKOPEKTHHUX 3a]a4 — ITepaTUBHUN
MeTOoJ TociifoBHUX HaOmmwkeHb [131]. BiH € gocratHbo yHiBepcaabHUM. AJle 10
Horo HeAoJiKiB Tpeda BIIHECTH TaKe — CKIAJHICTh y peali3allii, HEMOKJIUBICTb
BU3HAUUTU 3a3/]aJIeriib KUIbKICTh oOmepalliii, HEOOXITHICTh BHOOpPY MeEToja
HAOJIMKEHb.

Habnuxeni po3B’si3ku (4.3) CTiMKI 10 MaduX 3MiH BUXIJTHUX JaHUX MOXHA
TaKoX OyJyBaTH METOJIOM iTepalliii BUIy:

z,=R(U,z,,,....2,), k<n. (4.5)
JIns BUKOHAHHSI YMOBH CTIMKOCTI 0 MaJIUX 3MiH BUXIAHUX JAHUX, HOMEP

iTepatii Z,, sika NpuiMaeTbcs 3a HAOJIMKEHE PIlIeHHS, Tpeba OpaTH y3roIKEHHUM 3

PIBHSAHHAM MOXMOKM BHXIZHUX HaHMX. Tak sKmo omeparop A 3amaHo TodHO, a
npaBa YacTHHa U Bimoma 3 MOXHOKOI O, TO Tpeba OpaTH N 3aleXHHM Bif O,
n= n(5 ) Tyt napameTpoM peryisipu3allii € Homep itepauii, To0To @ =nN.

[leit meToa Hagae UMUK PNl CKIAJAHOINIB, TOMY B JIaHOMY KOHKPETHOMY

BUIIAJIKy Ma€ MiCIle BUKOPUCTAHHS 1HIIIOTO METOY.

4.3 Inentudikanis popmMu nonepevHoro nepepizy mramna mJisixom

3aCTOCYBAHHS ONITUMI3aiHHOTO MiAXO01Y

Posrnssnemo 3amauy a”anoriyny chopmysibOBaHId y po3ail 2, a came Tpo
BJABIIIOBAaHHS B OJHOPIAHUN Ta 130TPONMHUNA TPYNKHUN MIBOPOCTIP >KOPCTKOTO

HUJTIHIPUYIHOTO MITAMITy 3 IJIOCKOK OCHOBOMO (puc. 2.1). IToBepxHs mTamity, 110
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KOHTAKTy€ 3 MPYKHUM CEpPEJOBUILEM ONUCYETHCS PIBHSIHHIM X, = f(Xl,XZ), ae
(%,%,)eQ, [65-67].

Jlnst mouryKy KOHTAaKTHOTO THCKY P(X;,X,),(X,X,) €, po3risiarThes
JB1 KpaiioBi 3a/1a4 Teopii MPY>KHOCTI A7 MIBIPOCTOPY X, = 0.

Po3B’s130k kpaiioBoi 3amaui A Teopii mpyKHOCTI U MiBIPOCcTOpy X, =0 3

rpaHMYHMMH  yMoBamu ©O,, =0, =0 , w=f (X:%), (%,%)eQ,;, Ta

Oye = Oy =Ox, =0, (X, X%, )€Qy,, icuye i emumnmit [67], posmomin THCKy
BU3HAYAETHCH, P(X,X,)=0,, (X.%,), (X.%,)€Q, i Moxe Oyt mpescTaBienuii

y BUTJISIL

P=p tr ,:|=L,-_T.r ’ (46)

Ie Uij,i, J =X, X,,X;, - KOMIIOHEHTH TEH30pa HANpPYy»XEHb, W - KOMIIOHCHTa
BEKTOpPY MEpEMILEHb, L0 HOpMalbHAa A0 IUIOIIMHU X X,, a L, - miHiiHUA
oriepaTop.

Po3B’s130k kpaiioBoi 3amaui B anms miBmpoctopy X, =0 3 rpaHMUHUMH
ymoBamu ©o,, =0,, =0, o = p(X.X,) mpnm (Xl,X3)6§20 ICHy€, €IVHHN 1
3HaXOAUTHCS B BUIJISNAI MOTEHIIANy MpocToro Imapy. Po3momin HopmanbHHX

IPOTUHIB W(Xi,xz) = f (Xl,Xz) B oOmacTi {); HaJaeThCS BUPA3OM

f=f(p)=L,p, @.7)
3 NiHIKHUM onepaTopoM L, .
Ipu Binomomy posmomimi THeky P(X,,X,), (X, X, )€€, , pe3ynabTyioua cuia

P 1 momenTun Mxl, M, BimHOCHO oceld X, 1 X,, IO MPUKJIAJCHI IO MITAMITY

X2
BU3HAYAIOTHCS BUpa3amu [22, 67]

P:_[ pdQ Mxlz.[xzdef’ szzj‘x1def' (4.8)

Qg Q Q
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Posrisiemo  dyHKuito py = p, (Xp X2) >0, MmO Oomnucye NeAKUW 3aJaHui
PO3MOLT TUCKY B 00J1acTi KOHTAKTy €2, . B siKOCTi ONTUMIi3yr0uoro (yHKI[IOHATY

PO3TIISTHEMO 1HTErpai BULY

3=3(p(1))= [ (p-p(1)) do, (49)

Qg
Oynkuionan (4.9) xapakrepusye HEY3TOJDKEHICTh MK PO3MOAIIOM THCKY

p(Xl, XZ), 10 BiIMOBigae meBHiit Gpopmi mramy f (Xl, XZ), 1 HUTBOBUM PO3IOJIIIOM

TUCKY pg(xl,xz) [67].
[Ipunyckatoun, 010 BEIUYMHM 30BHINIHIX BIUIMBIB Ha IITaMI 3aJiaHi,
chOpMyITIIOEMO HACTYIHY 3adady onrtuMizaiii. HeoOxiqHO BU3HAYUTH (DYHKIIiIO

f (X, X,), o omucye Gpopmy mramia i MiHIMyMi3ye QYHKIIIOHAT HEY3TOKEHOCTI
J, :J(p(f))—>mfin (4.10)

34 YMOBHU BUKOHAaHHA YMOB piBHOBaFI/I

*

P(p(1))=P" M, (p(f))=M,, M, (p(f))=M,,  (411)
Ta yMOBH HEBi/l’€MHOCTi KOHTaKTHOTO THCKy. Tyt P >0, M :1 >0, M :2 >0

- 3a7aHl BEJIMYMHM TPUKIAJACHUX CHJI 1 MOMEHTIB. BpaxoByrouum omepaTopHe
criBBigHOMEHHsT (4.6), a TakoX yMoBU piBHoBaru (4.11) 1 ngomatHICTH

KOHTAKTHOTO THUCKY, BBEJIEMO MHOXHHY JoIycTUMUX hopm [65]:

Ap=1fi(LF), 20 [L fdQ =P,
Q4

(4.12)
[ %L fdQ, =M}, [xL fdQ =M

Q; Q;
[Tpu oMy 3amaya ontumizalii, O GOPMYITIOETHCS, 3AMUILIETHCA B BUTIISI1
Jsz(p*):miArwa(p(f)). (4.13)

OnTtumizaiiina 3agada (4.12), (4.13) Bukiukae BiIOMI TPYIHOIII 4Yepes

HEOOXITHOCTI PO3B'A3aHHSA JAOMOMDKHOI 3amadi A i poBimbHOI (yHkiii f Ta
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noOynosu oneparopa L,. Tomy mpencrasiisie iHTEpec po3poOKa 1HILIOrO MiAXONY,
mo He noTpedye BHkopucTanHs 3aiexHocti P=L,f [65 - 67]. 3 miero meroro
BU3HAYMMO MHOXXUHY JIOITyCTUMHX peai3ailiii KOHTaKTHOTO THCKY

Apz{p:(p)gf >0, j pdQ, =P,

Qg

(4.14)
j X,pdQ; =M, I x pdQ, =M ¢.
oF Q4
1 pO3IJISTHEMO HACTYIIHY JOMOMIXKHY 33/a4y ONTHMI3allli:
J;=3(p.)=minJ(p)=
. 2 (4.15)
=min [ [p, ~pJde,

Po3p’si30xk  3amaut (4.15) Ta BiANIyKaHHS THCKY Pu = p*(Xi,Xz) nae
MOXJIMBICTh BU3HAYUTHU BIJMOBIAHY (QYHKIIIO (GOpMU SK PO3B’SI30K KpaoBOl
3agaui B, To6t0o f, =L, p.. 3 ypaxyBaHHSIM BIacTUBOCTEW KpaioBUX 3amad A Ta

B moxxna moxasaru, 1o

minJ (p(f))=minJ (p). (4.16)

* *

Jir=J,,
11110
f. = fO:Lb(p*) (4.17)
Otxe chopMmynboBaHa 3anaya ontumizaiiii (4.12), (4.13) 3BoauThest 10 1BOX

e(eKTUBHO BHpIITyBaHUX 3aaad. OntumaiibHa (opma 3HaAXOAUTHCS B PE3yJIbTaTl

MIOCITIIOBHOTO BUpilIeHHs 3ana4i (4.14), (4.15) i 3amagi B.

