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AHOTAIIA

beuyyn B. C. MaremMatnyHe MOJENIOBAHHA MEXaHIYHUX IMPOLECIB
(GYHKIIIOHYBAaHHS MaHIMyJATOpa KOCMIYHOTO mpu3HaueHHs. — Ksamidikariiina
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["onuapa, Huinpo, 2025.

OcTaHHl JECATUIITTS XapakTEePU3YIOThCA CTPIMKHUM PO3BUTKOM PAKETHO-
KOCMIYHOI rajry3i, 10 CIIPUYMHSE 3pOCTaHHS BUMOT JI0 CKJIaIHUX 0araToJaHKOBHX
CUCTEM, 30Kpe€Ma KOCMIYHUX MaHIMyJaaTopiB. L{i MexaH13MHU BIIITPAIOTh KIOUYOBY
POJIb Y BUKOHAHHI IIUPOKOT'O CIIEKTPa 3aB/IaHb, TAKUX K TEXHIYHE 00CITYyrOBYBaHHS
opOITaNbHUX CTAHIIIH, 3aXOIICHHS 1 TPAaHCIOPTYBaHHS 00'€EKTIB y KOCMOCI, 8 TAKOXK
MOHTaXX 1 JeMOHTaxX oOmamgHaddsa. OIHAM 13 HaHBaXXKIMUBIIINX AaCHEKTIB
GyHKIIOHYBAaHHS TaKUX MaHIMYJATOPIB € iXHS 3JaTHICTh 3a0€3MeuyBaTH BUCOKY
TOYHICTh TIO3UIIIOHYBAHHSA KOPHCHOTO HAaBAaHTAXCHHS, 30KpeMa aHTEH, IO
pO3KIafaoThcs, ab0  IHIIMX  pO3rOPTAIBHUX, TEJIECKONIYHMX, T'HYYKUX
KOHCTPYKIiM, BIIHOCHO KOCMIYHOIO amapary Juisi 3a0e3nedyeHHs CTallIbHOro
3B’5I3KYy Ta €()eKTUBHOTO BUKOHAHHS MiCiH.

Ha BucokoTO4YHE MO3UINIOHYBaHHS MaHIMyJsITOpa O€3MOCepeHhO BIUIMBAE
NOJATIMBICT KOTr0 KOHCTPYKIi, 30Kpema jaedopMamiiiHi XapakTEepUCTHUKU
HmapHipHUX 1 GaHIeBux 3’ eHaHb. He3Bakarouu Ha 3Ha4YHY KUTBKICTh JOCTIIHKECHb
y i cdepl, HEJOCTATHHO BUBYCHUMH 3aTUIIAIOTHCSA MUTAHHS KOHTUHYAJIBHOI Ta
JIOKaJIbHOI TOJATJIMBOCTI KOHCTPYKIli MaHimyjistopa. B Tomy uwmcini, mpobiema
T0(TIB y MIAPHIPHUX By3JIax MOTPEOY€E MOAAIBIIIOT0 aHaJII3Y, OCKIJILKH TaKi ePeKTH
MOXYTbh CYTTEBO 3MIHIOBAaTH KIHEMATH4YHI Ta JUHAMIYHI XapaKTEPUCTUKU CUCTEMH,
YCKJIAITHIOIOUM TOYHE KepyBaHHS ii pyXxoMm. BusiBneHHs Ta MOHITOpPHUHT JIO(TIB €
BKpail CKJIJIHAM 3aBJAaHHSIM SIK 3 TOYKH 30py peaiizailii, Tak 1 3 TOYKH 30pYy
OOYHUCTIOBAILHUX METOIB, OCKUIbKM I €(pEeKTH MaroTh HENIHIMHY HOpUpOAY Ta

MOJKYTb MPOSIBIISITUCA JIMILIE B IEBHUX peXUMax (QyHKIIOHYBAaHHS MaHIYJIsATOpPA.
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OpHuM 13 MAXO/IB IO BUPIIICHHS 11€1 MPOOIeMU MOXKE CTATH 3aCTOCYBaHHS
eKCIIEPUMEHTAJIbHIUX METO/IB, 30KpeMa (HOTOrpaMMETPHUYHOTO, SKHI 03BOJISE
O€3MOMMIIKOBO BU3HAYATH MEpeMilieHHs Yd AedopMaliii B mapHipHUX 3’ € JHAHHSIX.
Joro 0CHOBHHMH IepeBaraMy € Ge3KOHTAKTHICTh, BUCOKA TOUHICTh BUMipIOBAHb Ta
YHIBEPCAJIBHICTh 3aCTOCYBaHHS B PI3HUX YMOBax.

[lin yac MaHeBpyBaHHS KOCMIYHOTO amapary B MaHIMYJISITOPI BUHHUKAIOThH
JUHAMIYHI TPOLECH, IO MPOSBISAIOTHCS y BHUIJISAL KOJUBAHb MOT0 KOHCTPYKIII.
Uepes BiACYTHICTh €()EKTUBHUX JeMM(YIOUNX €JIEMEHTIB Ii KOJIUBAHHSI MOXKYTb
3aTpUMyBATH CTAOLTI3AINI0 TOJOKEHHS MAHIMYJATOpa, IO 3HAYHO YCKJIAJTHIOE
HAJIAIITYBaHHS CHCTEMHU KEpyBaHHS SK CAMHM MAaHIMYJISITOPOM, TaK i KOCMIYHUM
amapatoM 3arajoM. Ba)KImBo BpaxoByBaTH TaKoXK €(EKT MOCTYIOBOIO0 HAPOCTAHHS
BIIXUJICHb: HaBITh HE3HAUHE TNEPEMIIICHHS Yy IIapHIpHOMY abo (uiaHiieBoMy
3'€THaHHI TPU3BOAUTH O 30UIBIIECHHS MOXUOKM Y HACTYMHUX JIAHKaX, IO MOXKE
1CTOTHO BIUIMHYTH Ha KIHIIEBE MOJIOKEHHS KOPUCHOTO HAaBAaHTAXKEHHSI.

Takum 4YMHOM, JOCHIPKEHHS MEXaHIYHUX TMPOLECiB (YyHKIIOHYBaHHS
KOCMIYHOTO MAaHIMyJISATOpa, BKIIOYAIOYM aHami3 MOJATIMBOCTI, JIOMTIB 1
JMHAMIYHUX KOJIUBAHb, € aKTyaJIbHUM 1 HEOOX1THUM JJIS TIJIBUIIEHHS TOYHOCTI U
HaJIWHOCTI  TakuxX cucteM. OTpumani  pe3yJabTaTH  MOXYTh  CIPHUSITH
BJIOCKOHAJICHHIO METOJIB TMPOEKTYBaHHA Ta KepyBaHHA 0araToJIaHKOBUMHU
MaHIMyasTOpaMHu, IO, Y CBOIO Yepry, 3a0e3nedynTh e(EeKTUBHE BHUKOHAHHS
CKJIQIHUX KOCMIYHUX MICIH.

Y Berymi gucepraniiiHoi  poOOTH OOIPYHTOBAHO AaKTYalbHICTh TEMH
JUCEPTALlil; OKPECIEHO 3B 30K pOOOTHM 3 HAyKOBMMH NIpOrpaMamu, IJIaHAMU 1
TeMamu; C(hHOPMYJIHLOBAHO METy ¥ 3aaadl JOCHIKCHHS;, BIJI3HAYEHO HAYyKOBY
HOBU3HY, IOCTOBIPHICTH 1 MPAKTUYHE 3HAUYECHHS OJICPKAHUX PE3YJIbTaTiB; HABEJICHO
BIJIOMOCTI MPO ampoOarlito pe3yabTariB podoTu, myOsikarii Ta 0COOMCTHII BHECOK
aBTOpa, CTPYKTYpPY Ta 00CST JucepTallii.

Y nepumiomy po3aiili MoJaHO aHATITUYHUN OIJIS[ CY4acHOTO CTaHy
MOJIEJIOBaHHSI NpOLECiB (YHKIIOHYBAaHHS KOCMIYHHMX MaHimyisTopiB. HaBeneno

KjIacu(ikamilo JaHUX CHCTEM 33 KOHCTPYKTUBHUMM OCOOJMBOCTAMM Ta iX
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npusHaueHHsM. [IpoaHani3oBaHO METOAM MOJEIIOBAHHS SIK CaMUX KOHCTPYKIIH
MaHIMyJSITOPIB, TAaK 1 3a7ad, MOB’sA3aHUX 3 iX pobounmu mporecamu. [IpoeaeHo
OrJIsii HAYKOBMX IMyOJIKaIli CTOCOBHO 3aCTOCYBaHHS (POTOrpaMMETPUYHOTO
METOJTy SIK 0€3KOHTAKTHOT CUCTEMH CTEKEHHS 32 00’ €KTaMH Y PI3HHUX Tally3sX, 110
MOKE CIYryBaTH IHCTPYMEHTOM JUIsl JOCHIJDKEHHS TMPYKHOI TOJATIMBOCTI
HIapHIPHUX BY3JI1B.

Y apyromy po3gigi pobotn s moOyaoBH MaTeMaTHYHOI MOJEII
MaHIMyJATOpa HaBEJACHO OCHOBHI CIIBBITHOIIEHHS TEOpii MPYKHOCTI Ta Teopii
KOJIMBaHb CTPIIKHIB, @ TAKOXK 3arajibHi MOJOKEHHS Ta aCIIEKTH METOY CKIHUCHHHUX
eneMeHTiB. OnucaHO BHXIJHI MapaMeTpu JAOCHIPKYBaHOI Mojent Ta il
PO3paxyHKOBY cxemy. Po3po0iieHo HOBY MaTeMaTHUHY MOJIETIb MaHIyJIATOpa IS
IMITalIHHOTO MOJIENIOBaHHS MPOLECIB BHKOHAHHSA MPOrpaMHUX pyXiB Ta
BU3HAYCHHS CUJIOBUX (DaKTOPIB B MIAPHIPHUX By3JaX KOHCTPYKIi. BcTanoBieHo
3aJIEKHOCTI CUJIOBHX (DaKTOpIB BIJL Yacy BHUKOHAHHS TMPOTPAMHUX PYXIB
MaHIIyJISITOpa KOCMIYHOIO NMPU3HAYEHHS B CKJIAJl CUCTEMH KOCMIYHHUM amapar —
MaHIMyJISITOP - KOPHCHE HaBaHTaXEHHS. BH3HAYEHO BIUIMB KOHTHUHYaJIbHOT
MOJIATIMBOCTI JIJAHOK MAaHIMYJISATOpAa Ha TOYHICTh MPOTPAMHUX PYXIB 32 JOIOMOI'OIO
METO/1a CKIHYCHHHUX €JIEMEHTIB, JIe¢ OTpUMaH1 pe3yJbTaTh 00UnCIeHb Bepr(iKoBaH1
3a JIOIIOMOT'OI0 BIIOMHX aHAIITUYHHUX CITIBB1IHOIIEHD.

Y TperboMy po3aisi po3po0JIEHO HOBY METOJUKY EKCIEPUMEHTAILHOTO
OIIHIOBaHHS JIO(TIB Ta BIUIMBY MOAATIMBOCTI IIAPHIPHUX BY3JiB OOPTOBUX
MaHIMYJSATOPIB Ha iX JWHAMIYHI XapakTEPUCTUKU. 3alpONOHOBAHMM MiJIX1A
IPDYHTYETbCS Ha 3acTOCyBaHHI (oTorpammerpii K O€3KOHTAKTHOIO METOAY
MOHITOPUHTY PyXy KOHCTPYKIIii Ta ii CKJIa0BUX. AHAJI3 TPAEKTOPiN pyXy HIapHIPIB
NUISIXOM TIOPIBHSHHSA E€KCINEPUMEHTAIbHUX JIaHUX 13  3alporpamMOBaHUMHU
napameTpaMH JI03BOJISIE BUBHAYATH BIIXWICHHS Ta KUIBKICHO OIIHIOBATH BEJIMYUHY
mo@driB. BpaxyBanns nux (akTopiB CIpusie MABUIIICHHIO TOYHOCTI HATAMITYBAHHS
CHUCTEeMH KEpyBaHHS KOCMIYHOTO amapata. [IpoBemeHo dYwcenbHE MOICITIOBAHHS
BILTUBY JIIODTY Yy MIAPHIPHOMY BY3J11 Ha TPAEKTOPIIO HOTO PyXY.

Y d4erBepTOoMy PpoO3aijii po3po0JIEHO METOAMKY EKCIePUMEHTAIBLHOIO
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BU3HAUEHHS BIUIMBY IPYKHOI MOJATIMBOCTI ()JIAHLIEBOTO 3’ €IHAHHS MaHIMyIsTOpa
KOCMIYHOTO TMpHU3HAYCHHs BiJ [1i OCHOBHHX BHJIB MEXaHIYHUX HaBaHTaKEHb.
[IpoananizoBaHO ICHYIOUl METOJM PO3PAXyHKY MIITHOCTI (pIaHIEBHX 3 €IHAHb.
OTprMaHO MIHUPOKHM CIIEKTP €KCIEPUMEHTAIBHUX JaHUX Ta MTPOBEICHO MOPIBHIHHS
pe3yibTaTiB BUIPOOYBaHb 3 OOYHMCICHOIO MOJICIUIIO JIAHKW MAaHIMyJIsATOpa, 10 He
Mae JIOKAJIbHUX 3HMKEHb KOPCTKOCT1 Y BUTIISAJII By3Jla KPIIJICHHS.

HaykoBa HOBH3HA 0/1epKAHUX Pe3YJbTATIB MOJISATAE Y HACTYITHOMY:

— BIIepllIe OTPUMaH1 pe3yJbTaTu CUCTEMHHUX TEOPETUKO-EKCIIEPUMEHTATIBHUX
JOCTIIKEeHb MOIaTIMBOCTI JAHOK MaHIMyJIATOPa, MIAPHIPHUX Ta (PIaHIEBUX BY3JIiB
MaHIMyJATOpa KOCMIYHOTO TPU3HAYCHHS;

- MMPOBEJICHO HOBi OOYHMCITIOBAIBHI €KCIICPUMEHTH IS aHATI3y JUHAMIUHUX
XapaKTEPUCTHK 1 3yCHJIb Yy LIAPHIPHOMY BY3Jl JBOJAHKOBOI MAaHIMMYJISTOPHOT
CUCTEMH; OTPUMAHO HOBI 3aJIC)KHOCTI BEIMYMHM MOMEHTY B ILIApHIpl BiJ Yacy
PO3BOPOTY OJIHIET JIAaHKM MAHIMYJIATOpa, a TaKoXK BIJI BpaxyBaHHS MacoBO-
1HEPLIHUX MapaMeTpiB OCHOBHOI'O TLIa Ta KOPUCHOTO HABAaHTaKEHHS;

- po3pobJiieHa Ta anpoOOBaHa OPHUTiHAJBHA METOINKA €KCIEPUMEHTAIbHUX
JOCIIJKEHD JIJIl BU3HAYEHHS JIIOQTIB Ta MPYKHUX MOAATIMBOCTEN B IIAPHIPHHUX
By3JlaX MAaHIMyJATOPIB 1 IITAaHT KOCMIYHUX amapariB, IO O0a3yeThcs Ha
dboTOorpaMMETPUYHOMY METO/IL;

- mo0ya0oBaHa aBTOPCHKA METOAMKA €KCIIEPUMEHTAIFHUX BUMPOOYBaHb Ta
OTpUMaH1 HOBi JaH1 JOCIIPKCHb MOJATIMBOCTI 3pa3ka (uIaHIEeBOro 3’€JTHAHHS
JAaHOK MAaHIMyJIsATOpa Ha OCHOBHI BHUIM MEXaHIYHUX HaBAHTAXEHb: 3TMHAHHS,
KpPYUYEHHS Ta PO3TAT-CTHUCK.