JUis TOIIyKy ONTHUMAJIBbHOTO PO3MOAUTY THUCKY p*(Xl, X2) Ha OCHOBI
po3B's3Ky 3anaui (4.14), (4.15) BBeeMO B pO3IJIsiA IOMIOMIKHY 3MIHHY l//(Xl, Xz),
110 33JI0BOJIBHSIE CITIBBITHOIICHHS [67]

p(Xl,XZ)—l//z(Xi,XZ)ZO,

TIpHBEIEMO po3IHpeHnii Gpyrkiionan Jlarpamka J - . Maemo
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JL=j{ﬁr—mf—ﬂp—a&p—ﬂ&p—zﬁrwﬂﬁdﬂw (4.18)

Qg

1€ KOHCTaHTu A, «, [ - MHOXHUKY Jlarpanxka, a y (Xl, X2) - Qynkuis Jlarpanxa.
YMoBu ekctpemyMmy ¢yHKIIOHATY (4.18) MO 3MIHHEM P 1 I 3amUCYIOTHCA

HaCTYITHUM YHHOM:

p=p +1/1+1a +£,Bx +i
o TATRARTR PR TR (4.19)

pr =0, (%.%)eQ;.
Bupaz nins P mae mrykaHWid po3MOJIT THCKY, B SIKHMM BXOASTH HEBiOMI

BenmuuHn A, o, f, ).

OnTuManbHUN PO3MOILT TUCKY p*(xl, X2) OTPUMYETHCS 32 JIOMOMOTOI0 BUPa3y

P (X, %)= max{O, p+(x1,X2)},
(4.20)

. 1 1 1
P (X, X%,)= pg(xl,x2)+§l+§ax1+§,8x2.

OOwupanocss MakcMMajbHE 3HAYEHHS 3 JBOX YHCEJN, IO 3amucaHl B (PIrypHHX

ayxkax (4.20) npu koxHOMY (hiKCOBaHOMY (Xl,xz)le. IIpu 3HAuYeHHAX

napaMmeTpiB 3ajadi, KOJM 3aJaHa cwia P 3Ha4HO TMEpEeBHUIyE€ BEIUYMHU

npuknagenux Momentis M, i M, , obmacts Q =€Q; i

1
p. =P, +§(/1+ax1+ﬂx2). (4.21)

SIkmo o00sacTh KOHTaKTy Mae€ CHUMETpito BimHOCHO oceil Ox, 1 OX,, To

OTpI/IMaeMO
S, =0, (4.22)
S,, =0, (4.23)
L., =0, (4.24)
a aJid MHO)KHI/IKiB HarpaH>1<a BUABJIATHCA CHpaBeﬂHI/IBI/IMI/I BI/IpaSI/I
5 2M 2M
z:zpﬁw: o B=—X (4.25)

S | |

X2 X
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Aximo 10 Toro X QyHKIisA pg(Xl,Xz) Ma€ CUMETpiro BigHOCHO ocedt Ox, 1 OX,,

TOOTO

Py (%, %) = Py (=X, %,),

B (%:%) = By (). (6% <2 e
TO OyayTh BUKOHYBATHCS HACTYIIHI PIBHOCTI:
M2 =0, M} =0,
azzM;’ﬂzzl\A; (4.27)

X2 Xy
B BHUITIAJIKY KOJIX B SIKOCTi 3a1aHOI"'O pOBHOILiHy THUCKY 6ep€TBC5I CCpGI[Hiﬁ TUCK,

BUKOHYIOTBCSI HACTYIIHI CITiBB1IHOIICHHS:

*

_p P
Py = Pn =75 (4.28)
PY=P", P=0,
oTxe OyJieMo MaTu
A=0, p*(xi,xz):%+%ax1+%,8x2. (4.29)

[lepen TuMm gk mepedTd 10 MOOYAOBH ONTHUMAIbHMX (POPM IITAMIIIB, IO
BIJIMOBIJIAIOTh HAWIEHOMY ONTHUMAJIBHOMY PO3MOJLITY THCKY, BIAMITUMO, IO
PO3IMVIIHYTUH BHUIAJO0K TOBHOTO KOHTAaKTy (p*(Xl,X2)>O B oOmacti )
peatizyeThes TPy TIEBHUX OOMEXCHHSX Ha apaMeTpH 3aaadi [67].

[To3Haunmo 4epes (xf,xg) TO4Ky obmacti €, mwus sxoi Bupas p* (X, X,)

csira€ MiHIMyMYy, TOOTO

(xf,xg):argmin(pg(xl,x2)+%ﬂ,+%ax1+%ﬂx2j. (4.30)

(X4, % )eQ

Toni B BUNAAKy cumeTpii obmacti Qi Gynkuii p,(X,X,) BimHOCHO oceii

Ox, 1 Ox, OyneMo MaTH HaCTYNHI YMOBH, IO 3a0€3Me4yl0Th KOHTAaKT B 00JacTi

Q,:
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P"> I P, (X, %,)dQy; -
Q4

. (4.31)

% 0 % 0

*

M
I

=S| py (%, %7)+

X2 Xy

B Bumaaky npsMokyTHOI 00acTi
Q,:—asx<a -b<x, <h,

1p,= P* /S mns peanizamii MOBHOTO KOHTAKTY, SIK Iie ciiaye 3 (4.21), (4.27)

—(4.29), HeoOxiHEe BUKOHAHHS HEPIBHOCTI

. 3M,
Pr>—=2+—2
ba a

[IpoBenena TyT nmody10Ba ONTUMAIBHOTO PO3MOALTY p*(Xl, Xz) IPYHTYEThCS

* *

Ha HEOOXITHHMX yMmoBax ekcTpemymy [65]. [lepeBipka mocTaTHIX YMOB MiMiHYMY
ONTUMI30BaHOIO (PyHKIIIOHAJIA BUMArae MpOBEJICHHs JOJaTKOBUX OIIHOK, SKI TYT

HE HaBeACHO. Po3risHEMO BHUMAAOK, KOJIHM MOMEHTH, IO MPHUKIAJAIOTHCA 0
mTamna, JOPIBHIOIOTh HYJIIO (M:1 = M:Z :0) i p,= P"/S. V npoMy BHmaaky
sriguo 3 (4.21), (4.25) — (4.28) J ( p*) =0. 3 ornsany Ha te, mo J ( p) >0 mms BCix
JOMYCTHMHX pealizaliii THCKY, OTPUMAaeMO BHCHOBOK, mo P.=P /S peanisye
MIHIMYM ONTHUMI30BaHOTO (DYHKITIOHATY B PO3TJISIHYTOMY BUIIAJIKY.

Sk Bimomo, mpu 3amaHoMy B ob6nacti (2; pO3MOAUTY THUCKY p(Xl, XZ),
NEPEMIIICHHS TOYOK MPYKHOTO MiBIPOCTOPY W(Xi, X2,X3) 3a HanpsiMKoM ocl OX,
3HAXOASAThCA 3a JOMOMOTOK TMOTEHIlaly MPOCTOTO IIapy W(Xl, Xy, X3) 1

3aIUCYIOThCS Y BUTIIsAL [66]

ZZI p(X, X, )dQY, , (4.32)
o \/(xl—xi’)z +(%—%) + X
e

2

1-u
T

K=

, dQY, =dxdx,, (4.33)
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MTPUXaMH BIJIMIYE€HI BEJIWYWHU, 32 SIKUMH TPOBOJUTHCS 1HTETPYBaHHSI.
Otxe, oTpuMmana (opma IITamIia, 10 BIANOBIAAE HAWIECHOMY ONTHUMAIbHOMY
PO3MOIUTY THCKY p*(xi', Xz'), (Xl', XZ') €Q,, MOxe OyTH IIpeICTaBICHA HACTYITHUM
4uHOM [66]

fo (X, X, )= x| W(X,X,,0 =
(%)= x| W(%,%,0)]
! !
P (434
’ 'de,
Q p(xl’XZ’Xl 1 %y )

P(X17X2’X1’1X2’):\/(X1_X1’)2 +(X2 _Xz’)2 -

1€ p(xl,xz,xi',xz') - BIJCTaHb MDK TOYKaMH (prz) Ta (xl',xz'), 110

=K

HanexxaTh obmacti Q. Hexait p, 6 - momspHi KOOpAWHATH 3 IEHTPOM B TOYII
criocrepexenns N(X,X,), (%,X,)eQ,, a dynkuis p=R(0) samae rpamnmo

obnacti Q. Ilpu upomy koopaunatn 3adikcoanoi touxn N(X,X,) i Toukm
! ! . . . .
(X1 , X, ), 10 3MiHIOE TOJOXEeHHA B obmacti (), mia yac iHTerpyBaHHS OYyIyTh

IOB’SI3aHi CHIBBIAHOLICHHSIMHU X, — X = pC0SH, X,—X,=psind. Beegemo mami

1 1 1
C=p+=1,A==a, B==p.
MMO3HAYCHHS p > > > p

[lepexonsuu 10 MONAPHUX KOOPAHMHAT MpU iHTErpyBaHHI B (4.34) Oymemo

MaTHu

2z R(9)

f.(x. %)= K'J‘ do j p.(X + pcosé,x, + psing)dp =

0 0
=k (C+ Ax,+BX, ) Dy (X, %, ) + (4.35)
+%KAQ(@mQ+%KBQ(&mJ.