IIpakTyHe  3HaYeHHsl  OJep:kaHMX  pe3yabTariB.  Meroauka,
3aMpoONOHOBAaHA B AMCEPTaLliHIi poOOTI, MOXe OyTH BUKOpHUCTaHA AJid MOOYAOBH
Ta MPOBEICHHS EKCIEPUMEHTAIbHUX JOCTIIKEHb MPYKHUX MONATIMBOCTEH 1
mo(dTiB y mapHIpHUX BY3/Iax O0araToJaHKOBMX KOHCTPYKIHA Ta MexaHi3miB. lle
JO3BOJISIE  MIHIMI3YBaTH  MOXMOKM  TMO3MI[IOHYBAaHHS 13  3aCTOCYBaHHSIM
(boTOrpaMMETPUIHOTO METOTY.

Po3pobnena y mucepraliiifHiii poOOTI METOAMKAa BU3HAYEHHS JIOKAJIBbHHUX
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MOMATIMBOCTEN y (rmaHneBuX 3 €QHAHHSAX I BIUIMBOM OCHOBHUX BH/IIB
MEXaHIYHUX HABaHTAKEHb MAa€ HAYKOBO-MeMOOUYHe 3HAYeHHs, OCKUIbKU
3abe31euye MiBUILIECHY TOYHICTb OI[IHKU XapaKTePUCTHUK TaKUX BY3IIiB.

[ToOymoBana mMareMaTWdHa MOJIECIh KIHEMATUKH Ta JUHAMIKH KOCMIYHOTO
MaHIMyJISITOpa HAJa€ MOXKIMBOCTI /1JIs1 OI[IHKM BIUIMBY Yacy pO3KJIaJaHHs JaHKU Ha
CWJIOBI XapaKTEpUCTUKH TMOBOPOTHUX BY3MIB 13 BpaxyBaHHSIM KOHCTPYKTHBHHX
0COOJIMBOCTEH HOTO (PYHKIIIOHYBaHHS.

OtrpumaHa Mojenb MOXxe OyTH y3arajbHeHa I aHali3y JUHAMIYHUX
XapaKTePUCTUK 1 CHJIOBUX HABAHTAXKEHBb SK OKPEMHUX IMIAPHIPHUX 3'€HAHb MIX
JaHKaMH MaHIyJATOpa, TaK 1 BCIEI CUCTEMH Y LIJIOMY, 10 HA/Ia€ MOKIUBOCTI JJIs
onTUMi3allii  MapamMeTpiB  KEepyBaHHS  MAHIMYJISITOPOM Ta  PO3UIMPEHHS
(YHKL10HATBHUX MOXJIMBOCTEN KOCMIYHOIO arapary.

OTpuMaH1 pe3ysbTaTd MOXYTh OyTH PEKOMEHJIOBaH1 Uil YIPOBAKEHHS B
MPOEKTYBAHHI Ta ONTHUMI3allii 0araToJIaHKOBUX KOHCTPYKIIM pakeTHO-KOCMIYHOI
TEXHIKH, 30KpeMa y KOHCTPYKTOPCHKHUX OIOpO Ta HAyKOBO-AOCHIAHUX YCTaHOBAX,
10 3aliMalOThCS PO3PAXYHKOM 1 BUTOTOBJIEHHSAM Takux cucreM. lle no3Bonuth
NIJBUIIUTU JTOCTOBIPHICT MOJEIIIOBAHHS POOOYUX PEXKHUMIB MAHIMYJIATOPHUX
CHUCTEM, II0 Oe3MOoCepe/IHhO BIUIMBATUME HA IXHIO JOBIOBIYHICTH, HAIIWHICTH 1
Oe3reKy ekcruryaTarfii.

KurouoBi cioBa: KOCMIYHMIA MaHINMYJIATOP, CTPUXKHEBI KOHCTPYKIIIi,
JTWHaMiKa, HapYKeHHs, AedopmMallisi, TOIaTIUBICTh, MAaTEMAaTUYHE MOJICITIOBAHHSI,
mapHip, (¢GiaHueBe 3’€JHAHHSA, KIHEMaTUYHE KEpyBaHHS, EKCIIEpPUMEHTAIbHE
MOJIEIOBaHHs,  (oTorpamMMmeTpis, PpaKeTHO-KOCMIYHA  TEXHIKa,  MIIHICTb,

HAIAHICTb.



ABSTRACT

Beitsun V. S. Mathematical modeling of mechanical processes in the
functioning of a space manipulator. — Qualification scientific work in the form of a
manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 113 Applied
Mathematics. — Oles Honchar Dnipro National University, Dnipro, 2025.

In recent decades, the aerospace industry has experienced rapid development,
leading to increased demands on complex multibody systems, particularly space
manipulators. These mechanisms play a critical role in a wide range of tasks,
including orbital station maintenance, object capture and transportation in space, as
well as equipment assembly and disassembly. One of the most important operational
aspects of such manipulators is their ability to ensure high-precision positioning of
payloads—such as deployable antennas or other expandable, telescopic, and flexible
structures—relative to the spacecraft to maintain stable communication and
successful mission execution.

The precision of a manipulator’s positioning is significantly influenced by the
compliance of its structure, particularly the deformation characteristics of joint and
flange connections. Despite a substantial body of research in this field, the issues
related to both distributed and localized structural compliance remain insufficiently
addressed. In particular, backlash in joint assemblies requires further investigation,
as such nonlinear phenomena can considerably alter the system’s kinematic and
dynamic behavior, complicating accurate motion control. The detection and
monitoring of backlash is a challenging task from both implementation and
computational perspectives due to its nonlinear nature and occurrence under specific
operational conditions.

One potential approach to addressing this issue involves the application of
experimental techniques, notably photogrammetry, which enables accurate and
contactless measurement of displacements and deformations in joint assemblies. The

method offers key advantages such as non-invasiveness, high measurement



precision, and adaptability to diverse testing environments.

During spacecraft maneuvers, dynamic effects arise within the manipulator,
often manifesting as structural vibrations. In the absence of effective damping
mechanisms, these oscillations may delay the stabilization of the manipulator's
position, thereby complicating the tuning of both manipulator and spacecraft control
systems. Additionally, the cumulative effect of even minor displacements in joint or
flange connections can result in significant deviations along the manipulator’s
kinematic chain, ultimately affecting the final payload positioning.

Accordingly, studying the mechanical behavior of space manipulators—
including the analysis of structural compliance, joint backlash, and dynamic
oscillations—is essential for improving the precision and reliability of such systems.
The results obtained may contribute to the enhancement of design and control
methods for multibody manipulators, ultimately supporting the successful execution
of complex space operations.

The introduction of the dissertation substantiates the relevance of the
research topic, outlines its relation to scientific programs, projects, and objectives,
and defines the purpose and tasks of the study. It also highlights the scientific
novelty, credibility, and practical significance of the results, and provides
information on their validation, publication, and the author’s personal contribution,
as well as the structure and volume of the dissertation.

The first chapter presents an analytical review of the current state of
modeling the behavior of space manipulators. It includes a classification of these
systems based on design and functional purpose, and a comparative analysis of
modeling methods for both manipulator structures and their operational processes.
The chapter also reviews the use of photogrammetry as a non-contact object-tracking
system in various industries, which may serve as a tool for investigating joint
compliance.

The second chapter introduces the mathematical framework for modeling
the manipulator, based on the theory of elasticity, beam vibration theory, and the

finite element method (FEM). The model configuration and input parameters are
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described, and a novel mathematical model is developed for simulating programmed
manipulator motions and computing force interactions within its joints. Time-
dependent force characteristics during manipulator operation within a spacecraft—
manipulator—payload system are determined. The influence of distributed
compliance on trajectory accuracy is assessed using FEM, and the results are
validated against known analytical solutions.

The third chapter presents a novel methodology for experimentally
evaluating backlash and the influence of joint compliance on the dynamic behavior
of onboard manipulators. The approach is based on the use of photogrammetry for
contactless monitoring of structural motion. The trajectory analysis—comparing
experimental and programmed joint movements—enables identification and
quantification of backlash. Accounting for these factors supports the fine-tuning of
spacecraft control systems. Numerical simulations are conducted to demonstrate the
impact of backlash on joint trajectory accuracy.

The fourth chapter develops an experimental methodology for evaluating
the influence of elastic compliance in flange joints of space manipulators under
primary mechanical loading conditions. Existing analytical strength calculation
methods for flange joints are reviewed. A wide set of experimental data is obtained
and compared with computational results from a model without local stiffness
reductions introduced by fastening nodes.

The scientific novelty of the obtained results consists in the following:

- for the first time, systematic theoretical and experimental results have been
obtained on the compliance of manipulator links, joint, and flange assemblies of
space manipulators.

- new computational experiments were conducted to analyze the dynamic
characteristics and forces within the joint of a two-link manipulator system. New
relationships were established between the joint torque and both the rotation time of
a manipulator link and the mass-inertial parameters of the base structure and
payload.

- an original experimental methodology was developed and validated to
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determine backlash and elastic compliance in the joint assemblies of space
manipulators and booms, based on the application of the photogrammetric method.

- a new author’s experimental testing procedure was constructed, and new
research data have been obtained on the compliance of the flange joint specimen of
a manipulator links under the main types of mechanical loading: bending, torsion,
and tension-compression.

Practical significance of the obtained results.

The methodology proposed in this dissertation can be employed to design and
perform experimental studies on elastic compliance and backlash in the joint
assemblies of multibody structures and mechanisms. This enables improved
positioning accuracy through the application of photogrammetric measurements.

The developed method for identifying local compliance in flange joints under
primary mechanical loads has methodological significance, as it enhances the
precision of evaluating the characteristics of such structural elements.

The constructed mathematical model of the kinematics and dynamics of a
space manipulator enables assessment of the influence of link deployment time on
the load characteristics of rotary joints, taking into account structural specifics of the
system.

This model can be generalized to analyze the dynamic properties and load
distribution of individual joints as well as the entire manipulator system, providing
opportunities for optimization of control parameters and expansion of the
spacecraft's functional capabilities.

The obtained results are recommended for implementation in the design and
optimization of multibody structures in rocket and space technology, particularly
within design bureaus and research institutions involved in the analysis and
manufacturing of such systems. This will improve the accuracy of operational mode
simulations for manipulator systems, directly impacting their durability, reliability,

and operational safety.
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BCTYII

OOrpynTryBanHsi BUOOPY TeMu JocjigkeHHsi. OCTaHHI JCCATHIITTS
XapaKTepU3yIOThCS CTPIMKHUM  PO3BHUTKOM  PAKETHO-KOCMIYHOI —raiy3i, IO
CIPUYHMHSIE 3POCTAaHHS BHUMOT JI0 CKJIQJHUX OaraTOJaHKOBUX CHCTEM, 30Kpema
KOCMIYHUX MaHIMyJsaTopiB. L1 MexaHi3MH BilirparoTh KJIFOYOBY POJIb Y BUKOHAHHI
IIMPOKOTO CHEKTpa 3aBliaHb, TAKHX SIK TEXHIYHE OOCIyrOBYBaHHS OpOITATbHHUX
CTaHIIIM, 3aXOIUICHHS ¥ TPaHCIOPTYBaHHS 00'€KTIB y KOCMOCI, a TaKOK MOHTaX 1
JeMOHTaX o0nagHaHHA. OJHUM 13 HaWBaKIIMBIIIUX aCIEKTIB (yHKIIIOHYBaHHS
TaKMX MAaHIOYJSATOPIB € IXHS 3JaTHICTh 3a0e3MedyBaTH BHUCOKY TOYHICTb
MO3UIIOHYBAaHHS KOPUCHOTO HABAHTAXKEHHS BITHOCHO KOCMIYHOTO arapary.

Ha BuCOKOTOYHE MO3MINIOHYBAaHHS MaHIMYJsATOpa OE3MOCEPEIHbO BILJIMBAE
NOJATIUBICT KOTrO KOHCTPYKIi, 30Kpema JedopmamiiiHi XapaKTEepUCTUKH
mapHipHUX 1 ¢JIaHIeBUX 3’ €IHaHb. He3Baxkaroun Ha 3HAYHY KUIBKICTh JOCIIIKEHb
y 1 cdepl, HEAOCTATHHO BUBYCHUMH 3aJUIIAIOTHCA MUTAHHS KOHTUHYAJIBHOI Ta
JIOKaJIbHOI TOJATIMBOCTI KOHCTPYKIN MaHimynsaropa. B Ttomy uwmcii, npobdiema
TO(TIB y MAPHIPHUX By3JaX MOTPEOY€E MOAATBIIIOTO aHaI3Y, OCKIIBKH Taki epeKTH
MOYTbh CYTTEBO 3MIHIOBATH KIHEMATH4YHI Ta JUHAMIYHI XapaKTEPUCTUKU CUCTEMH,
YCKJIaJHIOIOUYU TOYHE KEPYBaHHS 11 pyXOM.

[lin yac MaHeBpyBaHHS KOCMIYHOTO amapary B MaHIMyJATOpPl BUHHUKAIOTh
JUHAMIYHI TPOIIECH, IO MPOSBISIOTHCA Y BUTJISAAI KOJHWBaHb HOTO KOHCTPYKIII.
Uepes BIACYTHICTh €(PEKTUBHUX AEMMPYIOUUX €JIEMEHTIB Il KOJUBAHHA MOXYTh
3aTpUMYBATH CTAOLMI3al0 TMOJOKEHHSI MaHIMyJIsATOpa, 10 3HAYHO YCKJIQJIHIOE
HaJAIITyBaHHS CUCTEMHU KEPYBaHHS SIK CAMHM MAaHIMYJSITOPOM, TaK 1 KOCMIYHUM
armapaTom 3arajoM. BaxxmuBo BpaxoByBaTH TaKOX €(DEKT MOCTYIOBOTO HAPOCTAHHS
BIIXUJICHb: HaBITh HE3HAUHE TEPEMIICHHS Yy IIapHIpHOMY abo (uiaHiieBoMy
3'€ITHAaHHI TPU3BOJAUTH 10 301IbIIEHHS MOXUOKH y HACTYNHHUX JIAHKAX, II0 MOXeE
ICTOTHO BIUTMHYTHU Ha KiHIIEBE TIOJIO’KEHHS KOPUCHOTO HABAHTAYKECHHS.

Takum dYWMHOM, MJOCHIDKEHHS MEXaHIYHUX TMPOIECiB  (DYHKIIIOHYBaHHS

KOCMIYHOTO MAaHINyJISITOpa, BKJIIOYAIOYM aHali3 MOJATIMBOCTI, JIIOPTIB 1
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JTUHAMIYHUX KOJIMBAaHb, € aKTyaJIbHUM 1 HEOOXIAHUM IJIs TIABUIIECHHS TOYHOCTI
MO3UI[IOHYBAaHHS KOPHCHOTO HAaBAaHTAXCHHS I HAJIMHOCTI TAKUX CHCTEM B I[IIOMY.
OTtpuMaHi pe3yibTaTh MOXKYTh CIIPUATH BAOCKOHAJIEHHIO METO/11B TPOEKTYBAHHS Ta
KepyBaHHsI 0araTOJaHKOBUMH MaHIMyJISTOpaMH, 1110, Y CBOIO 4Yepry, 3a0e3MeuuTh
e(heKTUBHE BUKOHAHHS CKJIQJHUX KOCMIYHUX MICIH.

AKTYaJIbHICTh JOCJII2KeHHSI 3yMOBJICHA MOTpedamMu pakeTHO-KOCMIYHOL
rajly3i B CTBOPEHHI JOCKOHAIMX MAaHIMYJISATOPIB AJIE  BHCOKOTOYHOTO
MO3UITIOHYBAHHS, PO3MIIIIEHNUX Ha CYIYTHUKAX, MPUJIAIiB B KOCMIYHOMY IIPOCTOPI.
Y nucepTaiii NPOMOHYETHCSA METOMOJIOTISI YAOCKOHAJIEHHS MapaMmeTpiB JaHHX
KOHCTPYKIINA HUISXOM BHU3HAYCHHS Ta BPaXyBaHHS MPYKHUX MOJATIUBOCTEH SIK
KOHTHUHYaJIbHOI, TaK 1 JIOKaJbHUX. [le 1acTh 3MOTy OLIBII TOUYHIIIE KOHTPOJIIOBATH
JUHAMIYHAKA  TIpOIleC  TPAHCIOPTYBaHHS Ta TO3HUIIIOHYBAaHHS  KOPHUCHOTO
HABaHTAKEHHA, a00 BpPaxOBYBAaTH Ha €Talll MPOEKTYBAaHHS KOHCTPYKIIA MPYKHI
MOJIATIMBOCTI €JIEMEHTIB, aAaNTyIOUU BIAMOBIIHUM YHHOM CUCTEMY KEpyBaHHS.

3B's30k po0OTH 3 HAYKOBHMMHM MNporpaMaMi, IUIAaHAMH, TeMaMHM.
HucepraiiiitHa po60oTa BUKOHYBaJIaCh Yy BIJMOBITHOCTI 3 1HIUBIIyJIbHUM TUIAHOM
NIATOTOBKM acmipaHTa Kadeapu TEOpEeTUYHOI Ta KOMIT IOTEPHOI MEXaHIKU
JIHITTPOBCHKOTO HAIIOHAIBHOTO YHIBEepcUTETY iMeH1 Onecst ['onuapa. JJocmimkenHs
32 TEMOIO JHCepTalii 3JiMCHIOBAIMCS B TPOOJEeMHIN HayKOBO-IOCIITHIN
JabopaTopli MIIHOCTI 1 HaIIAHOCTI KOHCTPYKLIM KaeAapu TEOpeTUUYHOi Ta
KOMIT IOTEpHOT MEXaHIKH MeXaHIKO-MaTeMaTH4HOro (akynsTeTy JIHITPOBCHKOTO
HalllOHAIBHOTO yHIBepcuTeTy iMeHl Omnecs ['oHuapa B paMkax IepxKOHOIKETHHX
TeM Ne 1-657-21 «Po3poOka MeTo/11B MPOTHO3YBAaHHS HECYYOi 3JaTHOCTI €JIEMEHTIB
KOHCTPYKIII pakeTHOI TEeXHIKM 0€3 BUKOPUCTAHHS PYWHYIOUUX BHUIPOOYBaHb 1
BUOIp X palllOHAJBHUX TapamMeTpiB», HOMEp Jep)kaBHOI peectparii Ne
01210109768 (2021-2023 pp.) Ta Ne 1-676-24 «ExcnepuMeHTalIbHI 1 YHCIIOBI
JOCTIPKEHHSI TIPOIIECiB pyHMHYBaHHS Ta *KHBYYOCTI OOOJIOHKOBUX KOHCTPYKIIN 3
MOIIKO)KEHHSMUA TIPU €KCTPEeMAbHOMY CTaTHYHOMY, JIOKATHHOMY YAapHOMY 1
TEIJIOBOMY HaBaHTaXEHH1», HOMEP AepskaBHOI peectparttii Ne 0124U000328 (2024—

2026 pp.); @ TaKOXK Y BIAJLII TEXHIYHOT MEXAHIKU T EHEPIeTUYHUX CUCTEM [HCTUTYTY
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TpaHCTIOpTHHUX cucTeM 1 TexHonorii HAH Vkpainu B pamkax nepx0r0/pKeTHOT TeMU
Ne 1.3.6.19 (mpuxmagni gocmikeHHs1) «Po3poOku Ta NPHUKIAAHI JOCITIHKEHHS
MAarHiTOJICBITYIOUMX TPAHCIIOPTHUX 1 IHHOBAIIMHUX €HEPreTHUYHUX CHUCTEM», HOMEP
nepxaBHoi peectpartii Ne 01210108602, 2021-2023 pp.

Meta i 3aBaaHHsl AOCJiIKeHHsSl. Mema pobomu Tmonsrae y po3poOrr
METO/IOJIOTIi YAOCKOHAJICHHSI TMapaMeTpiB KOHCTPYKIII Ta MPOIECIB BUKOHAHHS
OpOrpaMHUX pyXIiB KOCMIYHOTO MaHIMyJsTOpa Jis 3a0e3ledeHHs ioro
BHCOKOTOYHOTI'O MTO3UIIIOHYBAaHHS B POCTOPI.

JU1s TOCSTHEHHS TOCTABIEHOI METH HEOOX1THO BUPIIIUTH TaK1 3a60aHHS:

® [IPOBECTH AHAJITUYHHI OIS ICHYIOUMX METO/IIB MOICIIFOBAHHS pOOOUYMX
MPOILIECIB KOCMIYHUX MAHIMYJISTOPIB Ta IX KOHCTPYKTUBHUX CXEM;

® pO3pOOMTHM MaTEMATHYHY MOJEIb MAaHINMyJsSTOpa ISl IMITAlIiHOTO
MOJICTIIOBaHHSI TMPOIIECIB BUKOHAHHS MPOTPAMHUX PYXiB Ta BU3HAUEHHS CHIJIOBHX
dbakTopiB B IIAPHIPHUX By3JaxX Ta IHIIMX €JIEMEHTaX KOHCTPYKIli. BcTtaHoBUTH
3aJIEKHOCTI CUJIOBUX (DaKTOpIB BiJI 4Yacy BHUKOHAHHS TMPOTPAaMHHUX PYyXiB
MaHIIMyJISITOpa KOCMIYHOIO MPU3HAYEHHS B CKJIaJl CUCTEMH KOCMIYHMI amnapar-
MaHIMyJISITOP-KOPUCHE HABAaHTAKCHHS;

® pPO3pPOOMTH PO3PAXYHKOBY KIHEMATUYHY CXE€MYy, W10 BIATBOPIOE
BUKOHAHHS OCHOBHHX MPOTPAMHHX PYXiB MaHIMYJISATOPA;

® [POBECTH YMCIIOBI JOCIIPKCHHS BIUIMBY KOHTHHYAJbHOI IOJATIIMBOCTI
MaHIMyJsITOpa Ha TapaMeTpy KOJMBAJIBHHUX IMPOIECIB HWOro JaHOK METOJA0M
CKIHUEHHUX €JEMEHTIB; BepU(]IKyBaTU pe3yibTaTH OOYUCIEHb 3 BIJOMHMU
aHAJITHYHUMU CIIBBIIHOIIECHHIMHU;

® PO3pOOUTH METOJUKY Ta MIPOBECTU EKCIIEPUMEHTAIBHI JOCTIIKEHHS TS
BU3HAYCHHS JIIOPTIB Ta MPYKHUX MOAATIMBOCTEH B IIAPHIPHUX BY3Jax
MaHIMyJISITOPIB 1 IITaHT  KOCMIYHMX  amapaTriB 3  BUKOPUCTAHHSIM
(dboTOrpaMMETPUYHOTO METOAY;

® DpO3pOOUTH METOJMKY Ta MPOBECTU EKCIIEPUMEHTAIbHI JOCIIIKCHHS
BIUTMBY TMOJATIMBOCTI (PIaHIIEBUX 3’€qHAHB JIAHOK MAHIMyJISATOpa HAa JUHAMIKY

NpOTpaMHUX PYyXiB IUISIXOM TMPOBEJICHHS BUIPOOYBaHb Ha OCHOBHI BHUJU
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MEXaHIYHUX HaBaHTAXXEHb: 3TMHAHHS, KPYUCHHS Ta PO3TST-CTHUCK;

® 3IIHCHUTH MOPIBHSJIbHUHN aHaui3 pe3ynbTaTiB o04uncIeHb
JIOCITIJIKYBAHOTO BY3Jia 3'€THAHHS MaHIMYJISITOPAa METOJIOM CKIHYEHHUX €JIEMEHTIB
Ta €KCIIEPUMEHTAIILHUX JIOCHTI/I)KEHb;

® Ha OCHOBI pe3yJabTaTiB IMITAIIMHOTO MOJICTIOBAaHHS  IPOIIECIB
NEepPEeMIIIeHHS] KOPUCHOTO HAaBaHTaXEHHS Ta EKCIEPUMEHTAIbHUX JOCIiHKEHb
nehOopMOBAHOTO CTaHy MOTO KOHCTPYKIIi MPOBECTH aHali3 BIUIUBY MOAATIMBOCTI
€JIEMEHTIB MaHIMyJsAToOpa Ha Horo mporpamui pyxu. ChopMmynioBaTH MpaKTUYHI
peKOMeHIallli 1010 BUOOPY OCHOBHHX >KOPCTKICTHMX Ta MAacOBHUX IapaMeTpiB
MAaHIITyJISITOpa Ha €Taml €CKI3HOTO MPOEKTYBAaHHS.

O0’eKT 0CaIIKEHHS] — MATEMATUYHE Ta EKCIEPUMEHTAIIBHE MOJCIIFOBAHHS
npolieciB PYHKI[IOHYBaHHS CTPUKHEBUX MAHIMYJISTOPIB KOCMIYHOTO TPU3HAYCHHSI.

IIpeaMer gociaigKeHHs] — CTPUIKHEBI CUCTEMHU Ta €JIEMEHTH KOHCTPYKIIiH,
3’€lHaHl 3a JIOTIOMOTIOI0 IIAPHIPHUX BY3MB Ta (QIaHIEBUX 3 €IHaHb, IO
YTBOPIOIOTH MAHIMYJIATOP CHELIaIbHOIO IPU3HAUEHHS.

Metoan  pocaimxenHsi. [lpu  BUKOHaHHI  AucepTaliiiHOi  poOOTH
BUKOPHCTOBYBAIMCh METOAM MEXaHIKU Je(hOPMIBHOTO TBEPJOro Tia, AUHAMIKA
CTPWKHIB Ta CHCTEM TBEpPAMX TUI, Teopli KOJMBaHb Ta OOYUCIIOBAIBLHOT
MaTeMaTuku. J1Jist po3poOKH METOJUKH €KCIIEPUMEHTAILHOTO BU3HAYCHHS JIIO(TIB
Ta TPYKHUX TOJATIMBOCTEH B MIAPHIPHUX BYy3JaX MAaHIMYJISTOPIB 1 IITAHT
KOCMIYHHUX anapartiB BAKOPUCTOBYBABCS ()OTOrpaMMETpUYHUNA MeTo. BuzHaueHHs
BIUTMBY (DJIAHIIEBOTO 3°€IHAHHS Ha JIOKAIbHY KOPCTKICTh MAaHIMyJIsTOpa
IPOBOJAMIOCH 332  JIONOMOIOK)  €KCHEPUMEHTAIBHMX  METOJIB  MEXaHIKd
nedopMiBHOTO TBepAoro Tinma. Jlms JOCHiIKEHHsS BIUIMBY KOHTHHYaJIbHOI
MOIATIMBOCTI MaHIMyJISATOPAa HA TOYHICTh MPOTPAMHHUX PYXiB 3aCTOCOBAHO METOJ
CKIHYCHHUX €JICMEHTIB.

HaykoBa HOBU3HA 0/iepKaHUX Pe3yJIbTATIB MOJISITA€ B HACTYITHOMY:

— BIlepIlIe OTPUMaH1 pe3yJbTaTH CUCTEMHHUX TEOPETUKO-EKCIIEPUMEHTATbHUX
JOCITIJIKEHb TOIATIMBOCTI JAaHOK MaHIMyJISATOPa, MAPHIPHUX Ta (hIaHIEBUX BY3JIiB

MaHIMyJISITOpa KOCMIYHOTO TTPU3HAYCHHS;
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- TIPOBEJICHO HOBI OOYMCIIOBANIbHI €KCIEPUMEHTH JIJISl aHAI3y TUHAMIYHUX
XapaKTepUCTHK 1 3yCWJIb Yy MIAPHIPHOMY BY3Ji JABOJAHKOBOI MaHIMYJISTOPHOI
CUCTEMH; OTPUMAaHO HOBI 3aJICKHOCTI BEIMYMHM MOMEHTY B ILIApHIpl BiJ Yacy
pPO3BOPOTY OJHIET JIAaHKM MAaHIMyJIATOpa, a TaKOX BIiJ] BpaxyBaHHS MacOBO-
IHEpLIMHUX ITapaMeTPIB OCHOBHOIO Tija Ta KOPUCHOTO HABAHTAKEHHS;

- po3pobJiieHa Ta anpoOOBaHa OPUTiHAJBHA METOJANKA €KCIEPUMEHTAIbHUX
JOCTIKEeHb NIl BU3HAUEHHS JIO(PTIB Ta MPYKHUX MOAATIMBOCTEH B HIAPHIPHUX
By3JIaX MaHIMYJIATOPiB 1 INTAaHT KOCMIYHMX amapariB, 110 0a3yeTbcs Ha
dboTorpaMMeTpUYHOMY METO/I;

- mo0ya0oBaHa aBTOPCHKA METOAMKA €KCIIEPUMEHTAIbHUX BUIPOOYBaHb Ta
OTpUMaH1 HOBi JaH1 JOCIIPKCHb MOJATIMBOCTI 3pa3ka (uIaHIEeBOro 3’€JTHAHHS
JAaHOK MAaHIMyJIATOpa Ha OCHOBHI BHUIM MEXaHIYHUX HABAHTAXEHb: 3TMHAHH,
KPYUYEHHS Ta PO3TAT-CTUCK.

OO0rpyHTOBaHiCTH i  [JOCTOBIPHICTL  OJepP:KaHUX  Pe3yJbTATIB
3a0€3MeUyeThCd KOPEKTHUM 3aCTOCYBAaHHSM BIJOMHUX METOJIIB aHAJIITUYHOI
JIMHAMIKH, TIOJIOKEHB JIHIMHOI Teopii MPY>KHOCTI, anmpoOOBaHUX MaTeMaTUYHHUX
MOJIeJIEd 1 YMCIOBUX AJITOPUTMIB PO3PAXYHKIB, a TAKOXX HAYKOBUX IIOJIOKECHb
doTorpaMMETpUYHOTO  METOLYy TpHU  EKCHEPUMEHTAJIbHUX  JIOCIHIKEHHSX.
Jlo1aTKOBO, TOCTOBIPHICTh MIATBEPIKYETHCS KOPEKTHUM BUOOPOM PO3pPaXyHKOBHUX
CXEM, 3ICTaBJICHHSIM OTPUMAHUX PE3YJbTATIB Y YACTKOBUX BUMAJAKaX 13 BIIOMUMH
PO3B’sI3KaMU 1HIITMX aBTOPIB, BIATIOBIIHICTIO pe3yJIbTaTiB PO3B’I3aHHS HOBUX 3a7a4
GI3UYHIN  CyTI JOCHIKYBaHUX SIBUI 1 pe3yJibTaTaMH EKCHePUMEHTAIbHUX
JTOCITIIKEHD.

Teopernune 1 mnNpakTHYHe 3HAYEHHS OJEP:KAHMX Ppe3yJbTaTiB.
[ToGynoBana B aucepralliiiHiii poOOTI HOBa MaTeMaTH4YHa MOJE/h KIHEMAaTUKH Ta
JUHAMIKM KOCMIYHOTO MAHINMyJSITOpa 3 YpaxyBaHHSIM KOHCTPYKTHBHHMX Ta
(GYHKIIOHATBHUX OCOOJMBOCTEH MOKE CIYKUTH HAyKOBUM MIATPYHTIM 7St
CTBOPEHHSI HOBHUX, OUIBII JOCKOHAIUX KOHCTPYKIiNA. Po3pobneHa wmertonuka
eKCIEPUMEHTAJIbHOIO BHU3HAUEHHS TPYKHUX TMOJATIMBOCTEM 1 JIOPTIB Yy

HIAPHIPHUX BY3J1aX OaraToJIaHKOBUX KOHCTPYKIINA Ta MEXaHI3MIB 3a JOMOMOIOIO
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dboTorpaMMETpUYHOTO METOAY MOXKe OyTH KOPUCHOIO JUJIsl  IMiJIBUIICHHS
JIOCTOBIPHOCTI MOJICTIOBAHHS JUHAMIUYHUX MPOIIECIB, BAOCKOHAICHHS aJIrOpPUTMIB
KEpyBaHHA Ta ONTHUMI3aIlll KOHCTPYKIIIH poOOTH30BaHUX CHUCTEM. 3alpoIOHOBaHA
METOJMKA EKCIIEPUMEHTAILHOTO JOCTI/DKCHHS i OCHOBHHUX MEXaHIYHHX
HABAHTAXKEHb MOJKE CIIYT'YBaTH METOJAMYHOIO OCHOBOIO JIJIs OLIIHIOBAHHS JIOKAJIBHUX
NOJATAMBOCTEN y (JIaHUEBUX 3’€HAHHAX. Pe3ynbTaTu NOCHIIKEHb BIUIMBY 4Yacy
pO3KJIa/laHHsl YaCTUHU MAaHIMyJsTOpa Ha CHJIOBI MapaMeTpH MOBOPOTHHUX BY3JiB
CTaHOBJISITh BXKJIMBY OCHOBY JIJIsl ONTUMI3allli MPOTpaMHUX PYXIB Ta MIABUIICHHS
TOYHOCTI KEpyBaHHS MaHIMYJISATOPOM Y peaTbHUX YMOBaX €KCIUTyaTallii.