Tyt R(Q) - TpaHuIst 00acTi, Ta
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2

D, (%, %,)= [ Rd6,

o

2
D, (x,X,)= | R*cos6do, (4.36)
0
2
D, (x.X,)= | R*sinadé.
0
3ayBaxuMo, IO TMiJ Yac BUKOpUCTaHHS Bupasy (4.34) 1 BHUKOHaHHI

2y

interpyBanns B piBHocti (4.35) BpaxoByBamu cmiBBigHomenns dQ), = pd pdd
IJIsL eJleMeHTa po3rystHyToi o6macti (2, . TakMM YWHOM, 3aBIaHHS BiIIIyKaHHS

ONTUMaJIbHOI (hOpMHU ITamIia, IO B3aeMoAle Oe3 TEepTs 3 MPYKHOI OCHOBOIO,

3BEJOCA A0 3HAXOMKEHHS TreoMeTpuuHux xapakrepuctuk D,, D,, D, ski

c! s

3aiexarb Bijg opmu oOnacTi koHtakty 2, [67].

4.4  Onwuc po3po0/ieHOro MPOrPaMHOro 3ade3neyeHHs

Excnieptny cucremy Oyino moOyaoBaHO Ha 0asi ICHYIOUOTO MPOTPaMHOIO
npoaykty CLIPS (C Language Integrated Production System) [76], skuii
MpU3HAYEHUN N1 CTBOPEHHS 1 3aCTOCYBaHHS €KCIIEPTHUX CHUCTEM Ta BIIKPUTHUI
JUISL 3arajlbHOTO BUKOPHUCTaHHS. BiH MIMPOKO 3aCTOCOBYETHCS I PO3POOKHU
€KCIIEPTHUX CUCTEM Ta AOCIIIHKEHb B Tally3l IITYYHOro 1HTENeKTy. [Iporpamuuii
IPOJYKT BUKOPUCTOBYE MPABUIIA, K1 OMHUCYIOTh JIOTIKY BHUPIIICHHS MPOOJIEMU Ta
dakTu, sIKi peACTaBIAOTh AaHl. [IpaBuia akTUBYIOTHCSI HA OCHOBI BIJIMOBIAHOCTI
dakTiB y 6a31 3HaHb. [Iporpamne 3a0e3nedyeHHsI HaJla€ MOXKIMBICTh PO3OUBATH Ha
MoayJl 0a3u 3HaHb, MO0 3HAYHO CHPOIIYE PO3POOKY Ta MaMOyTHIO MIATPUMKY
cknagHux cucteM. CLIPS mae BrnacHy 00’ekTHO-opieHTOBaHy Moy COOL, 1
MOXJIUBICTh BHUKOPHUCTOBYBaTH MOBY mporpamyBaHHs C/C++ s peamizarii
CHUCTEM Pi3HOI ckiaAHoCTi. st moOyI0BU €KCIEPTHOI CUCTEMHU OyJ0 CTBOPEHO
nonpatok Ha moBi COOL [11, 14, 17, 141].

JlaHi Ha OCHOBI SKMX 3allOBHIOBajach 0a3a 3HaHb OyJI0O EKCIOPTOBAHO 3

cucteMu aBromaru3oBaHoro npoektyBanHs ANSYS [22, 56] B skiit 3a3naneriab
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OyJl0 MPOBEJEHO YMCENbHI EKCIEPUMEHTH ISl pI3HUX (OpM OFHO3B’SI3HUX Ta
JIBO3B’SI3HUX B IJIAH1 IITAMIIIB.

B mporieci KOMII'IOTEPHOTO MOJENIIOBAaHHS B MiJICYMKY IOCTIPOIECIHTY
OyJI0 OTPUMAaHO PE3yJIbTATH y BUTJIAJII MACUBY 3HaY€Hb HOPMAJILHUX HAIpPYKEHb.
3a momoMoror iHCTpyMeHTY probe [56] Oyno BHKOHAHO 3YUTYBAaHHS 3HAYCHB
HaAIpyXeHb 3 YMOBHUX JATYMKIB, [0 PO3TALIOBAaHI HA MPY>KHOMY MIiBIPOCTOPI IO
KOHTYpPY KOHTAKTy IITaMITy.

[Ticnst Toro, SIK YMCTIOBI JaH1 TPO HOPMAJIBHE HATPYKEHHS OYJI0 OTPUMAHO 3
YMOBHUX JaT4MKIB, PO3poOJIeHE MporpaMHe 3a0e3NEUEHHs] HajJae JBa BaplaHTU
NoJanbIIol  00poOKM pe3ynbTaTiB. ABTOMATH30BaHMM BapiaHT Mepeadayvae
00poOKy JaHUX 3a JOMOMOTrOI0 MPOrPAMHOTO JOJATKY, SIKHUM peai3oBaHUN Ha
MOBI niporpamyBanHsi C++ ta BukopuctoBye ANSYS API nist oTpuMaHHs 1aHuX 3
JATYMKIB 1 MOAAIBIIOT OOPOOKH. ABTOMATU30BAaHUM PEKUM Iepeadadae HACTYIIHI
(¢yHKLIi poOOTH 3aCTOCYHKY:

- BHUKOHAaHHS IPOLECY EKCIOPTY JIaHUX;

- NPOBEIECHHS NEPBUHHOTO aHaNI3y pe3yJbTaTIB CUMYJISLIL;

- 3a0es3neyeHHs] KOMYyHiKaiii MK mporpamMHuM kKomiiekcoM ANSYS Ta
nporpaMHuM npogykrom CLIPS.

VY BuUMNaAKy py4YHOro BaplaHTy, JlaHl €KCHopTyroTbcs B (aitn Excel s
MOJIAJIBIIIOTO aHalli3y Ta 0OPOOKH 3a TOTIOMOTOIO jS-CKpUMTY 1 (hopMyBaHHS (haiiiIiB
11t 023U 3HaHb.

Otpumani gaHi QopMaTyrOThCA Yy CHEIIaIbHUN BUTJISA, MPUIATHUN IS
moIabInoi 0OpOOKU EKCHEPTHOI CUCTEeMOI0. BOHU 30epiraioThCsi y TEKCTOBHX
JSON daiinax. Ileit hopmat 6ysio 06paHo y 3B’sI3Ky 3 HOTO MPOCTOTOIO YUTAHHS Ta
HAIUCaHHsI, 10 pOOUTH HOro 1HTYITUBHO 3po3yMiTUM. JSON TakoX KOMIAKTHUH,
o 103BoJisie €(heKTUBHO 30epiratu iH(popMallito Ta eKOHOMUTH MiCIIE B Iam’ sITi.
BaxnuBoro nepeBaroto € miarpumka JSON GaratbMa MOBaMHU MPOTrpaMyBaHHS 3a
JIOTIOMOTOX0 pi3HUX 0101i0TeK A5t mapcuHry 1 ctBopenHst JSON-nanux. Kpim Toro,
JSON € mnnardopmoHe3ae)KHUM 1 MOXKE€ BHKOPHUCTOBYBATHUCH Ha OyIb-KHX

miargopMax, IO JIO3BOJISIE JIETKO B3a€EMOJISATH 3 JIAHUMH MDK PI3HUMH
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cuctemaMu. Takox JSON miaTpumye OaraTOpiBHEBI CTPYKTYpH HaHUX, IO
JI03BOJIIE CTBOPIOBATH CKJIaJHI 00'ekTM Ta MacuBd. Ilicms mporo JaHHI

nepenaroThes 1o makera CLIPS guepe3 BignmoBigauii 3acid BBOIy iHGOpMAIIii.

Poapobka nporpamHoro 0 ExcneptHa cuctema 9
33bezneueHHA A aHanizy

Ta BizyanisaLin aHanTMYHOrO
pilleHHA

r !