VY uinomy, BUKOPUCTaHHSI pe3yJbTaTiB AUCEPTAIIHHOI POOOTH JO3BOJUTH
MIJBUIUTH JTOCTOBIPHICTh MOJICIIIOBAHHS POOOYUX PEKUMIB MaHIMYJISATOPHUX
CUCTEM, 1110 COpHUSIE X JOBrOBIYHOCTI Ta Oe3meni poOoTH.

[IpeacTaBieHi METOAMKHA MOXKYTh OyTH BHUKOPHUCTaHI MiJ Yac PO3POOKH
CJIEMEHTIB pEaJbHUX KOHCTPYKIIM YW 00 €KTIB PaKETHO-KOCMIYHOI TEXHIKH.
OCHOBHI pe3yibTaTH MOXKYTb OYTH 3aCTOCOBAH1 y KOHCTPYKTOPCHKUX OpraHi3amisx,
110 3aliMalOThCS MPOEKTYBAHHSAM, PO3PaXyHKOM, BUTOTOBJICHHSAM Ta ONTHUMI3aL€0
0araToJIaHKOBUX KOHCTPYKIIIM.

OpepxaHi aBTOPOM pe3yJIbTaTH 3HAWLUIM 3acTOCYyBaHHS B [HCTUTYTI
TpaHcnopTHUX cucteM 1 TexHosorii HAH Ykpainu ([loBiznka rnpo BIpoBaKeHHS,
2025 p., nuB. Jonatok I') Ta BOpoBa/KeH1 B OCBITHINM mpoliec creriaabHocTi 113
[Mpuknagna maremMatuka JIHIIPOBCHKOTO HAIIOHAIBLHOTO YHIBEPCUTETY IMEHI
Onecst 'onuapa MOH VYkpainu (Axt BnpoBapkeHus, 2025 p., nus. logaTok B).

Iyoaikanii Ta ocod0ucThii BHecoK 3100yBada. OCHOBHI pe3yibTaTH
JucepTarlii ormy0JIiKOBaHO Y 7 HAYKOBHX Tpallsix, cepen sikux: 3 crarri [9, 10, 13]y
(daxoBux BHIAaHHIX YKpaiHnu, BcTtaHoBieHoMy MOH Vkpainu, 1 MmarepianiB
MDKHApOIHUX HayKoBUX KoH(pepeniit [83] 1 3 Te3 momosixeit [11, 12, 14].

VYci oCHOBHI pe3ynbTaTH JUCEPTAIIMHOI poOOTH OTpHMaHi 3100yBadeM
CaMOCTIiHO. ¥ mpalisix, HalMcaHUX y CIiBaBTOPCTBI, 0COOMCTHI BHECOK 3700yBaya
noJisirae y moOy/10BI MaTeMaTHYHUX MOJIENeH 3a/1au, 3alpOlIOHOBAHUX METOAUKaX

1 anropuTMax YHMCIOBUX peai3alliii iX po3B’s3yBaHHs, O€3MOCEpe/IHId ydacTi y
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BUKOHAHHI BCIX eTamiB poOIT: KOMII'IOTEpHE MOJEIIOBAaHHS, IPOBEACHHS
OOYHCITIOBAILHUX Ta HATYpHUX EKCIEPUMEHTIB, IHTEpHpeTallis pe3yJbTaTiB,
00roBOpeHHs 1 POpMyJTIOBAaHHS BUCHOBKIB.

Anpobanis pesyabraTiB aucepramii. OCHOBHI pe3yibTaTh poOOTU
JIOTIOBIJIAJIUCh 1 OOTrOBOPIOBAIMCHL HAa MIKHAPOJHUX HAYKOBUX KOH(EPEHITISX:
«JIroguHa 1 kocMocy (uinpo, 2022, 2023), «AkTyanapHi IpoOaeMu MeXaHIKu» (J10
145-pivus Bix aast HapokenHs C. I1. Tumomenka; Kuis, Ykpaina, 2023), 41st ESA
Antenna Workshop on Large Deployable Antennas (Noordwijk, The Netherlands,
2023).

VY uutomy namcepranis JAONOBIAanach Ha MiXKadeapalbHOMY HayKOBOMY
ceminapi «MaTtemaTu4Hi mpoOjeMu MexaHiKu» JHIIPOBCHKOTO HalliOHAJIHLHOTO
yHiBepcuteTy iMeH1 Onecs ['onuapa (Aninpo, 2025, kepiBHUK — ipodecop kapeapu
TEOPETUYHOT Ta KOMIT I0OTEpHOI MexaHikH, A-p ¢i3.-Mar. Hayk JIobona B. B.).

Crpykrypa Ta o6car aucepramii. /{ucepraniiina pobota ckiagaerbes 13
BCTYIly, YOTUPHOX PO3AUTIB, MO MICTATh 35 PUCYHKIB Ta 3 TaOJMIll, BUCHOBKIB,
CIIUCKY BUKOPHUCTaHUX JKepen 13 145 HalimeHnyBaHb Ha 16 CTOpiHKax 1 YOTUPHOX

JIOJIaTKIB Ha 5 CTOpiHKax. 3araibHUil 00csAT poOOTH cTaHOBUTH 131 CTOPIHKY.
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PO3JILI 1.

CYUACHUH CTAH MATEMATHUYHOI'O TA
EKCIIEPUMEHTAJIBHOI'O MOAEJIIOBAHHA POBOYUX ITPOIECIB
KOCMIYHUX MAHIITYJIATOPIB

Y  nmaHomy pO3IiTl MOAAHO AHANITUYHUM OIJISAJ CY4YacHOTO CTaHy
MOJICTIOBaHHS MpoIeciB (GYHKIIIOHYBAaHHS KOCMIYHUX MaHINyJsiTopiB. HaBeneHo
KJacu(IKalilo JaHUX CHCTEM 3a KOHCTPYKTUBHHMHU OCOOJIMBOCTSIMH Ta iX
npusHaueHHsM. [IpoaHanizoBaHO METOAM MOJENIOBAHHS SIK CAMHUX KOHCTPYKIIIN
MaHIMyJISITOPIB, TaK 1 3aja4, MOB’A3aHUX 3 iX pobounmu nporecamu. [IpoeaeHo
OrJIsii HAYKOBMX IyOJIIKAlid CTOCOBHO 3aCTOCYBaHHS (POTOrpaMMETPUYHOIO
METOAY AK O€3KOHTAKTHOI CHUCTEMHU CTEKEHHS 3a 00 €KTaMHu y PI3HUX Taly3sX.
OCKIJIbKY JJaHUHM METOJ MOXKE BUKOPUCTOBYBATUCH JUISI TOCIIIIKEHHSI KOHCTPYKIIIH
MaHIIMYJISITOPIB K Ha €Tani KOHCTPYIOBaHHS, TaK 1 MiJ YaCc BUKOHAHHSA POOOUYMX

IIPOIIECIB Y KOCMOCI.

1.1 KoHCTpPYKTHBHI Ta KiHeMaTH4YHi 000 IMBOCTi GyHKIIOHYBAHHSA

KOCMIYHHMX MAHIILYyJIATOPIB

Bxxe mnpoTAroM JAEKUIBKOX AECATHIITH AOCHIIHKEHHS MAaHIMyJIsTOPIB
KOCMIYHOTO TIPU3HAYEHHS CTAHOBJIATH ITUPOKHI KIac HAYKOEMHMX 3a1a4d. bopToBi
KOCMIYHI MAaHIMYJISITOPU TOJAUIAIOTh BIJHOCHO HACTYNMHHUX XapaKTEPUCTHUK:
crieliagizanisi, BaHTAXKOMIAMOMHICTh, KIHEMaTUYHA CXE€Ma, YHUCJIO CTYIEHIB
cB00O/ M, CIIOCIO BCTAaHOBJICHHS HAa OCHOBHE TUO (0a3y), BHI MPUBOIB, CHCTEMA
KepyBaHHA, croci®6 mporpamyBaHHs. [loegHaHHS Ta KOHTPOJIb yCiX TMapameTpiB
TakuX 0araToeJIeMEHTHHX KOHCTPYKIIM, SIKI MalTh BIJMOBIJIaTH MOCTABICHUM
33/layaM Ta TEXHIYHMM XapaKTePUCTHKaM, — BKpall BIAMOBIJalIbHA MicCisd IS
1HXKEHEpPIB Ta HAYKOBIIIB.

Kommnanis Data Bridge Market Research y 2023 porii npencraBuia TeHASHIT

PO3BUTKY pOOOTHU30BAaHNX MAHIMYJATOPIB Ta MporHo3 Ha 2024-2031 poku [73]. Ha
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OCHOBI aHajii3y CBITOBOI'O PUHKY MPOMHCIOBUX pOOOTIB-MaHimysTopiB 3a 2016-
2022 poxu 3po0JIEHO BHUCHOBKM CTOCOBHO IMEPCHEKTHUBHOCTI IX 3aCTOCYBaHHSI.
PoGoTu30BaH1 MaHIMyIATOPH CHOPHUSAIOTH MIABUILICHHIO €(DEKTUBHOCTI, TOUHOCTI Ta
IIBUKOCTI BUPOOHUYMX OTIepalliid, o 3a0e3reuye 3pOCTaHHs MPOTYKTHBHOCTI Ta
€KOHOMIYHOI JOLUIBHOCTI Yy TaKWUX Trajy3dx, sK aBTOMOO11eOy1yBaHHS,
eJIeKTPOHiKa, MEUIIMHA, aPOKOCMIYHA MPOMHCIIOBICTh TOIIO. IXHE 3acTOCYBaHHS
JI03BOJISIE ONTUMI3yBaTH TEXHOJOTIYHI MPOLIECH Ta MOKPAIIUTH EKCIUTyaTalliiHi
MOKa3HUKU cUCTeM. Takoxk MOBIIOMIISIETHCS, 110 3 KOKHUM POKOM, MOYMHAIOYH 3
2024, BapTicTh pOOOTH30BAaHUX CHCTEM HAa CBITOBOMY PHHKY B CEpeIHBOMY Oye
3poctatu Ha 13,9% mropiuno. TomMy HOCHIIKEHHS MPO MEXaHiuHi, BiOpalliiiHi,
TEMIIEpaTypHI TECTYBaHHS MAaHINMYJIATOPIB 3 PI3HOMAHITHUMU TE€OMETPUYHUMU
XapaKTepUCTUKAMH, IOCHIKEHHS JWUHAMIKH Ta CXEM pPO3KJIaJlaHHS, TOYHICTIO
MO3UIIOHYBAHHS BITHOCHO OCHOBHHMX TiJ Ta KOPUCHUX HABAHTa)KE€Hb, CUCTEMOIO
KEpYBaHHS € JOCUTh aKTYaJIbHUMHU.

KocmiyHl MaHINyJATOPU € KIIOYOBUMH €JIEMEHTaMU Cy4acHUX KOCMIYHUX
CUCTEM, IIO0 BUKOHYIOTH IIUPOKUU CIEKTP 3aBJiaHb, 30KpeMa OOCIyTOBYBaHHS
CYIyTHHUKIB, 301p KOCMIYHOTI'O CMITTSI, MOHTaKHI pOOOTH, HAYKOB1 €KCIIEPUMEHTH,
MEepeMIIeHHs] BaHTaXIB Ta B3a€MOii 3 00’€KTaMH B yMOBaX 3HIKEHOI CHIIU
rpaBiTaifii. IcHye BenMKa KITBKICTh KOHCTPYKTUBHHX BaplaHTIB KOCMIYHUX
MaHIIMYJISITOPIB, KOXKEH 13 IKMX Ma€ CBOi OCOOJIUBOCTI, MEPEBArU Ta HEJOMIKH, 110
BU3HAUYAIOTh iXHIO cQepy 3acTOCYBaHHA. IX KOHCTPYKIis Ta KiHeMaTHuHi
XapaKTEPUCTUKN BU3HAYAIOTh €(DEKTUBHICTh BUKOHAHHS IMOCTaBJICHUX 3aBJIaHb Ta
CTaOUIbHICTh POOOTH B EKCTPEMAIIBHUX YMOBAaX KOCMIYHOTO IIPOCTOPY.

OnHuM 13 TUMIB € MaHIMYJISATOPU-CTPLIHN, SIKI MOXYTh MAaTH MAaHTOTpadHY
[117, 127], noxuuuny [86, 90] abo nHamyBHy [97, 126] xoHcTpyKuito (puc. 1.1).
[TanTorpadni MaHimynasTOpH 3a0€3MEYYIOTh BUCOKY CTAOUIBHICTH 1 PIBHOMIPHUM
PO3MOILT HABAHTAXKEHHS, 10 BAXKJIMBO JUISI TOYHOTO MO3UITIOHYBaHHs. HoXHUYHI
MEXaHI3MH JO3BOJIAIOTh 3MIHIOBATU JOBXWHY MAaHIMYJATOpa, IO 3pY4YHO st

TPAaHCTIOPTYBaHHS Ta KOMIIAKTHOrOo 30epiraHHa. HanyBHi MaHimymsiTopu
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BUPI3HIIOTHCS MaJIOF0 MAacOI0 Ta KOMITAKTHICTIO Y CKJIAJCHOMY BUTJISI, TIPOTE

MaloTh 0OMEXEHY KOPCTKICTh 1 BAMAraroTh CrelialbHUX METOIB cTa0imi3alii.

Puc. 1.1 KoncTpykiii MaHImyISITOPiB KOCMIYHOTO MPU3HAYEHHS:

a) mantorpadna [117]; 6) HoxHuuHa [86]; B) HagyBHa [126]

OxpeMy rpylly CKJIaJal0Th MaHIMyJISTOPH, MOOY/IOBaHI 3 BUKOPUCTAHHSIM
MPY>KHUX KOMIO3UTHUX MatepianiB [71, 102] Tta enmactuunux enemeHtiB [60, 95,
104, 111, 129]. Bonu 103BOJISIFOTh 3MEHIIIMTH MAaCcy KOHCTPYKIIIi Ta HAKOMTUYYBaTH
SHEPrii0 MiJ Yac pO3rOpTaHHs, M0 € 3HAYHOIO MEePEeBaror JUisi aBTOMATU30BAHUX
pPO3KJIaAHUX CHUCTEM, SIKI TOBMHHI MIHIMI3yBaTH BUKOPHUCTAHHS EHEPreTUYHHUX
pecypciB mija yac micii. OHaK yNnpaBiIiHHSA TaKUM MPOIECOM MOTPeOye CKIaTHUX

JITOPUTMIB TMPOTHO3yBaHHS. Taki MaHIMYJISATOPH MOXYTh aJanTyBaTHUCA 10
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30BHIIIHIX HABaHTAK€Hb, MPOTE IXHIM HEIOJIKOM € HEOOXIAHICTh PETENIbHOTO
PO3paxyHKy MEXaHIYHUX XapaKTepUCTUK Ji1 YHUKHEHHS HEKOHTPOJIHOBAHHX
nedopmarriit.

ManinynsTopu Takok MOKYTh MaTH pi3HI monepeuHi nepepizu. Hanpuknan,
cTpiukoBl Madimyistopu N- ta M-noaionoi ¢gopmu [137, 138] 3abe3neuytorh
BUCOKY THYYKICTh 1 MOXJIMBICTh KOMMAaKTHOTO ckiaaanHs (puc. 1.2). Bouu
3aCTOCOBYIOTHCSI NIl PO3TOPTaHHSA aHTEH, CEHCOPHHUX CHUCTEM 1 JIETKHX MOIYJIIB.
OCHOBHUM 1XHIM HEJIOJIKOM € 3HHXKEHA >KOPCTKICTb, 110 MOXE YCKIIQTHIOBATH

BUKOHAHHS TOYHUX MICill y KOCMI9YHOMY MPOCTOPI.