F Y
F Y

Moxubka He Moxubra Mepesipka gocToeipHocTi Osrm Mpasuna
NEPEBMILYE || MEpeBulLlyE OTPUMEHUK PE3YNLTATIE
gonyctumy || AonycTumy

’ y
JunTyBaHKA inbopmauji 3
| bakrie ekcnepTHol cucTemu |

ANSYS AsTomaTusoBaHa
o nepe/iaya fiaHux uepes
CTBUIIJEHHH TP"f“WPHm 1 poapobrere 13 MporpamHe sabeaneuenna ()
Mogeni reoMeTpil Npy®HOro A0 Bizyanizauii KoHTypy
MiBMpacTopy Ta Wramny wTamny

BukopHcTaKHA Nporpamkoro
JOAATKY Ha MOBI NPOTPaMyBaHHA
APDL gns goctyny Ao dyHKujoHany,
AU BIZCYTHIM B NOTOUHOMY
iHTepdelici nporpamu

PoabuTra Ta copTyBaHHs
KONeKLji TOUOK KOHTYPY

[nTepnonswyia kyBiuHkMM

8

PyuHa nepesaya aHux
yepes poapobinere M3

CrAaiHaMd JNA OTPHMaHHA

[eHepauj CKiHYeHHo- Bisyanizauja KouTypy Wwramny

8 pozpobrenomy 13

BIBMEHTHOT CITKU

OTpumanHa peaynbratie 5

Excnopr Excel daitn

KDMI'IJI(}TEpHOTO MOZENIOEaHHA

[ToauwjoHyBaHHA YMOBHMX AaTumKia

Puc. 4.1 3aransha cxema Oy10BH KOMIUIEKCHOTO TIXOY 0 PO3B'sI3aHHS

KOHTAKTHOT 3aj1a4i Ta 3a/1a4i iienTudikaiii miomaakd KOHTaKTy

Ha puc. 4.1. HaBeeHO 3arajibHy cXemy OyJ0BU KOMIUJIEKCHOTO MiIXOIy J0
PO3B’A3aHHA 337lay CTBOPEHHS Ta JOCIHIPKEHHS MaTeMaTUYHHUX Ta KOMI IOTEPHHUX
MoOjieJieil KOHTAKTHOT B3a€MOJI1i aOCOIIOTHO KOPCTKUX LMIIHAPUYHUX IITAMIIB 13
IJIOCKOIO OCHOBOIO 3 TIPYKHHUM ITIBIPOCTOPOM ITiJ JIi€I0 CTUCKato4ol cuiu [17].

Jlns 3a0e3neueHHs] 3pYYHOCTI BHUKOPHCTAHHA Ta I1HTErpaiii mporpamHoi
cuctemu CLIPS y po3pobiienuit aBTopamu MpoeKT Ha MOBI nporpamyBanHs C++,

Oysio ctBopeHo Oi0mioTeuHi (aitnu. Buxigauit kon (clips core source 641.zip,
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Harucanuit Ha MoBi C) cucremu CLIPS, ams ii i”Terpamii y aBTOPCHKHUI
POTrpaMHMM T0JIaTOK, OYJIO 3aBaHTaKEHO 3 o(iIiiiHOrO cailTy [76].

Po3pobriena excnepTHa cucreMa, sika BUKOPHCTOBYE MpaBuiia 1 IMIA0JIOHH
dakTiB a7 aHai3y TOYOK, BHU3HAYEHHS iX HOPMAJBHOTO HAMpyXEHHS Ta
kiacudikaiii KOHTYpiB Ha OCHOBI ITUX JaHUX.

Po3pobneno mabnon ¢dakTy point, mo npeacTasisie co0or iHGOpMAaIIiio Ipo
TOYKY 13 3a3HaYE€HUMHU KOOpPJIMHATAMHU X 1Y, a TaKOk 3HAYEHHSIM HOPMAaJIbHOTO Ta
JOTUYHUX HampyXeHb Ta mnepeMinieHHs. KoopauHath TOUYOK, 3HAYEHHS
HOpPMAaJIbHOT'O Ta IOTUYHUX HAIIPYXEHb 1 nepeMiiieHHs MatoTh Tun ganux FLOAT.

[ITa6non daxty known-stress BUKOPHUCTOBYETbCS [JIsl 30€piraHHs B1JIOMHUX
3HaYeHb HANPYKCHb, MEPEMIIICHHS Ta KOOPAMHAT TOYKH. Y IbOMY IIa0JIOHI:
stress — e BiOMe 3HAYEHHS HOPMAJbHOI'O HANpy>KEHHS, X, Y — 1€ KOOpAUHATU
TOYKH, € BiJIOME 3HAYCHHS HOPMaJILHOTO HATIPYKEHHsI OYyJI0 3aMipsiHE.

[Ilabnon contour mpexncraBisge KOHTYp (irypu 13  3a3HAYCHUMHU
KOOpAMHATAMHU TOUOK, SIKI YTBOPIOIOTH LIeH KOHTYp. Y 11bOMY IIA0JIOHI: points — 11e
PSAAOK 3 KOOPAMHATAMHU TOYOK, SIKi YTBOPIOIOTH KOHTYp. B manomy Bumanxy, mei
cioT OyJe 3amOBHIOBATHCS PSAKOM KoopauHat, Hampukiaam, "(X1yl) (x2y2)
(x3y3)". J[anwmit mabmoH (aKTy BUKOPUCTOBYETHCS U aKyMYJIFOBaHHS
pe3yibTaTIB Ta BUBOJY iX B SIKOCTI pe3yibTaTiB pOOOTH €KCIIEPTHOI CUCTEMH.

Po3pobniena excrieptHa cuctema mae mpaBuiio classify-contour, sike BUKOHYE
KJacuikalio KOHTYpY (PIrypd Ha OCHOBI MOPIBHSIHHS HOPMAJIbHUX HaNpyXeHb
TOYOK 3 BIJOMUMH 3HAYEHHSIMHU HOPMAJIBHOTO HANpPy>KEHHS.

Y upoMy mpaBWiIl IPHUCYTHS YMOBa, sika 30Mpae JaHi MpPO KOXHY TOYKY 3
HOpMaJBbHUM HAINpPY>KEHHSM, YMOBA, SIKa BUTATYE BiOMi 3HAYCHHS HOPMAJIbHOTO
Halpy>KeHHS pPa3oM 3 KOOpJuWHATaMu, (GYHKIISI-TECT, IO TMOPIBHIOE 3HAYEHHS
HOPMAJIBHOTO HANPY)KCHHSI TOYKH 3 BiJIOMUM 3HAYCHHSIM 3 TICBHOIO JIOIYCTUMOIO
NOXUOKOI0, SIKy KOPHUCTyBad MOXKE 3aJaTH CaMOCTIHHO. 3a 3aMOBUyBaHHSIM
noxu6Oka ckiagae 0.1. V pas3i BUKOHaHHS yYMOBH IpaBHJIa, BUKOHYETHCS isl, sIKa
CTBOPIOE HOBUM (paKT THUITY contour, LKW MICTUTh KOOPAWHATH BIJIOMOI1 TOYKHU 3

BiJIMTOBITHUM HOPMAJIbHUM HAIMpPY>KCHHSIM:
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IF ATHEN C,

ae.

A= |knownStress —stress| <,

C — nmomaBaHHSI KOOPAMHAT TOUOK B PE3YIbTYIOUUH (akT points.

HaBeneno mpukian cermMeHtra mporpamu Jisi ¢GopMyBaHHS TpaBHia Ta
(bakTiB €KCIEPTHOI CUCTEMH Ha MOBI crerudivHii 1HTYITUBHO 3pO3yMUIIA MOBI
COOL, sika € yacturoro CLIPS [25]. B mpuxmani HagaHo ¢pparMeHT 06a3u 3HaHb,
IO UTFOCTPY€E HAsSBHICTh MAacCWBIB HOPMaJbHUX HANpPYKCHb Ta KOOPAMHAT TOUYOK

KOHTYpY IITaMITy:

(deftemplate point
(slot x (type FLOAT))
(sloty (type FLOAT))
(slot stress (type FLOAT))

(deftemplate known-stress
(slot stress (type FLOAT))
(slot x (type FLOAT))
(sloty (type FLOAT))

(deftemplate contour
(slot points (type STRING) (default ™))

(defrule classify-contour
(point (x ?x) (y ?y) (stress ?stress))
(known-stress (stress ?known-stress) (x ?known-x) (y ?known-y))

(test (<= (abs (- ?stress ?known-stress)) 0.1))
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=>

(assert (contour (points (str-cat "(" ?known-x " "' ?known-y ")™"))))
)
(deffacts initial-known-stress
(known-stress (stress -14034000.0) (x -0.000718) (y -0.004951))
(known-stress (stress -18598000.0) (x -0.000125) (y -0.005012))
(known-stress (stress -17564000.0) (x -0.001298) (y -0.004838))
(known-stress (stress -17039000.0) (x -0.001892) (y -0.00465))
(known-stress (stress -14541000.0) (x -0.002472) (y -0.00436))
(known-stress (stress -14782000.0) (x -0.003051) (y -0.003969))

(known-stress (stress -15988000.0) (x -0.003601) (y -0.003477))
(known-stress (stress -16772000.0) (x -0.004079) (y -0.002898))
(known-stress (stress -16825000.0) (x -0.00447) (y -0.00226))

(known-stress (stress -17299000.0) (x -0.004702) (y -0.001681))
(known-stress (stress -17297000.0) (x -0.004876) (y -0.001102))
(known-stress (stress -13063000.0) (x -0.004977) (y -0.000522)).

byna opranizoBana 0a3a 3HaHb, SK OJMH 13 KJIIOUYOBHX KOMITOHEHTIB
eKcrepTHOI cuctemMu. BoHa BKIoumia B cebe 1HPOpMallilo MPO TE€OMETPUYHI
XapaKTePUCTUKHU 1 BIACTUBOCTI MaTepialiB IITaMIIIB 1 MIBOPOCTOPY, iHPopMaIlito
1010 HANPYKEHHO-/1e(OPMIBHOTO CTaHy CUCTEMH IITAMIT-TIPY>KHUM MIBIPOCTIp, a
TakoX HaOip mpaBui 1 (akTiB. [loOynoBaHa ekcriepTHA cUCTEMa MOXKE MMPOBOIUTH
1IeHTU(IKAIII0 TMONEPEeYHUX TMepepi3iB IMITaMMIB 3 IJIOCKOK TM1JOIIBOO, IO
TUCHYTh Ha MPY>KHUI MIBIPOCTIP.