: N
[

e
\B
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™

\

a) 0)
Puc. 1.2 Bunu nepepi3iB cTpiukoBUX MaHimyasitopis [137, 138]:

a) M-noni6uwmit; 6) HamoTyBaHHsI N-1I0/1I0HOT CTPIYKH

ToHKkOCTIHHI Ta OaraToiapoBi MaHinmyJasTopu [54, 55, 95, 96, 104, 111, 126,
129] matoTh 3HAUHMM TMOTEHLIAT Y 3aCTOCYBaHHI JJIsl JIETKMX KOHCTPYKIIIM, IO
noTpeOyIoTh MiHiIMI3alli Baru. Bonu 3a6e3neuytoTh He0O0X1IHYy MILHICTb MPU MaJIii
Maci, ajge BOJHOYAC € YYTJIMBHUMH 10 MEXaHIYHHX IOMIKO/KEHb Ta TEPMIYHHUX
BILTUBIB Y BIIKPUTOMY KOCMOCI.

B uminoMy, KOHCTpYKIisl KOCMIYHHUX MAaHIMyJIATOpiB 0Oa3yeTbcs Ha
BUKOPHUCTAHHI JIETKUX Ta MII[HUX MaTepiajiB, TAKUX K BYTJCIJIACTUKH, ATFOMIHIEBI
CIUIaBH Ta TUTAHOBI KOMIIOHEHTH, 1110 TO3BOJISI€ 3MEHILUTH 1X Macy IpH 30epexeHH1
BUCOKOI XKOPCTKOCTI. OCHOBHUMHU CTPYKTYPHUMH KOMIIOHEHTAMHU MaHIMyJsTOpa €

CEerMEHTOBAaH!1 JIaHKM, 10 3a0e3MeuyloTh HEOOXIHUN CTyHiHb CBOOOAU pYXY,
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oOepTaibHI Ta TMOCTYyNaJbHI 3’€HAHHA, SKI JO3BOJISIIOTh BUKOHYBAaTH CKJIaJHI
TpPaeKTOpii pyXy, MPUBIAHA CHCTEMa, IO CKJIAAETHCA 3 EJICKTPOMEXAHIYHHX,
I’ €30€JIEKTPUYHUX UM EJIEKTPOCTATUYHHX AaKTyaTOpiB, @ TaKOX KOHTPOJbHI Ta
CEHCOPHI CHUCTEMH, SIKI BKJIIOYAIOTh TIPOCKOMH, EHKOJEPH Ta KaMmMepu, IO
3a0€3Meuyl0Th 3BOPOTHUM 3B’SI30K JUIsi TOYHOIO TMO3UIIOHYBaHHA. OjHi€ro 3
KIJIFOUOBUX KOHCTPYKTHUBHUX XapPaKTEPUCTUK € HASIBHICTh THYYKHX €JIEMEHTIB a00
KOMITCHCATOPIB BiOpalliif, 0 JTO3BOJISIE€ 3MEHIITUTH BIUIUB MEXaHIYHUX KOJIHMBAHb
M1 9ac poOOTH MaHIMyJsATOpA.

CrpmxHeBi 6araTocekiiiHl MaHImyIsATOpHI KoHcTpyKwii [50, 66, 70, 72, 82,
84, 108], depmont [71, 142, 143] Ta ckenerni [110, 140] cTpykrypH
BUKOPDUCTOBYIOTBCSI B OCHOBHOMY JJIi MOHTQXHHX, TPAaHCHOPTHUX Ta
obcTyroByrounx 3asaasb (puc. 1.3). IxHi mepeBaru monsraroTs y BUCOKiH MIITHOCTI
Ta MOXJIMBOCTI TpaHc(hopMyBaHHs. BogHOYac Taki CHCTEMHU MOKYTh MaTH 3HAUHY
Macy, 1o notTpedye eheKTUBHUX CIOCOOIB 1X pO3rOpTaHHS Ta YIPABIIIHHS.

Teneckoniuni MaHimyasTopu [35, 51] mMPOKO 3aCTOCOBYIOTHCS /1JIs1 3aB/IAHb,
Jie HeoOX1JHaA 3MiHA JOBXHHH pOO0UYO0T YACTUHH MaHIMynaTopa. BoHU 103BOISIIOTH
3MEHIITYBaTH rabapuTH y CKIAJCHOMY CTaHi, IO MOJIETIIYE iX TPaHCIIOPTYBaHHS,
OJIHAK KOMIUICKCHICTh KOHCTPYKIII Ta MEXaHI3MIB PpO3KJIAJIaHHI MOXKe
YCKJIAJITHIOBATH iXHE BUKOPUCTAHHS B yMOBaX KOCMIYHOIO CE€PEIOBUIIA.

3acTocyBaHHS aHTPOIOMOP(PHUX MAHIMYJSATOPIB CTA€ JAeAanl MOMYJIIPHUM
cepell MPOMUCIIOBUX Ta PaKeTO-KOCMIYHUX Taiy3eil. [lo mepeBar BKIIIOUEHHS 10
KOHCTPYKII KOCMIYHUX amnapariB Takoro THUIy MAaHINYJIATOPIB BIIHOCATH
YHIBEpPCAIBHICTh, 3JaTHICTh CUCTEMH KEpPYBaHHS y HEIITAaTHUX YU aBapiiHHUX
BUIIAJIKaX JIO BUKOHAHHS aBTOMATUYHUX aJITOPUTMIB MTEPEMIIIICHHSI.

KocMiuHi MaHIMyJISTOPH NPALIOIOTh B yMOBaX 3HM)KEHOI CHIIM TpaBiTallii, o
HaKJIaJa€ ocoONMBI BUMOTH A0 ix kiHemaTuku. OAHIEIO 3 BAXIMBUX 3a7a4 Y
(GYHKI[IOHYBaHHI KOCMIYHOTO MAHIMyJIATOpa € 3a0e3MeueHHs TOYHOI OpleHTallii
HOro 3axOIUTIOBAJILHOTO MPUCTPOIO BITHOCHO IIILOBOTO 00'ekTa [4, 63, 64]. Lle
BKJIFOYA€E PO3B’SI3aHHS 3a/1a4l 3BOPOTHOI KIHEMATHKH, SIKA TIOJISITAa€ y BHU3HAYCHHI

HEOOXITHUX KYTIB MOBOPOTY Ta MEPEMIIIEHb KOXKHOI JIAHKM MAaHIMyJsITopa st
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JOCSATHEHHS 33/1aHOT0 IIOJIOKEHHSI Ta OpleHTALil 3aXOIUIIOBAJILHOTO MPUCTPOIO.
BuxopuctanHs 4uCIOBHX METOJIB ONTHMI3allli TO3BOJISE MIABUIIUTH TOYHICTH

OpIEHTYBaHHA HaBITh Y CKJIATHUX TUHAMIYHUX YMOBaX.

Puc. 1.3 Micii 6araTocekIiiiHux MaHImyJIsaTOPiB:

a) Canadarm — tpancnoptyBaHnHs [50]; 6) ROSETTA — monTax natuukiB [54]; B)

ROSA — posropranHs Ta mo3uIliOHyBaHHS TJIOCKOT cOHsIuHOT Oatapei [60]

KinemaTnuHe kepyBaHHS KOXHUM 3 MPUBOAIB MaHimysstopa [10, 45, 112,
141] € e OAHUM KPUTHYHO BXKIMBHUM ACMEKTOM HOTOo poOOTH. YMOBU 3HMKEHOT
CWIM TSDKIHHS HaKIJIQJaloTh TMEBHI OOMEXKEHHS Ha POOOTY MPHUBOMAIB, OCKUIBKH

BIJICYTHICTb BJIACHOT Barv 3MiHIO€ IMHAMIUHI XapaKTEPUCTUKU CUCTEMH. BaxinBoro
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3aJ]a4€I0 € CHHXPOHI3allis pyXy BCIX JJAHOK MAaHIMyJIATOpa TaKUM YHHOM, LI00
YHHUKATH PE30HAHCHUX SIBUII TA HA/JIMIIKOBUX HABAHTAXKEHb HA KOHCTPYKLIO. J1Jis
IHOTO BUKOPUCTOBYIOTH METOAM  AJalNTUBHOTO  YIPaBIiHHA Ta MOJEII
MPOTHO3YIOYOTO KEpPYBaHHs, L0 JO3BOJISIOTH BPaxOBYBaTH 3aTPUMKU B POOOTI
MIPUBO/IIB Ta BIUIMB THYYKOCTI MaHIMyJATOpA.

Kinematnuni ocoOiMBOCTI (yHKIIIOHYBaHHS MAaHIMYJIATOPIB KOCMIYHOTO
pU3HAYEHHS BKIIIOUAIOTh y ce0e psii BaXIMBUX acmekTiB. [lo-nepie, OUIbIICTD
TaKUX CHUCTEM € HAJUIMIIKOBO BHU3HAYEHHMH, TOOTO KIJIBKICTh CTYIEHIB CBOOOIU
MO’K€ MEePEBUIILYBAaTH MiHIMAJIbHO HEOOXIHY JUIsl BUKOHAHHS 3anadi. Lle mo3Bosse
peani3oByBaTH Pi3HI TPAEKTOPli pyXy, OOXOASYM MOKJIMBI MEPEIKOAU Ta
3MEHIIYIOUM BIUIMB 30BHIMIHIX 30ypeHb. [lo-apyre, uepe3 HasBHICTh 3HAYHOI
MOJIATIMBOCTI B 3'€IHAHHAX Ta CTPYKTYpaX MaHIyJIATOpa, HEOOX1THO BpaxOBYyBaTH
HOT0 THYYKICTh TiJ] 4ac pO3paxyHKYy TpaekTopiil. B iHIIOMY BUTAIKy MOKIIMBI
HeOa)kaH1 aBTOKOJIMBAHHS, 1110 MOXKYTh YCKJIAJHUTH TOUHE O3UI[IOHYBaHHS.

Takoxx OAHIEID 3 BaXJIUMBUX OCOOJMBOCTEM € KOMIIEHCAIlisl PEaKTUBHUX
MOMEHTIB, K1 BUHUKAIOTh NP pyci MaHimynstopa [6, 15, 113]. Uepes BiACYTHICTD
YKOPCTKOTO 3aKPIIJIEHHS B KOCMIYHOMY IPOCTOpPl OyAb-SKHI pyX MaHIMyJIsATOpA
CIOPUYMHSAE 3MIHY OpI€HTAIllI OCHOBHOIO KOCMIYHOTO araparta. ToMmy dYacTo
3aCTOCOBYIOTBCS CTpaTerii pyxy 3 MiHIMaJIbHUM BIUIMBOM Ha OPIEHTAII0 BCI€T
CUCTEMHU, HAMPUKIIA]l, BAKOPUCTAHHS BHYTPILIHIX OajaHCyBaJIbHUX MEXaH13MiB a00
PYX 3a MPUHITMIIOM TipocTabiIi3arlii.

CydacHl KOCMIYHI MAaHIMYJSITOPU IHTETPYIOTh IUTYYHHUM 1HTEIEKT Ta
JITOPUTMH MAIIMHHOTO HAaBUAHHS, IO JI03BOJISIE MMOKPAIIUTH X aBTOHOMHICThH Ta
aJlaliTUBHICTh 10 HOBUX 3aBJaHb. BukopuctanHs OararomacoBHX Mojenied Ta
METO/[IB YHCEJIbHOTO MOJICJIFOBAHHS JI03BOJISIE ONMTUMI3YBATH iX KOHCTPYKIIIO Ta
KIHEMaTU4H1 MapaMeTpu, 3a0e3Neuyyloud BHUCOKY TOYHICTh Ta €(EeKTUBHICTh
BUKOHAHHS 3aJlad y BiAKpUTOMY Kocmoci. [lomanpini JOCHIIKEHHS KOCMIYHHX
MaHIMyJISITOPIB  CIPSMOBAaHI Ha BJIOCKOHAJEHHS MaTepiajiB, ONTHUMI3ALIiI0
MEXaHIYHUX XapaKTePUCTUK Ta PO3POOKY HOBUX METOMIB YIPABITIHHS TaKHUMHU

CHUCTCEMaMU.
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JlaHi KOHCTPYKIIT MalOTh OYTH CHPOEKTOBAHI 3 YPaxyBaHHSM YCIX PU3HKIB
MITAaTHUX Ta HEIITaTHUX CUTYallli, eTaJlbHO MpOpaxoBaHI Ta BHUTOTOBJIECHI 3a
HAMBHIUM KJIACOM IPEIU31HHOCTI, a caMe KepyBaHHs Ma€ OyTH BiJIaro/KEHUM Ta
0e3BIIMOBHUM. BaxiauBy posib y po3poOIli Ta BUTOTOBJICHHI MaHIMyJIATOPIB 3
MPUBOJHUMHM MEXaHI3MaMHu BIJIrpae TMia0ip NPUBOAHUX MEXaHI3MIB Ta ix
napamMeTpiB, TOMY CTBOPEHHS YHIBEepCaJllbHHX MpOrpaM JJsl PO3pPaxyHKiB
JTUHAMIYHUAX XapaKTePUCTHK, KIHEMAaTUYHOTO KEPyBaHHs BY3JiB OaraToJIaHKOBHX
CHCTEM, IPOBEICHHS iX IMITAI[IITHOTO MOJICIIOBAHHS CTAHOBHUTD aKTyaJIbHY 00JIaCTh

JIOCITJIKEHb.

1.2 Metoau MoaeIl0BAaHHA NpoueciB GyHKIIOHYBAHHA

KOCMIYHHMX MAHIIyJIATOPiB

CriexTp 3aBliaHb, 1110 BUKOHYETHCS KOCMIYHUMU MaHIMyJIATOpaMu, MOCTIHHO
PO3LIUPIOETHCS YEpe3 aKTHUBHE BIPOBAHKEHHS HOBUX TEXHOJOTIA Ta 3pOCTaroui
noTpeOM B aBTOMATU30BAHUX CHUCTEMax JJisi POOOTH B KOCMIYHOMY MPOCTOPI.
3aBSKU MIIBUIIIEHUM BUMOTaM JI0 TOYHOCT1, HaJIMHOCTI Ta aBTOHOMHOCTI TaKHX
CUCTEM, MMUTaHHS MOJICTIOBAHHS IXHBHOI MOBEIHKM HaOyBa€e 0COOJMBOTO 3HAUCHHS.
CydacHi MeTOIM MOJENIOBAaHHS JO3BOJISIIOTH TPOBOJIUTH JCTAIILHUM aHami3
MEXaHIYHUX, JUHAMIYHUX Ta MPOTPAMHO-KEPOBAHUX XaPAKTEPUCTUK KOCMIYHHX
MaHIIMyJISITOPIB, IO CYTTEBO BIUIMBAE Ha €PEKTUBHICTh IXHHOTO MPOEKTYBAHHSA Ta
ekcruryaraii. Po3rismaroTbCs OCHOBHI MIAXOAHM JO MOJESIIOBAHHS KOCMIUYHHUX
MaHIIMyJISATOPIB, CEPEl AKX aHATITUYHE MOJACIIIOBAHHS, YHCEJIbHE MOJICIIIOBaHHS 32
JONOMOTOI0 MeToay ckiHdeHHux eneMeHTtiB (MCE), metonu MyJnbTH-TUIECHOL
muHamik  (Multibody Dynamics) Ta riOpugHi MeTOAHM, U0 1HTETPYIOTh
eKCIIepUMEHTAJIbHI JaH1 AJIs MIJBUILEHHS 3015KHOCTI PO3PAXYHKIB.

[TommpeHuM MpUKIIaIoM ONTUCY KIHEMATHKH Ta TUHAMIKH OaratoeaeMeHTHUX
CUCTEM € PO30UTTA Ha OUIBII MPOCTI MJACUCTEMH 3 TOMAJBIIUM BCTAHOBJICHHSIM

B3a€MO3B’SI3KIB MDK HUMHU. Takuil miaxij A03BoJisie e(PEeKTUBHIINIE aHali3yBaTU
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3MIHY TIOJIO)KEHHSI KOKHOI JIaHKM MaHIMyJsITopa Ta 3a0e3nedyBaTd TOUYHE
KepyBaHHs HOT0 (QYyHKI[IOHATTbHUMU €JIEMEHTaMH.

AHaJIITUYHE MOJEIIOBAaHHSA KOCMIYHMX MAaHIMYJISATOPIB TIPYHTYEThCA Ha
BUKOPHUCTAHHI CUCTEM PIBHSHB, OTPUMAaHUX 13 3aKOHIB KIIACHYHOI MEXaHIKH, 1€ PyX
KOXXHOTO €JIEMEHTa OMHUCYEThCs AU(EPEHIIATbHIMU PIBHAHHIMU 3 ypaxyBaHHSIM
THEPIIMHKUX, KOPCTKICTHUX Ta AeMI(YIOUUX XapaKTepucTHK. L{e miaxia 103BoJse
OTPUMATH 3arajbHI 3aKOHOMIPHOCTI MOBEJIHKHM CHCTEMH NPU PI3HUX PEKUMAX
po0OTH, BUBHAUYUTH BJIACHI YaCTOTH KOJMBaHb, CTAOUIBHICTh PYXYy Ta ONTHUMAJIbHI
napamMeTpu KOHCTPYKIlii. Hampukiman, kiacwdHi MO JIAHITFOTOBHX MEXaHi13MiB
JO3BOJISIIOTh  QHATITHYHO BHU3HAYWTH 3B’S30K MIK KYTOBUMH IIBHIKOCTSMH,
MOMEHTaMHU 1HEPIIli Ta >)KOPCTKOCTSAMH IOB’sI3aHKUX eaeMeHTiB [2, 10, 14, 15, 28, 37,
41,48, 56,75,97,107, 123, 129, 136].

Xoya aHaJTITUYHE MOJCIIOBAHHA J03BOJISIE OTpUMATH 0a30Bl Pe3yJbTaTU 3
BHCOKOI OOYHCIIIOBAJILHOKO IIBHUJIKICTIO, BOHO YaCTO OOMEXYETbCS CIPOILIEHUMU
rifnoTe3aMu Ta MOJENSAMH, TaKUMHU SIK JIHIMHICTh BJIACTUBOCTEM MarepiaiiB abo
171eaJIbHICTh 3UCIUICHB, 110 HE 3aBXK/IU BIJIOBIJIa€ peaJIbHUM YMOBAM eKCIUTyaTarlii
KOCMIYHUX MaHINyJsATOPIB.

Jlist  OuTbIll  ACTAJIBHOTO aHaji3y KOHCTPYKTUBHUX OCOOJMBOCTEH Ta
HETIHINHUX e(EeKTIB MIMPOKO 3aCTOCOBYETHCA UHCEIbHE MOJCIIOBAHHS 32
nonomororo MCE. Tleit niaxia 103BosIsi€ TOAUIMTH KOHCTPYKIIIIO MaHIMyJIATOpa Ha
JUCKPETHI €JIEMEHTH, JJIsi KOXKHOTO 3 SIKMX TE€HEPYIOTbCS JIOKaJbHI PIBHSHHS
piBHOBaru, miciass 4Yoro (QOPMYETbCS CHUCTEMa pIBHSIHb, IO OIMCYE BCIO
koHCTpyKIito. MCE-MonentoBaHHs 3aCTOCOBYETBCS JJIsl aHai3y HaNpy>KEeHO-
nepopmoBanoro crany [60, 85, 96, 116, 119, 137, 143], BuU3HAUYCHHS 30H
KOHIIEHTpallii HanpyxxeHb [105, 128], ouiHKM BIUIMBY TEPMIYHUX HaBaHTAXKEHb
[93], a Takok NIt TPOTHO3YBAHHS BTOMHHUX IPOIIECIB 1 MOXKIMBUX jaedekTiB [60,
93, 96, 106, 115].

3naunoro nepeBaroro MCE € MOXIUBICTh BpaxyBaHHS CKJIAJHOI F€OMETPIi,
HEOJHOPIAHOCTI MaTepialiB Ta HENIHIMHUX KOHTAKTHUX YMOB, IO 3a0e3mnedye

BHUCOKY TOYHICTh PO3PAaxXyHKIB MpPU MPOEKTYBaHHI Ta ONTUMI3AIlll KOCMIYHUX
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maHinynsTopis. [Ipore el MeToa BUMarae 3HaAYHUX OOYMCIIOBAJIBLHUX PECYPCIB,
0COOJIMBO MPH PO3B’sA3aHHI TPUBUMIPHHUX HENIHIMHUX 33/1a4.

Mertoau OGaratotineHOi AuHaMikd (Multibody Dynamics) cnpsiMoBani Ha
MOJCIIOBAHHS pPyXy CHCTEM, IO CKIQJalOThCA 3  BEJIMKOI  KiJIBKOCTI
B3a€MO3B’s3aHUX TUIL Lled miaxia J103BoJisiE BpaxyBaTH B3a€MOJIII0 MK PI3HUMHU
KOMIIOHEHTaMH KOCMIYHOTO MaHIIyJISITOpa, BKIOYAIOYN 34YETUICHHS, IIapHIpH, Ta
iHI pyxomi By3mm [35, 36, 67, 81, 85, 89, 109, 139]. Moneni GaraToTuUTbHOT
JWHAMIKA 3a3BU4Yail 0a3ylOThbCs Ha BHUKOPHUCTaHHI MNpuHIUIMIB Jlarpanxka a0o
["aminbpTOHA, IO MO3BOJISIE OTpUMATH MU(EpEHIliaTbHI PIBHIHHS PyXy CHUCTEMHU.
3aBIAKU I[bOMY METOJIOBI MO’KHAa MPOBOAWTH CHUMYJAIIl SK CTaTHKW, TakK 1
nuHaMigHUX TporeciB [51, 60, 63, 66, 70, 80, 82, 105, 111-113], Bxiatouaroun
KoJuBasibHI pyxu [8, 52, 86, 88, 91, 98, 121], pe3oHaHCHI sBUIA Ta BIUIMB
30BHIMHIX cuia [87, 93, 116, 118, 141].

Metox 6araToTinbHOI JUHAMIKH JIO3BOJISE MOJICIIOBATH CKJIAAHI CHCTEMH 3
BEJIMKOIO KUIBKICTIO CTYIIEHIB CBOOO/IM, BPaXOBYIOUHM B3a€MO/III0 KOMIIOHEHTIB, aJle
JUIS. TOYHOTO aHami3y JESKUX JIOKAJbHUX SIBUII MOXKE OyTH HEIOCTaTHIM abo
HEKOPEKTHUM, 10 CTUMYJIIOE PO3POOKY rOPUAHUX METO/IB.

I'O6puaHe a00 KOMIUIEKCHE MOJICIIIOBAHHS, SIKE MOETHYE YHCEIbHUNA aHaIi3
METOAOM  CKIHYEHHUX  €JIEMEHTIB 3  0araroTUIbHOIO  JUHAMIKOIO  Ta
EKCIIEPUMEHTAIbHUMHU JIaHUMH, CTa€ BCE OUIbII MOMYJSIPHUM MIAXOAOM IS
KOMIUIEKCHOT'O JOCIIIPKCHHS KOCMIYHUX MaHIIMYJISATOPIB Ta iX ckiagoBux [9, 54, 55,
63, 66, 71,94, 96, 110]. Takuii miaxig 103BOJISIE BpaxXyBaTH SIK TJI00aIbHI IMHAMIYHI
XapaKTEPUCTUKU CUCTEMHU, TaK 1 JIOKAJIbHI e(peKTH, NoB’s3aH1 3 AedopmallisimMu Ta
KOHTAaKTHUMH siBUIIaMU. ['10puaHE MOJCIIOBAaHHS CHPHSE IIIBUIICHHIO TOYHOCTI
IIPOTHO31B Ta JO3BOJISIE ONTUMI3YBAaTH KOHCTPYKTHUBHI PIIIEHHS Ha PaHHIX eTarnax
MPOEKTYBAHHS.

['iOpuaHEe MOAENIOBaHHS JO03BOJISIE TOEAHATH IIEPEBard Pi3HUX IIiIXO/IIB:
BUCOKOTOUYHICTh JIOKaJbHOTO aHamizy 3a jonomororo MCE, 3paTHicTh
0araToTIIbHOI JWHAMIKM OMUCYBATH KOMILJIEKCHY B3a€MOJIII0 KOMIIOHEHTIB, a

TAaKOX BallJIallil0 PE3yJIbTATIB Yepe3 EKCIEpUMEHTAJIbHI JaHi, OTpUMaHl 3a
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JIOTIOMOTO0 Cy4aCHUX METO/11B BUMIpIOBaHHs ((poTorpammeTpisi, iIHTeppepomMeTpis,
tenzometpis) [11-13, 57, 60, 63-65, 67, 96, 119, 132].

Cy4acHi METOAM MOJIETIOBAHHS KOCMIUYHUX MaHIMYJSATOPIB € HAaJA3BUYAWHO
PI3HOMAHITHUMU 1 OXOIUTIOIOTH SIK aHAIITWYHI, TaK 1 YUCENbHI MIAXOAH, IO
JI03BOJIIE OTPUMYBATH JI€TalbHI MPOTHO3U IIOAO IMOBEAIHKU CHUCTEM IMIJI JIEO
pI3HOMaHITHUX HaBaHTaXeHb. BUO1p KOHKPETHOTO METOAY a00 KOMOiHAaIlIi METO/TIB
3aJeKUTh BiA BUMOT JO TOYHOCTI aHali3y, CKJIQJAHOCTI KOHCTPYKIi Ta
MOJKJIMBOCTEH OOUYMCIIIOBAIBHUX pECYpCiB. 3aBISKH PO3BUTKY KOMIT IOTEPHUX
TEXHOJIOT1H Ta 1HTerpaii eKCIepuMEHTAIbHUX METO/IIB MiABUILY€ThCA HAIHHICTh
pPO3paxXyHKOBHX MOJENE, [0 CHpHUs€e ONTUMI3Alll KOHCTPYKTUBHUX PIIICHb 1
MIJBUIICHHIO €()EKTUBHOCTI KOCMIYHUX amapatiB. [lomanbini JOCIIKEHHS Y ik
rajixy3si cipsgMOBaH1 Ha po3po0OKy HOBUX aJITOPUTMIB 1 IPOrPAMHUX KOMILIEKCIB, 1110
J03BOJIATh LI€ TOYHIIIE MOJAEIOBATA JUHAMIKY Ta B3a€MOJII0 CKJIAJHUX CHUCTEM,
3a0e3Meuyloud TUM caMuUM Oe3neKky 1 e(EeKTUBHICTh eKCIUTyaTallli KOCMIYHUX

MaHinyJaTopis [3, 68, 72, 95, 126].

1.3 Orusx HayKOBHMX Npausb i3 3acTOCYBaAaHHAM oTorpammerpii s

CIOCTEPEKeHHS 32 00’ €KTaMHU

be3koHTakTHI MeTOAM BHUMIPIOBAHHS Ta CTEXEHHS BCE 4YacTille
3aCTOCOBYIOTHCS MPU EKCIIEPUMEHTAIBHUX JOCHTIKEHHAX 0araToTiIbHOI JUHAMIKA
Ta MexaHiku JeopmMoBaHoro tiia. @ororpamMmMeTpis AEMOHCTPYE, 30KpeMa, BUCOKY
TOYHICTh Ta JETaNbHICTh Y 300p1 JaHUX, 110 pOOUTH ii HE3AMIHHUM THCTPYMEHTOM
ns aHamizy medopmariii Ta TepeMilieHb y peadbHOMY daci. 11 3acTocyBaHHS
OXOIUTIOE IIUPOKUW crhekTp Tramy3edd (puc. 1.4): Bim aepoKOCMIYHOI Ta
aBTOMOOUIbHOT TMPOMUCIOBOCTI J0 apXITEKTypu Ta Teidmau3aiiHy (CTBOpPEHHS
KOMIT IOTEPHUX 1r0Op), IO CBIMYUTH MPO 1i YHIBEPCAIBHICTh Ta MPAKTHYHY
peaizoBaHICTh.

Onniero 3 ramy3ed, i€ BUKOPUCTOBYIOTH  (OTOrpaMMETpiio, €

BITpOCHEpPreTuKa. 3a JOMOMOTOI OE3KOHTAKTHUX BHUMIPIOBAaHb BHU3HAYAIOTh
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BEIMUMHY JAedopmarliii jonaTeif, TpaBepc Ta IHIIUX €JIEMEHTIB KOHCTPYKIIii
BiTpsHUX TypOiH. Hampuknan, y po6oti [101] Oymno BuszHaueHo tpu ¢dopmu
KOJIMBaHb JionaTed TypOiHH, JlaMeTp AKuX 2,56 M, 3a p13HUX pekuMiB poOoTu. [laHi
BJIAJIOCS] OJIEPKATH 3a JOTIOMOTOI0 oTorpammeTpii. AHaii3 Ta GiabTparis JaHUX

B1JI0yBaIMCs 3a AOMOMOTOIO CKpUIITa, HanucaHoro y Matlab.
Coordinate /| Laser dot [ e
system cross ‘ ~ . . 7
Reflective tape ‘

—il A \

Electromagnets |8

—;:’ ‘\
i
'}

Puc. 1.4 3actocyBaHHs (OTOrpaMMETPUIHOTO METOTY:
a) OoCHIIKEeHHS fedopmaliiii mpoMHUCIOBOTO pe3epByapa [74]; 6) anani3 BiOpaiiiii
jomnateit TypOomammnu [78]; B) AOCTIKEHHS TPOIecy pyHHYBaHHs O€TOHHOT

uTy [53]; T) MOHITOPUHT pO3KiIafaHHs ciTyacToi auTeHu [105]

Takox MpoBOAATHCS TOCHIIKEHHS OB fedopmarltiii onarei TypOiHU: Ha
HAsIBHICTH TPIIIMH Ta MOHITOPHUHT iX 3pOCTaHHS; BIUIUB BiOpaIliil Ta TeMIepaTypHUX
3miH. Tak, y crarti [109] mpoBoawmincs BiOpoTecTH jomaredl BITpsSHOI TypOiHU
Windspot notyxnictio 3,5 kBT. Po3rnsnyrta sonats Oyna BUnpoOyBaHa B Pi3HHUX

TeMIiepaTypHux pexxumax Bif -15 °C mo +40 °C 3 kpokom 5 °C 3 METOI0 KOHTPOJIIO
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TEMIIEPATypHO 3aJICKHUX BIACTUBOCTEH MaTepialy sSK y HHU3BKOMY, TaK 1 Yy
BHCOKOMY peXHMax. Takoxk BpaxoByBajacsi BOJOTICTh. [IpoBomumucs aBa TUIH
BiOpoTecTiB TpuBamicTio 1mo 120 ¢ ana curHainy Outoro mymy 3 e(QEKTHUBHOIO
cmyroro 9acToT Bif 0 1o 400 I'x Ta 17151 CHHYCOTHAIBHOTO CUTHAITY 13 4aCTOTaMU Bij
1 I'm mo 300 I'm. Bcei exkcnepumenTH ¢ikcyBajaucs KamepaMu, IO Jajo 3MOTY
OTpUMATH PE3yJIbTaTU MEePEMIIEHb KOHTPOJIbHUX TOYOK.

OCHOBHHMM KpuUTepieM sl (POTOTpaMMETPUYHUX €KCTIEPUMEHTIB € TOYHICTh
BUMIPIOBaHb, sKa OE3MOCEPEIHhO 3aJICKHUTh BiJ O0aratbox (akTopiB (mapaMeTpu
KaMepH, OCBITJICHICTh, HAasSBHICTh MapKepiB, TeMIepaTrypa Ta BOJOTICTh
HABKOJIMIIHBOTO CEpeoBUIIa TOIIO). BracHe BUKOpHCTaHHS METOAY LH(PPOBOI
kopessiii 300paxens (LIK3) y mopiBHSHHI 3 po3paxOBaHUMHU KOMIT IOTEPHUMU
MOJEISIMA Ma€ JOCUTh BHUCOKY To4HIicTh [131]. Meron IIK3 cxomutbest 13
3anporpaMoBaHuM OuTbIn HiXK Ha 95 %. [loxubka st pi3HUX €KCIIEPUMEHTIB — HE
OUIBIIIE 2 MM JUIS BIIXHJIEHD KIHYKKIB JIOMATEMN.