OTpuMaHHS KOOpPJWMHAT TOYOK 3 CHHCKY (pakTiB OyJjio peanizoBaHO 3a
JIOTIOMOTOI0 ~ PETYJISIPHOTO  BUpa3y, SKUH BHOKPEMJIIOE JIMIIIE HEOOXiIHY
iHpopMarito, mOA0 KOOPAWHAT TOYOK TII 3 BIANOBIIHMMH BEIUYHMHAMU

HaIpy>KEeHb, 13 3arajIbHOT TEKCTOBOT BIJMOBII €KCIIEPTHOI CUCTEMH.
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JIns KOXKHOT OKpeMoi KOMIT FOTepHOI MOJIeNl, PO3PaXOBYIOThCSI MAaCHUBH
JAHUX — HOPMAaJIbHI 1 JIOTUYHI HAINpY>KEHHS B MEBHUX TOYKaxX I SKHX
MPOBOANTHCA 17eHTH]IKaLlA (OPMHU TOMEPEUHOTO Mepepi3y IITaMITy BiIMOBIIHO
710 BU3BHAYCHUX Yy 0a3i 3HaHb KPUTEPIiB.

[Ticass oTpuMaHHS KOOPAHWHAT TOYOK, IMPOBOJUTHCS TMpOLEC TeHeparlil
dbopMHu  TOMEpPEYHOro Tepepidy IMTaMIly 3a JOIMOMOTOI  PO3pOOJIECHOTO
nporpamuoro 3abesnedenHss B OpenGL (Open Graphics Library — 1e
cnenudikaris nporpaMHoro iHrepgeicy s peaaepunry 2D ta 3D rpadikn).

Bapro BigMiTHTH, 10 IS KOPEKTHOCTI OTpPUMAHUX pE3yJbTaTiB
KOOPAMHATH TOYOK OYyJIO MOIMEPEIHbO YIOPSJIKOBAHO Y IOCHIIOBHICTh PyXYy IO
KOHTYpy TlomepedyHoro rmepepidy. byma po3pobnena chemianbHa (PyHKINS
calculateAngle, mo npuiimMae Ha BXiJ y SKOCTI MapaMeTpiB KOOPAMHATH JIBOX
TOUYOK: IIEHTP KOJia 1 KOHKPETHY TOUYKY Ha KOHTYpi mrTamma. Bona ctBopena, mob
OOYHUCIUTH KYT MK TOPU30HTAIBHOIO BICCIO Ta JIIHIEIO, KA 3'€HY€ LEHTP KoJja i
nany Touky. Po3pobrnena cnemianbHa QyHkiis comparePoints 6yna BukopucraHna
JUTSI TIOPIBHSIHHSI KOOPAWHAT JBOX TOYOK HAa KOHTYpI IITaMIla 3a iXHIMH KyTaMu
BIIHOCHO  TIOYaTKy CHCTEeMH KOOpJAWHAT. TakuM YHUHOM, KpHUTEpiEM
YHOPAJIKYBaHHS CTa€ BeJMYMHA KyTa. Touku Oyln BiICOPTOBAaHI 3a MOPSIKOM
3pOCTaHHS KyTiB BIAHOCHO NOYATKYy CUCTEMHU KOOPAMHAT JiJIs oci OX, 110 MPU3BENIO
710 TIO3UIIIOHYBaHHS TOYOK 3a TOJMHHUKOBOIO CTPUIKOIO HABKOJIO LEHTpa KOJa IO
KOHTYpY LITaMmIIa.

B mporueci Bizyamizaiii GopmMu IBO3B'SI3HOTO MITAMITY MOYATKOBA KOJIEKITiS
TOYOK Oyrna po30uTa Ha ABI KOJEKIl ISl 30BHINIHBOTO 1 JJI BHYTPIITHBOTO
KOHTYpIB BIAMOBIAHO. JlJif BIATBOPEHHS KOHTYpY IUTaMIly OYyJI0 BHUKOPHUCTAHO
KyOluHy crutaiiH-inTepnosnsnito. KyOiunuili crutaiin Oysno oOpaHo dYepe3 #oro
BJIACTUBOCTI TJIABHOCTI Ta THYYKOCTI, 1110 JJO3BOJIAIOTh HOMY J0OpE MiAXOIUTH ISt
0araTbOX THUIIIB JAaHUX Ta 3a7ady.

AnTOpUTM pO3B’sA3aHHS KOHTAKTHOI 3amadul Ta ifeHTHdIKamii ¢gopmu

MOMEPEYHOro Tepepizy ITamna JJisl CUCTeMH aOCOJIFOTHO >KOPCTKUM IITaMII-



105

NPY>KHUH MIBIPOCTIP MOXkKe OyTH MPECTaBICHUN TaKOK MOCTIIOBHICTIO Jii (pucC.
4.2,4.3) [141]:

Kpox 0. Po3pobutu mporpamue 3abesnedenHs ([13) mma anamzy i
Bi3yasizallii aHaJITUYHOTO PIIIEHHS IMPO BJABIIOBAHHS B MPYXHHUH MIBIPOCTIP
HITaMIIiB pi3HOi opMH OIM3BKOT 0 KUIBIEBOI, IO OYJI0 oTpuMaHo pasimie [126].
(M5t K0o’kHOT 334241 aHAMITUYHUI PO3B’ 30K OTPUMYETHCS OKPEMO).

Kpok 1. CreBoputu npoexkt B ANSYS Ta monmyns Static Structural. B
nigpo3aim Geometry CTBOPUTH TPUBUMIPHY MOJENIb T€OMETpii MIBIPOCTOPY Ta
HITaMITy.

Kpox 2. IlpoBectu mpouec TreHepaunii Ta KOpPEryBaHHS CKIHUEHHO-
€JIEMEHTHOI CITKH.

Kpoxk 3. fIkiio ckiHu€HHO-EJIEMEHTa CiTKa BIJAMOBIAE YMOBaM JIO SIKICHOTO
pO30UTTS, a caMe BUKOHAHHS HEOOXIJTHUX YMOB, TO EPEXOAUMO 10 KPOKY 4, SIKII0
Hl, TO TIOBEPTAEMOCS JI0 KPOKY 2.

Kpoxk 4. IlpoBeneHHs po3paxyHKIB MpOLECYy KOHTAKTHOI B3a€EMO/IIi IITaMITy
Ta MPY>KHOTO MIBIPOCTOPY HMUISIXOM KOMITIOTEPHOTO MOICITIOBAHHS.

Kpok 5. TlepeBipka HOCTOBIPHOCTI OTPUMAHUX JAHUX IIJISXOM MPOBEICHHS
MOPIBHSHHSA 3 pe3yJibTaTaMH, 1110 OyJiu OTpUMaHi paHime Ha kpoui 0. ko micns
OLIIHKKA PE3yJbTaTiB 3 SICOBYETHCSA, IO MOXHOKA MEPEBHUIIY€E HOMYCTUMY, TO
HEOOX1THO MOBEPHYTHCS 10 KPOKY 2, 1HAKIIIE — TIEPEUTH Ha KPOK 6.

Kpok 6. Po3zramryBaHHs yMOBHUX AAaTYMKIB MO KOHTYPY KOHTAaKTy, IS
CUMYJISIIIT POIeCy 3UMTYBaHHS 1HGOpMAIIil 3 HATYPHUX €KCIIEPUMEHTIB.

Kpoxk 7. 3untyBanns iHdopMallii o0 HAmpy>keHo — 1eOPMIBHOTO CTaHY
(HAC) cuctemu 3 yMOBHUX JATYHKIB.

Kpox 8. Hdanmii kpok 3a0e3neuye po3raqyKeHHs A BHOOpPY BapiaHTy
nepenaydi iHdopMmaiii. [lepenatu iHdopMaliio 11010 HAMPYKEHO — AePOPMIBHOTO
CTaHy B 0a3y 3HaHb EKCHEpTHOI CHCTeMH. SIKIO0 KOpUCTyBaueM OOpaHO
aBTOMATU30BAHMI BapiaHT Mepeaadi JaHux A0 0a3u 3HaHb €KCIIEPTHOI CUCTEMH, TO

neperT Ha Kpok 9, iHakie — Ha Kpok 10.
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Kpok 9. IlpoBenenHss oOpoOku pe3yibTaTiB PO3PaxXyHKIB HaAIpPyKeHb 3a
JIOTIOMOTOI0  CIICIaJIbHO ~ PO3POOJICHOTO0  MPOTrpaMHOro  JOAaTKy,  SIKUU
peanizoBanuii Ha MOBi mporpamyBaHHs C++ Ta BukopuctoBye ANSYS API s
OTPUMAaHHS JaHMX 3 AaTddKiB. [liciis BUKOHAHHI MPOILEAYPH BUKOHYEMO MEpeXij
Ha Kpok 11.

Kpox 10. lani excioptytotbes B daitn Excel ans momanbimoro anamisy ta
00poOKM 3a JOMOMOroI0 jS-CKpunrty 1 (opMmyBaHHs daimiB a1 6a3u 3HaAHB.
Pyunuii BapianT mepenadi  JaHux OyJio JOJaHO SK aJIbTEPHATHBY JO
ABTOMATU30BAHOTO BapiaHTy, SKa JIO3BOJIIE BHOCUTHU 3MIHU JI0 JlaHUX, abo
OTPUMYBATHU JaHH1 3 30BHIIIHIX JHKepel okpiMm npoekTty B ANSYS.

Kpok 11. OOpobka naHux ekcnepTHOW cucteMoro. Po3B’s3anHHs 3adadi
HECKIHUEHHOBUMIPHOI ONTHUMI3allii 3BOAUTHCS JO CKIHYCHHOBHMIPHOI MUISIXOM
arpokcumariiii - Bektop-pynkuii U(x) 3a [J0MOMOrord MeToAa CKIHYEHHHX
€leMEHTIB. BusHadueHHs  pe3yJdbTYIOUOTO BEKTOpY MeTroioM  HproToHa.
30epekeHHs1 KOOPAUHAT TOYOK.

Kpok 12. CopryBanHs 1A€HTHU(IKOBAHUX TOYOK MO KOJY JUIsl CHPOILEHHS
IPOIIECY MOAJIBINOT Bi3yaTi3arlii.

Kpok 13. 3a HeoOXigHICTIO PO3OUTTS MOYATKOBOI KOJIEKIlisSI TOYOK Ha MBI
KOJIEKIIIT JIJIs1 30BHIIIHBOTO 1 JjIsl BHYTPIITHBOT'O KOHTYPIB BIJMIOBIIHO.

Kpox 14. 1151 K0>kHOT KOJIEKIIii MPOBECTH KyOI4HY CILIaiiH — IHTEPIIOJISIIIIO.

Kpox 15 BuBectn 3HaueHHsa ineHTU(]iKOBaHMX TOouoK. IIpoBectn
Bi3yaJIi3allito KOHTYpYy HITamILy.

Kpok 16. Kinerrs.

Hagenena 610k-cxema (puc. 4.2, 4.3) 1eMOHCTpY€E y3arajibHIOIOUUHN alrOpuT™M
pO3B’s3aHHST KOHTAaKTHOI 3a7adi Il CHUCTEMU aOCOJIIOTHO >KOPCTKUM IITami-

NPY>KHUN MIBOPOCTIP.
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Po3po0ka [13 ans aHamisy oTpHMaHOTO aHAIITHIHOTO
pillicHHs Ta Bi3yasizalii pe3yJabTaTiB

el e I e e . - - == ANSYS‘—|

[nimiamizamis podotn B ANSYS ta cTBOpeHHs Moaymto Static Structural.
CtBopeHHs B miapo3aini Geometry TPUBHMIPHY MOJIENb TeOMETPil
HiBIIPOCTOPY Ta WITAMITY

Po3podka APDL nporpamu 1u1st OTpHMaHHs AOCTYILY J10
(yHKLIOHAIY, SKHIT BIICYTHIM B NOTOUHOMY iHTEp(ekci
ANSYS
[TpoBeneHHs mpolecy reHepartii Ta
KOpEryBaHHS CKIHUCHHO-CIICMEHTHOT CITKH

[lepesipka. CKIHYCHHOCIEMEHTHA CITKA BIMOBI1A€
YMOBAaM JI0 AIKICHOTO po30uTTs?

OTpHMaHHA pe3ynbTaTiB KOMI'FOTEPHOT MOJIENI, 1110 BiATBOPIOE
npolec KOHTAKTHOT B3a€MOIIT ITaMITy Ta IPY/KHOTO MiBIIPOCTOPY

[Tepesipka. OTpuMaHi pe3yJbTaTH BiINOBIIAOThH
pesynbraram pospodnenoro [13?

PO3TaHIyBElHH5I YMOBHHX I[aT‘IHKiB o Hanepen
3a1aHUM TOUYKaM IIJIOIIHHH l'[iIlOH.lBI/l mTamMIty

A

Ananiz H/AC cucremu. 3untyBanus indopmanii moao HAC cucremu 3
YMOBHHUX JIaTYHKIB

e e e S e e e - )

Puc. 4.2. bnok-cxema anroputMmy
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[TpUHHATTA PILIEHHSA LIO10 TEXHOJOII nepeaayl JaHux
BiJl CHCTEMH YMOBHHX JaTYHKIB /10 0a3u 3HAHb

ABTOMaTH30BaHa

- NodelJS mmme e eee - i CH++ -

Jlanni excrioptyiotses B Excel
(haiin a1 MOAATBIIOTO aHami3y 3a
nJoroMoror JavaScript mporpamu

1

X ABTOMaTHYHA 00po0OKa JaHHHX 3a

i |monomoroto crierianbHo cTBOpeHoro I13 3
1

1

1

BukopucTaHHaM ANSYS API

O0pobka naHHMX
EKCTIEPTHOIO CHCTEMOTO

3umryBaHHs iH(opmarii 3
(haxTiB eKCIIEPTHOI CUCTEMH

v

Po30uTTA KOJEKIIT TOYOK HA MIAKOJEKIIT Ta
COPTYBAHHS TOYOK KOJICKIiT MO KOy

v

[HTepronsAList TOHOK KyOIYHUMU CIUTaHHAMHM

v

Bizyanizanis KOHTYpy MONEpedHOro nepepizy

Puc. 4.3. bnok-cxema anroputmy (IPOTOBKEHHS)

4.5 AHaji3 oTpUMAaHMX pe3yJbTaTiB

PosrnsitHemo mpukiag Tpo  BAABIIOBAHHS B MPYXXHUM  TBIPOCTIP

HAJIIHIPUYHOTO aO0COMIOTHO YKOPCTKOTO TIJIOCKOTO IITaMITy, MOMEePEeYHUud mepepis
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SKOTO 3aiiMae OJIHO3B’SI3HY KpYyroBy B IUIaHi oOyiacth. Ha BXix OyJsio momaHo
1H(pOpMaIiIo 1100 HOPMAJIBHUX HaIpPY>KE€Hb 3 YMOBHHMX JATYMKIB PO3TAIIOBAHUX
o nepumeTpy mrammy (puc. 4.4). Jliametp mrammny 10 MOUIKOKEHHS ckianas 40
MM. Marepian mramny — crane: E=200000MIla (momyns IOura), »=0.3
(xoediuient Ilyaccona), a asis Mpy>KHOTO MIBIPOCTOPY — 130TPONMHUN Matepiai 3
takumu napamerpamu: E =180MIla, ;=0.2. VYMOBHI JmaT4yuku Oyiu
pO3TaIioBaHi Mo BChbOMY KOy piBHOMipHO [11, 12, 14].

CrnoyaTKy nornep4yeHui nepepiz OCHOBH IITaMITy MaB popMy Kpyra, a OTXKe 1
YMOBHI JTaTYMKH PO3TAIIOBaHI BiMTOBITHO MOYATKOBiM dopmi mrammy. I[lix mgiero
30BHIIIHIX CHJI (popMa MOMEPEUHOTo Mepepidy mTamiy Oyia 3MiHEHa, a OTXKe
BiIOYJIMCS 3MIHU 1 B HAIPY)KEHHSIX SAKi 3UUTYBaJM 11l YMOBHI gaTduku (puc. 4.5).
Bbyno nmpoBeneno 6arato 4YMCIOBUX €KCIIEPUMEHTIB JUIS Pi3HOI KUTHKOCTI YMOBHHX
JATYMKIB Ta PI3HUX (HOPM ILITAMIIIB IMICJIS MTOIIKOXKEHHS.

51615007 JSE

Corpmn -3.5743e +007

L -4.3321e +007

H j|-6.3998¢ +007

Bl -0.7531e +007

I

. 9.7675e +
7.0757.4 007

Puc. 4.4. Tlpuxnan Puc. 4.5. Ilpuknan 3uutyBaHHs Puc. 4.6.
34UTYBaHHS HOPMaJIbHUX HOpMaJIbHUX Halpy>KeHb 3 BinnoBnena
HaIpy>K€Hb 3 YMOBHHUX YMOBHUX JTaTYUKIB MICIIS dbopma
JATYUKIB JI0 TMOIIKOKEHHSI MOIIKOKEHHS MOTIEPEYHOT MONEPEYHOTO
MOBEPXHi (GbopMH OCHOBH IITAMITY nepepizy mraMiry

Tak nns npeacrasieHux 42 yMOBHUX HaT4uKiB micisa 480 po3paxyHKIB [
pi3HUX Bapiaiiii GopMm Oyi0 OTpUMAHO TaKWl BUIVISLA (OPMH IITAMIY SIKUM
MPEACTaBICHO Ha puc. 4.6 HAa OCHOBI JaHUX 3YUTAHUX 3 YMOBHUX JaTYHKIB.

3aMKHYTY KpHBY, 110 TIPEACTABISIE cO0010 (hopmy mTamiry, Oysio Mooy 0BaHO 3a
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JIOTIOMOTOK0  CIUTAH-THTEPHOSAIIT 11 OTPUMAHUX TOYOK KOHTYpY IITamImy.
Bzarani nns koxHOT momikopkeHoi ¢opmu Oyino mposeaeHo Big 300 mo 500
YHCENbHUX EKCIIEPUMEHTIB.