Benuky KUIBKICTh pOOIT MPUCBSIYEHO AOCTIIKEHHIO KOJIMBAIBHUX MPOLIECIB
KOHCTPYKIIiH 3a noromoror dororpammetpii [78, 87, 133, 136]. Po3pobmstoThes
ab0 BIOCKOHANIOIOTHCS METOJM EKCIIEPHUMEHTAIbHOTO MOJANBHOTO aHali3y Ha
OCHOB1 (oTorpamMmeTpii, B SKOMY LHU(PpPOBa KaMepa BHUKOPUCTOBYETHCS IS
BUMIPIOBAHHS TEPEMIIIEHb MilIeHeH 300pakKeHHs, MOB'SI3aHUX 13 JIa3epHUMU
IIsIMaMu Ha 00'€KTI KOHTPOJII0. YHCENbHO MOKa3aHo, 1110 PO3PaXyHKOBI IMIKCENbHI
KOOpJIMHATH IEHTPY Baru IIJILOBOTO 300pa)Xe€HHS J00pe CHIBBIIHOCATHCA 3
(baKTHYHUMH KOOpIAWMHATAMHU TIPH 3aCTOCYBaHHI METOAY CTEKCHHS 3a TOYKOIO.
Takum 9MHOM, YHIBEPCAIBHICTH METOIY JO3BOJISE BiJCTE)KYBATH KOJMBAHHS Ta iX
dbopMH AK 71 TECTOBUX OaloOK, TakK 1 JJIS BEIMKOTra0apUTHUX KOHCTPYKIIIH,
HaIPUKJIad, MOCTIB.

JocnimkeHHss moaiB aegopMaiiii y KOHCTPYKINIAX, BUKIMKAHUX BIUTHBOM
temriepatyp [77], rpaBitamiitaum [115], xpyrunbHuM ab0 TMO3J0BXKHIM
HaBaHTaxeHHsMu  [140] wMoxe  OyTH  peami3oBaHO  3a  JOIMOMOTOIO
dboTOrpaMMETPUYHNX EKCIICPUMEHTIB. Y TIOEIHAHHI 3 METOJOM CKIHYCHHHUX

€JIEMEHTIB, OOYMCIIEHHI pe3yJbTaTh MalOTh HU3bKY MOXHOKY BHMIpPIOBaHb.
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Hanpuknan, pe3ynbTaTd €KCIEPUMEHTY 3 HaBaHTAXEHHS OMNOpU Ui JIiHIT
eJIeKTporiepeiad MOKa3yloTh, IMI0 3aMpPONOHOBAHUNA METOJ MOXKE 3a0e3MeUuTH
To4HICTh 0,1 MM/M, 1110 € TIOCUTH TOCTOBIPHO JJIsI TAKOT'O POAY KOHCTPYKIIiH [134].

B pakeTtHO-KOCMIUHINA Trany3i (OTOrpaMMeTpisi 3aCTOCOBYETHCS 3aBISIKU
MO>KJIMBOCTI JIOCATHEHHSI HU3bKOI MOXMOKH BHUMIPIOBaHb, IO € BKpail BayKJIMBUM
NpU  JOCIIJPKEHHI/TECTyBaHHI TaKUX KOHCTPYKIIM: aHTEH, COHSYHUX IaHEeJeH,
BUHOCHUX MaHIMyJIATOPIB Ta 1HIHMX 00’€KTiB, mo TpanchopmyroTees [80, 89, 92,
94, 103].

HanamryBanns Ta KamiOpyBaHHs OaraTOeJeMEHTHHUX KOHCTPYKLIH 3
BHCOKOIO TOYHICTIO — BaXKKa Ta TpyaoMicTka 3anada. [I[o0 mnepeBiputu
Ipale3laTHICTh HOBOI AHTEHHM, W10 pPO3rOpPTaEThCs, OyB  pO3pOOJICHUH,
BUTOTOBJICHUW 1 BUIPOOyBaHWI mpoTOTHNH AiameTpoM 5,0 M B Ha3eMHOMY
excriepuMenTi [ 120]. Pe3ynbTaT T€CTOBOTO pO3rOpTaHHS MOKA3aB, [0 aHTEHY MOXKE
OyTH yCHIIITHO PO3KJIaJICHO. Y TOM ke Jac Oyjia BUTOTOBJICHA BiIOMBarOYa OBEPXHS
aHTeHH, 30DKHICTh siKoi 0,65 MM Oyna JOCSATHYTa 3a paxyHOK (pOoTorpaMmMmerpii, 1
HaJalTyBaHHs NMPOQIIO0, 0 3a0€3MeUnIIO MITaTHY pOOOTY aHTEHHU.

doTorpaMMeTpist JO3BOJISIE TPOBOJUTH MOHITOPUHI KOHCTPYKI[II HE TUIbKU
B JJaDOpAaTOPHHUX YMOBAX, a ¥ y peasibHUX — Hampukia, y kocMmoci. Roll-Out Solar
Array (ROSA) — 11e iHHOBaIIIMHA, JIeTKa COHsIYHA OaTapes 3 THYYKOO MIKIAIKOIO,
sKa BHUKOPUCTOBYE HAKONWYEHY €Hepriro nedopmanli y CBOIX CKIAJOBUX
KOHCTPYKTHUBHHUX €JIEMEHTax, 100 3a0e3nmeuynTH po3ropTaHHs 0e3 BUKOPUCTAHHS
JBUTYHIB, 30€piratouu npu HboMy epeKTUBHY YNakoBKy [60]. PO3KpUTTS COHSYHOI
naHeni crtaHoBuTh 3 xB. 21 c. Ha Oarapero HaHeceH1 MITKH, JTWHaMIKa SKUX 3a
JOTIOMOTOI0  (hoTorpaMMeTpili  JOCHIKYEThCS Ha KoiauBaHHA. [IpoBenmeHo
NOPIBHSUIBHUM aHall3 MaTeMaTUYHUX Mozened y Abaqus, Ansys 13 pealbHUM
EKCIIEPUMEHTOM B KOCMOCI.

VY crarti [67] onucano MeTo1 BUMIPIOBaHHS AeOopMaIliil BETUKO1 pO3KIaTHOT
CITYACTOI MIKPOXBUJILOBOI aHTEHUM Ha OCHOBI (poTorpammerpii. JochimkyeTbes

MacuB TOYOK, PO3TAIIOBaHUX Yy BY3/1aX KOMIPOK aHTeHU. OOUHCIIOITHCA BCl
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KOOpAMHATA JaHWX BY3/dIiB. 3a JOMOMOIOI METOAy HalMEHIIUX KBaJapaTiB
po3paxoBaHa HalKpala napadoaiaHa MOBEPXHS aHTCHH.

OkpiM 1BOro, IMHPOKUM KJAaC 3ajJad IMITAlIMHOTO Ta HATYPHOTO
MOJICJIIOBAHHSI CTAHOBJISITH JOCITIKEHHS OUHAMIKd OOpTOBUX MAaHIMyJSTOPIB,
IITAHT KOCMIYHUX anapaTiB abo iX MpoTOTHUIiB. BUBYa€EThCA pyX SIK OKPEMHUX BY3IIiB,
HaMpuKiIaa, MApHIpHUX 3’eAHaHb [97], Tak 1 IJIMX CHUCTEM: TPOCOBHX YU
3axoryieHHs [64, 65]. HamamTyBaHHA MaHINMyJATOPIB A BUKOHAHHS 3aJaHHUX
pyxiB moTpelOye KamiOpyBaHHS OpraHiB CTEXKEHHS (KaMepuh BCTAHOBIIIOIOTH
Oe3mocepelHbO Ha OCTAHHIA €JIEMEHT KOHCTPYKIi abo Ha HEpyXOoMi IITaTUBH
TaKUM YUHOM, 0¥ BOHU MOBHICTIO OXOIUTIOBAJIM poOoue 1oJjie MaHimynsTopa). Tak,
y [57] po3pob6iieHo HOBY cucTeMy KaniOpyBaHHS IIECTUCTYIEHEBOIO0 poOoTa, 110
0a3yeTbcsl Ha BIACTEXKEHHI IOJIOKEHHS Ta oOpleHTanli #oro cxsaTy. Ha
3aXOIUTIOBAJILHOMY TMPUCTPOI Tpe/cTaBlieH0 Mapkepu HoBoro tumy ArUco. [lns
BUBYCHHSI €()EKTUBHOCTI CUCTEMU KaJiOpyBaHHS Ha PeaIbHOMY YCTaTKYBaHH1 OyJi0
MIPOBEJICHO €KCIIEPUMEHTH B PEATbHUX YMOBaX. Y IUX €KCHEPUMEHTaX MOMUJIKH
a0COJIFOTHOTO TTOJIOKEHHS Ta Opl€HTaIlil cxoauiaucs 10 2,5 MM ta 0,2° BIATIOBITHO.

[aTerpoBanuii anroput™ (QOTOrpaMMeTpii IJisi PO3Mi3HABAHHS MapKepiB,
KOOPJIMHATH SIKUX BIJICIIKOBYIOTHCS, MOKEe OYTH BIJIKOPUTOBAHUI 3a JIONTOMOTOIO
aganTuBHOTO posmupeHoro merony Kammana [63]. Hampuknan, y [113] Oys
po3pobisiennii posmmpennii ¢GuibTp Kanmana 11 OIIHKM AWMHAMIKH OO'€KTIB Y
IJIOMMHI  300pakeHHs. JlaHui anropuTM BIANpPAIlbOBYBABCS Ha CTEHI IS
HA3eMHOT0 MOJIEJIIOBaHHS OpOITaIbHOI MISJIBHOCTI KOCMIYHOTO MaHimyssTopa. Ls
OIlIHKa BUKOPHUCTOBYETHCS SIK IMIABUIIIEHHS TOUHOCTI BU3HAYEHHS CTaHy KIHEMATUKHU
o0'exta. Y 111#f poOOTI TAKOK TTOKA3aHO, 1[0 BUSHAYUTH NIPYKHY MOBEIHKY CUCTEMH
MaHIMyJISITOpa MOXKHA 3aBISKH aHai3y 300pa)KeHHs, OTPUMAHOIO IiJ 4ac pyxy
KOHCTPYKIIIi.

OTxe, oTpuMaHi KOOPJUHATH MapKEPiB, 110 TMOPIBHIHI 3 TOYaTKOBUMHU ab0
€TAJIOHHUMHU 3HAYEHHSIMU, BUKOPUCTOBYIOTHCS MPHU AOCIIHKEHHI KOJIMBaHb a00 y
pO3paxyHKax 3a JIOMOMOTOI0 METO/Ia CKIHYEHHUX eJIeMeHTIB. TakuM 4YMHOM, MOKHA

OTpUMATH TOJIA HaIpy>KeHb, Aedopmalliii Ta mepemMileHb KOHCTPYKIiH abo ix
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BY3JiB. SICKpaBUM TPHUKIAIOM IILOTO MOXYTh CIYT'YBaTH €KCIIEPUMEHTATbHI
JOCITIJIKEHHS 32 JOMOMOTOI0 (pOTOrpaMMETpii Il HaayBHOTO MaHIMYJISITOPA, IO
CKJIAJA€ThCSl 3 HAAYBHUX TKAHUHHHUX TPYOOK 3 MOKPUTTIM 1 3 €IHAHHSIMU
cuibonnoro Tumy [97]. YV uid pobGoti Oynum mpoBeneHi BUNpoOyBaHHS Ha
JIBOCTOPOHHIHN pO3TST, 3CYB JJISI OIIIHKH MPYKHUX KOHCTAHT MeMOpaH 3 moiedipHoi
TkaHuHU Ta [IBX-nokpuTTsamM HamxyBHOI KOHCTpPYKITi. [IporHO3yBaHHS MEXaHIYHOI
MOBEAIHKA KOHCTPYKITIi HATyBHOTO MaHIMYJISATOpa OyJIO TPOBEICHO 3a IOTIOMOTO0
METOJy CKIHUEHHHUX €JIEMEHTIB. byB OlliHEHNH BIJIUB KUIBKOCTI, IIUPHUHU 1 TTTUOMHU
CKJIAJIOK Ha «HATyBHIN pymi». J{7s eKCriepuMeHTaIBbHOTO AOCTIIKSHHS TTOBEIHKH
po3kiananHs OyB po3poOJICHWH MPOTOTHUN HAAYBHOI PyKH. 3a JOIMOMOTOO
dboTorpammetpii OmmkHBOI M1i Oyno BUMIpsHO aedopmarlii Ta KyT MOBOPOTY
MaHimyssTopa. B pe3ynprati (hoTOrpaMMeTpUYHOIO €KCIIEPUMEHTY OyJIH OTpHUMaH1
KOOPJIMHATH KOHTPOJBHUX TOYOK, 32 SKUMHU Oyio oOuyucieHo moig aedopmariii
HAJyBHOI PYKH, JI€ PE3YJIbTaTH MOJIEITIOBAHHS 301Tal0ThCS 3 EKCIIEPUMEHTAIbHUMHU.

Takum yuHOM, TepeBard (POTOrpaMMETPUYHOTO METOAY pPOOJIATH MOro
eheKTUBHUM JUJIsl IIMPOKOTO CIEKTpa 3aCTOCYBaHb Yy pI3HUX Taly3sx.
[lepcnexkTuBHICTE (QOTOrpaMMeTpli moJyiArae B ii 3JaTHOCTI aJanTyBaTUCSA [0
HOBITHIX TEXHOJIOT1H, 1110 I03BOJISIE€ PO3ITUPIOBATA MOKIIMBOCTI B yMOBaX CKJIaHUX

Ta 3MIHIOBaHHMX CEPEJIOBUIIl, TAKUX K KOCMIYHHUI IIPOCTIp.
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BucHoBkmu 10 po3ainy 1

3nificHeHO BCeOIYHMI aHai3 HayKOBUX Mpallb, MPUCBAYCHUX ICHYIOUHM 1
MEPCIIEKTUBHUM  KOHCTPYKIISIM KOCMIYHHMX  MAaHIMYJISATOPIB, a TakoX ix
3aCTOCYBAaHHIO Ui BUKOHAHHS pI3HOMaHITHUX Miciid. OIliHEHO mepeBard Ta
HEJIOJIIKA PI3HUX THIMIB KOHCTPYKIIIHA, a TaKOX MPOOJIeMH, 3 SIKUMH CTHKAIOTHCS
PO3pPOOHUKH Ta TOCIIIHUKH M1l 4ac iIXHbOTO MPOEKTYBAHHSA Ta €KCILTyaTaIlii.

PosrnsgHyTo KiHeMaTH4HI OCOOMMBOCTI  (DYHKIIOHYBaHHS KOCMIYHHX
MaHIMyJATOPIB, 30KpeMa iXHIO JIHWHAMIYHY IIOBEAIHKY, IpoIeCH BIOpaIiid Ta
nedopmariiii, a TAaKOXK METOJM IXHHOTO MOJIETIOBaHHsI. [IpoBeieHo anai3 miaxoaiB
JI0 PO3B’sI3aHHS BIAMOBIIHUX 3aJ]1a4, BKIIOYAIOYM YUCIIOBI METOAM Ta aHATITUYHI
1IXO/TH.

OxpeMy yBary OpHIUIEHO 3aCTOCYBaHHIO (hoTOrpaMMeTpii Ik e(peKTUBHOTO
OE3KOHTAKTHOI'O METO/Y CTEKEHHS 3a 00’ €KTaMM Ta MPOLIECaMHU Y PI3HUX Tany3sx.
BceranoBneno, mo ¢ororpaMMeTpisi Ma€ BUCOKMM NOTEHLIAN Uil JOCTIIKEHHS
JUHAMIYHUX TPOLECIB KOHCTPYKIIA KOCMIYHMX MAaHIMYJSATOPIB, 3a0€3Meuyroun
BHCOKY TOYHICTh BUMIPIOBAHb Ta KOHTPOJIIO MTAPaMETPIB PyXYy.