PosrnsitHemo mpukian — 3agady MNpo TUCHEHHS B TPYXKHUU MIBOPOCTIP
HWTIHIPUYHOTO a0COIIOTHO KOPCTKOTO IUIOCKOTO INTamIly, MOMEpeyHHil mepepis
SKOTO Ma€ KUIBIIEBY B TUTaHI 00JacTh. AHATITUYHHA PO3B’SI30K OyJI0 OTPUMAHO i
pO3paxoBaHO KapTHHY HaNpyXEHHO-Ie(POPMIBHOIO CTaHy CHUCTEMU IITaMIl-
npyxHui miBapoctip [126]. Ins TecToBoi 3a1a4i po3riisiiaBcs KUTbLEBUNA ITAMIIL.

30BHINIHIN JlaMeTp IITaMmIly A0 TOIIKO/DKEHHs ckiagaB 100 mwm, a
BHYTpimHIA — 40 Mmm. Marepian mrtamny — ctans: E =200000M11a, n=0.3, a nis
MPY>KHOTO MIBIIPOCTOPY — 130TPONHMIM Marepian 3 TakuMmu napamerpamu: E=180
MIla, 4 =0.2. YMOBHI 1aT4uku OyJid pO3TAILOBaH1 10 BCbOMY KOJIy PIBHOMIPHO.

Pesynbratu MopenmtoBaHHS TpEACTaBIeHO Ha puc. 4.7 'y BUNAAKY
HaIpYy>KEHO-1e(POPMIBHOIO CTaHy CUCTEMH IITAMIlI — MPYXKHUU MIBIPOCTIP AJIA

HETIONIKO/KEeHOT KinblieBoi opmu mtamma [14, 141].

LIBe 0, 15, 007

R Ty e AV
:
-1.5502¢ +007 J
]
T o R e
T ol
ssc20.000 § g
136152 007 & .
=
= 1.864e +007 "‘\
L
BN -+ T e—
et M oot
Puc. 4.7. Cxema po3TaiiryBaHHs Puc. 4.8. Cxema po3TaiiryBaHHs
YMOBHUX JIaTYUKIB 3UUTYBaHHS YMOBHUX JTaTYUKIB 3YUTYBaHHS
HOPMAaJIbHUX HaIpPYy>XEeHb J0 HOPMAJILHUX HAPYXEHb TCIs
MOIIKO/KEHb KOHTYPY IITamIa MOIIKOKEHb KOHTYPY IITaMITy

PesynbTaTn MojenmtoBaHHsS TIpeAcTaBiieHi Ha puc. 4.8 BiIoOpakarOTh

CUTYyaIlil0, KOJU BiIOYJIOCS TMOMIIKOMKEHHS (POPMHU IITAMITy IUIIXOM 3HOIICHHS,
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JUISl BUMAJKa OJTHOCTOPOHHBOTO TOIIKO/HKEHHS 3 OJHIET 1 Ti€T ) BHYTPIIIHBOT 1 3
30BHINIHBOI CTOPIH Kiblgd. ITOIIKOMKEHHS THUITYy 3HOIIEHHS Majo MICIe Ha
[EHTPATbHOMY KyTi BeanunHOI 60°.I3 30BHINIHBOI CTOPOHHW KIJBI TIHOWHA
nomkopkeHHs Oyia 0.08 Big mMuUpUHU KiIbIl, a 13 BHYTpimHBO1 ctopoHu — 0.0625
B1JT ITUPUHM KIJIBIIS.

Ha Bxig excriepTHOI cucTeMu OyJio MOJaHO 1HPOPMAIIIIO 1010 HOPMATbHUX
HaTpy>XeHb 1 MEpEeMillleHb 3 YMOBHUX JaTYHUKIB pPO3TAlIOBAHUX IO TEPUMETPY
mrramy (puc. 4.8).

st mpencraBiaeHux 57 yMOBHUX AartyukiB micias 450 po3paxyHKiB Jyis
PI3HHX CXEM MOUIKOKEHHS (puc. 4.8) OyJ0 OTpMMaHO HACTYIMHUMN BUTIIAL pOopMU

IITaMITy Ha OCHOBI JIaHUX 34YUTAaHUX 3 JaT4YHKIB (puc. 4.9).

oject Bulld Debug Test Analyze Tools

n with OpenGL

4 Events
1]

4 Process Memory (MB)
60

4 CPU (% of all processors|

100

4 AddtoSource Control « &gy

Puc. 4.9. BinHoBieHMI KOHTYP KIJIBIIEBOTO IITAMITY

3a0BUTbHI  pe3yibTaTH JJIsl  BiOyJOBU 30BHINIHHOTO KOHTYPY OyJio
oTpuMaHO Ha TIUOWHI 4-6 % BiI TOBIIMHU Kidblig. Tpeba BU3HATH, IO
BIITBOPEHHS OUIBII TJMOMHHMX TMOWIKO/DKeHb (OpPMHU IITaMIly TMOTpedye
30UTBIIIEHHS YMCIIa eKCIIEPUMEHTAIBHOI 0a3u. TakoX Ciij BIIMITHTH, 110 CUCTEMa

ONbII TOYHO BCTAHOBIIOE (OPMY 30BHIIIHBOTO KOHTYpPY IITaMIly, HIXK
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BHYTpIITHROrO0. MoOJKHA  BBaXaTtw, 10 1€ OOYMOBJIICHO, HacamIepen
B3a€MOBILIMBOM HAIPY>KCHb B BHYTPIIIHINA 30H1 KUIbIIS

[Tpu npoBeAeHHI psALy YUCETBHUX €KCIIEPUMEHTIB 0YyJI0 TOMIYEHO, 10 KOJIU
nedopMariisi KOHTYPY BiOyBa€TbCsS BHUMAAKOBHUM UYMHOM 1 JIOKQJIBHO, TO TaKi
PO3paxyHKH JAl0Th JOCTATHBO XOPOII pe3yibTaTH. AJie SK MPaBWIO HaBEICHUN
MiOXig Ha JaHOMYy eTami poOOTHM EeKCIEePTHOI CHUCTEMH Ja€ MOXKIHMBOCTI
BpPaxOBYBAaTH MaJli MOLIKOKEHHSI HAa KOHTYPI1 (He MeHIe 1 % MUpUHY K1), Ta
BIITBOPIOBATH TaKi SK MOOJWHOKI TIMOOKI Tpimuuu (He Ounbmie 10 % mmpunu

KUIBIISA).

4.6 BucHOBKM 10 po3aiay

B uerBepromy po3aini Oyna po3poOiieHa €KCIepTHA CcUcTeMa s
pO3B’s3aHHS KOHTAaKTHHX 3aJad 1aeHTu(ikanli (GopmMu mnomepevyHoro mnepepisy
mITamia, o Hajana MOKIUBICTh 1eHTH(IKYBaTH GOpMY IITAMITy 32 HABEJACHUMU
MOKa3HWKAMH HAIPYXEHb Ta MEePEMIIICHb.

Jl71st po3po0KU KOy €KCIepTHOI cucTeMu BUKOpHCcTOByBasiach MmoBa COOL.
[arerpamis COOL 3 CLIPS no3Bonuna eheKTUBHO MpaIfoBaTH 3 €KCIEPTHUMU
npaBuiamMu 1 ¢akramu. Bukopuctanns COOL 3abe3neymsno NPOAYyKTUBHY 1
3py4YHy PO3pOOKY, IO 3HAYHO MOKPAIIUIO MPOoIec 0OpOOKH 3HAHBb 1 MPUHHATTS
pilieHb B PO3pOO0JICHIN eKcHepTHIM cucteMi. byno cTBopeHo miaxia AJis
po3B’si3aHHS 3anmayi iaeHTHdIKali GopMu TOmepeyHoro mepepizy IMTaMmIry i3
3aCTOCYBaHHSM CyYaCHMX MaTE€MaTUYHUX aJTrOpPUTMIB Ta 1H(POpPMALIHHIX
TEXHOJIOT1, a came, BIEpIIe PO3pOO0JICHO Y3arajJbHIOIYHI aNrOpUTM Yy SKOMY
BUKOPUCTOBYIOTHCSA aHANITHYHI Tiaxoau, nporpamui cuctemu ANSYS, CLIPS, 1
BUKOPHUCTAHO PO3pPOOJICHI BJacCHI MPOTrpaMHi JOAATKU, K1 MOEIHYIOTh BCl €Taru
JOCTIKEHHS B OJTMH KOMIUIEKCHUN TIPOIYKT.

Po3B’s13aH0 KOHTAKTHY 3a/a4y JIJIsi CHCTEMH IITaMIT — MPY>KHUK MIBIPOCTIP
Ta TPOBEICHO BHU3HAUEHHS KOHTYpPY TMOMIKOKEHOI (OpMHU ITammy i3

3aCTOCYBaHHSAM PO3POOJIEHOTO 1HCTpyMeHTapito. Ha OCHOBI 1IbOTO BHUSBIEHO, IO
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eKCIepTHA CcucTeMa OUIbIl TOYHO BCTAHOBIIOE (OPMY 30BHIIIHBOTO KOHTYPY
IITaMITy, HDK BHYTpIiITHBOTO. [le 00ymMoBIeHO Hacammepe; ] B3aEMOBIUIMBOM TOYOK
BCcepenuHl Kbl mTammy. Cnij 3ayBakuTH, 0 Koid naedopmaiiist KOHTYPY
B1I0YBa€ThCS HA HEBEIWKIN AUISHIN (He OuUTbil HIXK 5% BIJ 3arajbHOi JOBXHUHU
KOHTYPY) JIOKQJIbHO, TO BITHOBJICHHS MOJENi OLIbII TouHE. Tak, cTae MOXKINBAM
BpaxoByBaTH MaJli TIOUIKO/KEHHSI Ha KOHTYpI, 10 CKJanaoTh MeHI HiX 1 % Bin
IIUPUHU KUIBIA, a TaKOXX BIATBOPIOBATH TOOJWHOKI TJIMOOKI TPIMIUHM, IO
ckanaoTh He Outbir HiXK 10 % Big mpuHU KITBIIA.

3aranom, ciig BiAMITATH, 1o Taka iHTerpamis ANSYS Workbench Tta
CLIPS BinkpuBae IMMPOKI MOKIMBOCTI JiJII CTBOPEHHS €(PEKTHMBHUX EKCIIEPTHUX
CUCTEM B 00JIACTI IHKEHEPHOro aHaii3y Ta onTuMizalii. L{s komOiHalis 103BOJsE
00'€eTHaTH TIOTYXXHICTh YHCJIOBHX CHMYJISAIINM Ta TOMAJIBIIOTO JIOTIYHOTO
BHUBEJCHHS CKCIIEPTHOI CHUCTEMHU ISl TPUUHSATTS OOTPYHTOBAHUX 1H)KEHEPHHUX

pIlLIEHb.
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BUCHOBKH

B nwuceprarniiiniii po6oTi Oynu moOyoBaHi MaTeMaTH4HI Ta KOMIT FOTEPHI
MOJICJII KOHTAKTHOI B3a€MOJil IMUJIIHAPUYHOTO aOCOIIOTHO KOPCTKOTO TUIOCKOTO
JIBO3B’SI3HOTO B IIJIaHI IITaMIa 3 130TPOMHUM MPYXXHUM MiBIpocTOpoM. byio
JOCIIKEHO HaIpyKeHO-Ie(POpMiBHUI cTaH. 30KpeMa OyJ0 OTPUMAHO TaKi
pe3yJIbTaTH:

o [IpomeneHo anami3 myOiKalliid, SKUi TOKa3aB, IO PO3B’sI3aHHS KOHTAKTHUX
3a/1a4y MEXaHIKM NoTpedye MoOyA0BH HOBUX €(PEKTUBHUX MATEMaTUYHHX 1
KOMIT FOTEpPHUX MOJEJNIed, pOo3pOOKH HOBUX MIAXOMAIB Ta aJrOpUTMIB, 00
3MEHIIUTH TPYJIOMICTKICTh Ta PECYpCOEMHICTh PO3B’sI3yBaHOl 3ajadi, 110
COpUATAME TOJANBIIOMY MPAKTHYHOMY 3aCTOCYBaHHIO  pe3yJIbTaTiB
JOCHIKEHb.  [HTerpailiss pi3HUX METOMIB 1 MPUHOMIB  JO3BOJISIE
YAOCKOHAJIUTHU KJIACHYHI MIAXOAN B 00JaCTI KOHTAKTHUX 33]1a4 MEXaHIKH.

e OTpuMaHO aHAJITUYHI PO3B’S3KM JUIsl 3aj7adyl MpoO BIABIIOBAHHS B
OMHOPIIHUM Ta 130TPONHUNA TPYKHUWA TMIBIOPOCTIp IUWIIHAPUYHOTO
a0COJIIOTHO KOPCTKOTO IJIOCKOTO JABO3B’A3HOTO ITamia B ¢hopmMi OIU3BKOI
0 KUIbIS (TPUKYTHOTO, IIECTUKYTHOTO 1 BOCBMHUKYTHOTO, KOJIA MEXHU
001acTi KOHTAaKTy He € moaiOHrMH). Biepiie Oyiio po3s’si3aHo 3amadi Jis
mTamniB 'y (opmi KuUIbLisl, TpaHULl SKUX OJU3bKI 1O TPUKYTHHUKIB,
IMIECTUKYTHUKIB, BOCBMUKYTHHUKIB Y BUTJISAII PO3KIAAaHHS 32 HOBUM MaJlUM
napameTpoM.

e Po3pobieHo HOBe mporpamHe 3a0e3nedeHHs Ha MoBI C++ i aHam3y 1
Bi3yasli3allli aHaJITUYHOTO PO3B’SI3KYy NP0 BIABIIOBAHHS B 130TPOMHUI
MPY>KHAW TIBIPOCTIP IWIHAPUYHOTO aAOCOMIOTHO JKOPCTKOTO IIITAMITY
NoMepeyHuil Tmepepi3 SKOro 3ailmMae 1BO3B’si3HY oOnacte. HaBeneno
BIJITTOBI/IHI TIOPIBHSJIBHI PE3YIbTATAMH.

e [loOynyBaHO CKIHUEHHO-EJIEMEHTHI MOJENI MPOLeCy KOHTAKTHOI B3a€MO/IIi
a0COTFOTHO YKOPCTKOTO MITAMITY 3 MPY>KHUM MiBIPOCTOPOM 3a JOMOMOTOI0

nporpamuoro komiuiekcy ANSYS. IIpoBeneHo KOMIT IOTEpHE MOJIECIIFOBAHHS
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JUIsL  pO3paxyHKy HampyxkeHo-nedopmiBHoro crany. CTBOpeHO rpymnu
CKIHUEHHO-EJIEMEHTHUX MOJIeNIeH NIl BpaXyBaHHS MOKJIUBUX TOIIKOKEHb
y pa3i mepeOyBaHHS CHUCTEMH B CKIAIHHX MPUPOJAHUX yMOBax abo B
arpecuBHOMy cepenoBuiill. ChopMOBaHO MAacHB AaHUX JJIsl MOAAJIBIIOTO
3aCTOCYBAaHHS HOTO Y €KCIIEPTHIM CUCTEMI.

Bnepme po3po6ieHo mnporpamHe 3a0e3neueHHS Ha - crnerudivHin
OpONpHUITapHI MOBI IporpaMyBaHHsS Ui iHKeHepHHX pimens (APDL) 3
METOI0 KOPETyBaHHS MapaMeTpiB KOMIT I0TEpHOI MOel yepe3 (QyHKIIOHAT,
AKUM BIACYTHIM B IOTOYHOMY I1HTep(ENCl KOpHCTyBaya MPOTPaMHOTO
komiuiekcy ANSYS. Po3pobiiene mnporpamHe 3a0e3meueHHs Haaajio
MOXJIMBICTh IIBHJKO CTBOPIOBAaTHM Ta aHalI3yBaTH CKJIAJHI MOJEN,
OTpUMYyI0UH A0CTyn 10 Beix (yHkiiit ANSYS.

CTBOpEHO Ta MPOTECTOBAHO EKCIEPTHY CUCTEMY JJISI PO3B’SI3aHHS 3ajadyl
1aeHTrdIKalii GopMu NOMEPEYHOTro Mepepi3zy mTamny, o Al€ Ha IPYyKHUN
miBopoctip. s 1mporo Bmepmie 0yJio 3aCTOCOBAaHO MPOTPAMHY CHUCTEMY
CLIPS B moemgnanni 3 nporpamuuM komruiekcom ANSYS. [Ins po3pobku
KOJy €KCIEepTHOI cuctemMu BuKOpucTOBYyBasach MoBa COOL. IaTerpairis
COOL 3 CLIPS pno3Bonuna e(EeKTUBHO TPALIOBATA 3 EKCIEPTHUMHU
npaBuiamu 1 gakramu. Bukopucranus COOL 3abe3neunsio npoayKTUBHY 1
3py4Hy PpPO3poOKy, II0 3HAYHO TMOKpaIlIWio Mpolec oOpoOKHM 3HaHb 1
NPUIHATTS PIllIEHb B CTBOPEHIN €KCIIEPTHINA CUCTEMI.

CtBopeHo miaxig g pO3B’si3aHHS  3amadl  igeHTtudikamii  popmu
MOTIEPEYHOTO TIePepizy MITAMITy i3 3aCTOCYBaHHIM Cy4YaCHUX MaTeMaTHIHUX
ANrOpUTMIB Ta 1HGOPMAIIMHUX TEXHOJIOTIH, a came, BIeplle Po3poOICHO
y3arajJpHIOIOUMN aNTOpPUTM Y SIKOMY BHKOPHUCTOBYIOThCS AaHAIITHYHI
nigxoau, nporpamui cuctemu ANSY'S, CLIPS, i BukopucTtano po3po0OieHi
BJIACHI TPOTPaMHI JOJIaTKH, K1 MMOETHYIOTh BC1 €Tau JTOCTIKCHHS B OJIUH

KOMIUIEKCHUAN TTPOAYKT.
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