BcraHoBiieHO, M0 KOMIUIEKCHMM aHall3 MOJATIMBOCTEN K KOHCTPYKIIi
MaHIMyJISITOPIB, TaK 1 IXHIX BY3JI1B 3JIMIIIAE€THCSA HEJOCTATHHO BUBYEHUM. 30KpeMa,
BILTMB JIOKIBHUX Aedopmalliil 1 J0(TiB y MIapHIpHUX Ta (PrIaHIeBUX 3'€THAHHIX
Ha TOYHICTh MO3UIIOHYBaHHS 1 JMHAMIYHI XapaKTEPUCTHUKU CUCTEMHU MOTpedye
JETANBHIMIOr0 JOCHiKeHHsl. BpaxyBanHg 1uX (akTOpiB € KIIOYOBUM IS

N1JBUILIEHHS €(DEeKTUBHOCTI KEPYBaHHS Ta HAAIMHOCTI MAHIMYISTOPHUX CUCTEM.
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PO3JILI 2.

MOJEJIOBAHHSA BILIUBY PO3NOJALJIEHOI MOJATIMBOCTI
JIJAHOK MAHIIIYJIAATOPA

CydJacHi MaHIyJISITOPU HE € a0COTIOTHO KOPCTKUMH, a 1XHS MOJATIMBICTh
BIUIMBA€ HA TOYHICTH IMO3MI[IOHYBAHHS Ta JAWHAMIYHY CTIMKICTh cucTtemu. Jlis
aHajizy IHUX e(EeKTIB 3aCTOCOBYIOTHCS METOJIM TEOpli MPYXKHOCTI Ta KOJUBAaHb
CTPMXKHIB, 10 ONUCYIOTh JedopmaliifHi  XapaKTepUCTHUKH  KOHCTPYKIIIH.
EdexTBHUM iHCTPYMEHTOM MOJICIIOBAaHHS € METOJ] CKIHUCHHUX €JIEMEHTIB, KU
JI03BOJISIE OIIHUTH HAIPY>KEHO-1e(OPMOBAHHUIA CTaH JJAHOK Ta YCi€l KOHCTPYKIIIi.
JlocniKeHHsT BIUIMBY PO3MOAUICHOI MOAATIMBOCTI JAONOMArae Kpamie 3p0o3yMITd
JUHAMIYHY TIOBEAIHKY MAaHIMyJIsTOpa Ta MOXJIMBI IUIAXH  KOMIIEHCAIl
nedopmaiiiii. Y n1aHoMy po3auii po3TIisIal0ThCs OCHOBHI CHIBBIIHOIICHHS TEOPIi
NPYXKHOCTI Ta KOJIMBaHb CTPIIKHIB, MaTeMaTH4YHA MOJElIb KIHEMAaTHYHOTO
KEepyBaHHA JBOJIAaHKOBOIO cuctemoro, mpuHimunu MCE ta anani3 KOHTUHYaJIbHO1

MOAATIMBOCTI MAaHIMYJISTOPA.

2.1BuxigHi nepeaymMoBHu Ta po3paxyHKOBa cxema

B ymoBax KocMI4HOTO MPOCTOpPY, /i€ BIACYTHS aTMocdepa 1 3HIKEHA CHIia
TSDKIHHS, MaHIIMYJISITOPY BUKOPUCTOBYIOTHCS JUIsl BUKOHAHHS CKJIQHUX 3aBJaHb,
TaKMX SK MOHTX 1 JIEMOHTaX OOJIATHAHHS, YIPABIIHHS CYITyTHUKAMH, a TaKOXK
MaHIIMyJTFOBaHHS 3 KOPUCHUMHU BaHTaKaMH, HAPUKIIAJI, CITYACTUMHU aHTEHaMU a0o0
HAayKOBHMMH TIpHJIailaMi. baraTojaHkoBi MaHIIMyISTOPY KOCMIYHOTO MMPU3HAYCHHS €
BOKJIMBAM KOMIIOHCHTOM, IO JI03BOJISIE BUKOHYBATH IIi 3aBIaHHS 3 BHUCOKOIO
TOYHICTIO BIAMpaIfOBaHHA. BOHU CKIIa1atoThCs 3 TOCIIIOBHO 3'€THAHUX MK COO0T0
IIApHIPHUMH Y4 (ITAHIICBUMH BY3JIaMH THYYKUX CTPHIKHIB, III0 YTBOPIOIOTH PYXOMY
MEeXaHIYHY CTPYKTYpy. OCOOIMBICTh TAKUX CUCTEM IOJISATAE Y iXHINA CKJIAIHOCTI Ta
BUMOTaX JI0 BUCOKOi TOYHOCTI poOOTH B YMOBaxX €KCTpEMaIbHUX HABAHTAKECHb Ta

KOCMIYHOTO BaKyyMy.
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Koyxna nanka Moxe OyTu TIpeICTaBICHA Y BUTJISIII THYYKOTO CTPYIKHS, 1110 €
OCHOBHUM €JIEMEHTOM KOHCTPYKIii MaHimyJsTopa. BiH € enacTH4HOI0 OJUHHIICIO,
3IaTHOIO 3a3HaBaTH JedopMaliii mij BILIMBOM 30BHIMIHIX CHII. {1 MojaemtoBaHHs
H0ro MOBEIHKY BUKOPUCTOBYIOTHCS PIBHSIHHS T€OPIi MPY>KHOCTI, K1 OMUCYIOTh K
CTPWKEHb pearye Ha HaBaHTAXEHHsS, 3aJeKHO BiJ WOro TIeOMETPUYHUX
XapaKTepUCTUK (JIOBXKHMHH, MOIMEPEUYHOro Iepepizy) Ta marepiany. [lomatnuBicTs
CTPYIKHSA € BOXKJIMBOIO XapaKTEPUCTUKOIO, sIKa BU3HAYAE CTYITIHB HOTO 3ITaTHOCTI 110
nedopMmaliii npu OpUKIAgaHHI CHJIM. Y KOHTEKCTI KOCMIYHOTO MAaHIMyJSATOpa
MOMATINBICTh CTPUXKHS Ma€ CYTTEBE 3HAYCHHS, OCKUIPKM HaBiTh HE3HAYHI
nedopMailii BIUIMBAIOTh HAa TOYHICTh BUKOHAHHS MICIM, 0COOJMBO IpH poOOTI 3
BUCOKOTOYHHMH MPUJIAJaMH YA BAaHTAKAMHU.

['paHnYHI YyMOBHM JJII THYYKOTO CTPHIKHS 3aJIe)KaTh BiJl TUIY 3'€IHAHHS 3
IHITUMHU €JIEMEHTaMU MaHIMyJnaTopa. SIK MpaBUiio, KIHIIl CTPYOKHS 3aKpIIUIeH] Ha
mapHipHUX a0o0 (praHIeBUX By3iax, 1110 3a0€3MeUy0Th IEBHY CBOOOIY PyXY, OJHAK
BUHUKAIOTh OOMEXEHHSI Ha MOMEHTH 1 CWJIM, IO JiI0Th Ha KIHIl CTPWXKHS. Y
KOCMIYHOMY CEpPEJIOBHUIIl 1[I TpPaHWYHI YMOBH BHU3HAYAIOTbCS HE TUIBKH
MEXaHIYHUMHU XapaKTepUCTUKaMH Martepiany, a W crneuu(iuyHUMH BHMOTaMH,
MOB'S3aHUMU 3 EKCIUTyaTalll€l0 B yMOBaX BaKyyMy 1 BIJICYTHOCTI aTMOC(HEpPHOTro
OT1opYy.

VY KocMoOcCi Ha KOHCTPYKIIF0O MaHIMyJISITOpPa A1F0Th Pi3HI MEXaHI4HI CHIIH, SIKi
MOXHa KJjacu(iKyBaTH Ha BHYTpPIIIHI Ta 30BHIMHI. BHyTpimHI cuim B
MaHIITyJISITOPl BKJIIOYAIOTh MPYXKHI CHJIM Ta MOMEHTH, 10 BUHUKAIOTh y THYYKUX
CTPWKHAX 4Yepe3 iXHI0 MOAATIIMBICTH 1 MPArHeHHs BIJHOBUTH MOYATKOBY (opmy
micns  aedopMmaiiii, CHUITHM  HANPYXEHO-IePOPMOBAHOTO CTaHy, 3YMOBJEHI
3THHAJLHUMH, OCbOBUMH Ta 3CYyBHUMHU HABAaHTAKCHHSIMH, a TAKOXK CHUJIU PEaKIIii B
IIapHipax Ta 3'€THaHHAX, SIKI IEPEIAI0Th B3AEMOJIII0 MIXK JIJAHKAMU 1 3a0€311eUyI0Th
KiHeMaTH4H1 oOMmexeHHs. OKpIM IbOTO, y Marepialii KOHCTPYKINi JIIOTh CHUITU
BHYTPIIIHBOTO JEeMII(PYBaHHS, 110 CHPUSIOTH YACTKOBOMY IMOTJIMHAHHIO €HEprii

KOJIMBaHb 1 iIXHbOMY 3TaCaHHIO, 3MEHIIIYIOUH PU3UK HEKOHTPOJIbOBAHUX BIOpaIliil.
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30BHIIIHI CHJIM BUHUKAIOTh Yepe3 BIUIMB Ha MAaHIMYJATOpP TpaBiTalliiiHUX
MOJIIB, & TaKOX CHJIW, TIOB'SI3aHI 3 PyXOM KOCMIYHOrO amapary. OpmHieo 3
HaWOLTBIIUX TIPOOJIEM € BUHUKHEHHS CHJI 1HEPIIii IMiJl Yac MOBOPOTIB YU 3YIHHOK
KOCMIYHOTrO amapary. [lpu BUKOHaHHI MAaHIMyJISATOPOM OIepalliii, TakuxX sK
PO3KpUTTA ab0 MOBOPOT, 3MIHU HOr0 MIBUAKOCTI B YMOBaX 3aKOHY 30€pe’KECHHS
KUTBKOCTI PYXY MPU3BOJISATH J0 MOSBH 1HEPIiHHUX cuil. Ll crim ait0Th Ha BC1 JIAHKU
MaHIIyJSITOpa Ta BUKJIMKAIOTh TOAATKOBI HABAHTAKEHHS HA MOTO CTPYKTYpPY, IO
noTpedye PeTeILHOTO aHal3y JJIsl 3a0e3MeueHHs 1i CTa0lIbHOCTI Ta O€3MeKH.

Kpim TOTO, BOXXJIMBUM € BpaxyBaHHS CHJI, III0 BUHUKAIOThH MPU PO3KIIaIaHH]
CaMOTO MaHIMyJIATOPa YM KOPUCHOTO HAaBAaHTAXEHHS, HATIPUKIIA]T, CITIACTOI aHTCHH
[83, 120, 121]. B TakoMy BUIIAJIKy Ba)XJIMBUMH CTAIOTh 3MIHHM TE€H30pa 1HEPIIii, 110
NOB'A3aHl 3 NEPEPO3NOJITIOM YACTHH KOHCTPYKIIi. 3MIHAa TeOMeTpii CHUCTEMHU
BUKJIMKAE 3MIHU y JMHAMIYHUX XapaKTePUCTUKAX MAHIMYJSATOpA, 10 BHUMArae
ajanTallii aJropyuTMIB YIIPaBIIHHSA Ta TOYHOTO MOJICTIOBAHHS HOTO MOBEIIHKH ITiJT
yac poOoTH.

[IpoOnemu, M0 BUHMKAIOTHh MPU EKCIUTyaTallli MaHIMyJIsTOPIB KOCMIYHOTO
MPU3HAYEHHS, MAIOTh PI3HOMAHITHUMA XapakTep 1 BKIIOYAIOTh K MEXaHI4Hi, TaK 1
nrHaMivH1 actiekTH. OJIHIEI0 3 OCHOBHUX IMPOo0JIeM € aemidyBaHHS KOJUBaHb, SKI
BUHUKAIOTh B pe3yJbTaTl 30BHINIHIX BIUIUBIB a00 MIBUAKWAX 3MIH B pycCl
MaHinyisTopa. KoiuBaHHS MOXyTb OyTH pe3yJdbTaTOM IHEPUIMHUX CHJ, IO
BUHUKAIOTh TPU PI3KUX pyXax, a TaKoX 4Uepe3 MiJABUIICHY IMOAATINBICTh
KOHCTPYKIIii, 10 YCKJTATHIOE TOYHE BUKOHAHHS MaHIMyJIAIINA. [ 3SMEHIIICHHST X
e(eKTIB BUKOPUCTOBYIOTHCS pI3HI CHUCTEMHU JeMI(pyBaHHS, IO JO3BOJSIOThH
3HIDKYBAaTU aMIUIITYAy KOJIMBaHb Ta TIOKpallyBaTH CTaOUIbHICTh pPOOOTH
MaHIIyJIsTOpA.

[HmIOI0O  BaXkJIMBOIO TPOOJEMOIO € cTabum3ailis BCi€l KOHCTPYKITI
MaHIMyJIsITOpa il yac #oro pobotu. B ymoBax KOCMIYHOTO TIPOCTOPY BiJICYTHICTh
3HAYHUX MEXaHIYHUX BIUIMBIB, TaKMX SK CHJA TKIHHS, YCKJIAIHIOE MPOIEC

cTabimizarii Madinynasropa. JJis BupimeHHs 1i€ei mpobieMu 3aCTOCOBYIOThCS Pi3HI
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aJITOPUTMH YTIPABJIIHHS, 110 BPaXOBYIOTh HE TIIbKU PyXU MaHIIMyJIATOPA, ajie i Horo
B32EMO/III0 3 KOCMIYHUM arapaToM.

Takox BaxiIMBOIO € mpoOjema 3a0e3MedYeHHs] TOYHOCTI MO3UIIOHYBaHHS
MaHIITyJSITOpa MPU BUCOKHUX IIBHIKOCTAX HOTO PyXy Ta BEIUKHX BIJACTAHIX [0
o0'exta MaHinmysii. s 1poro HeoOXiIHO BpaxOBYBAaTH BC1 MOXKJIMBI CHUJIH, IO
BIUIMBAIOTh HAa MAaHIMYJSTOP, a TaKOX 3aCTOCOBYBAaTHM 1HHOBAIlIHI METOIU
YOPABIIHHSA, M0 JO3BOJISIIOTH 3a0€3MEUNUTH CTAOUIBHICTh 1 TOYHICTh BUKOHAHHS
oneparliii. BpaxyBanHs BCiX UX (haKTOPIiB € HEOOXITHOIO YMOBOIO JJIsI CTBOPEHHSI
e(pEeKTUBHOTO MaHIIMyJIATOPAa KOCMIYHOTO MPU3HAYCHHSI, 1110 BAKOHYBAaTUME CKJIa TH1
3aBJaHHS B yMOBax, JI€ 3BHYaliHI MEXaHI3MHM HE€ 3/IaTHI 3a0€3MCUUTH HAICKHY
TOYHICTH Ta HAIAHICTD.

VY naHiii poOOTI pO3rIsSAAETHCS MOAENb IPYAKHOTO MAHIIMYJISTOPAa KOCMIYHOTO
NPU3HAYCHHS, SKUW TPEACTABICHUM SK CTPWKHEBAa CHUCTEMa 3 eJIeMEHTaMHu
KOHCTPYKIIii, 3'€THAHUMU 32 JOTIOMOT'OI0 MIAPHIPHUX BY3J1B 1 (DJIaHIIEBUX 3'€THAHB.
Taka KOHCTpyKIIisl 3a0€31euye THYYKICTh MaHIMYJIATOPa, HEOOX1AHY /1J1s BUKOHAHHS
TEXHOJIOTTYHUX MPOIECIB Y KOCMIYHOMY MPOCTOPI, a TAKOXK JI03BOJISIE€ aIalTyBaTU
Horo KoH@Irypamir BIAMNOBIAHO J0 MOCTaBJICHUX 3aBiAaHb. OCOONMBICTIO M€l
MOJICl € JOCITIDKCHHS PO3MOAUICHOI IMOJATIMBOCTI €JIEMEHTIB, sIka BH3HAuae
MEXaHIYHY PEakKIlil0 KOHCTPYKIi Ha 30BHINIHI HaBAaHTAaXXCHHS Ta BIUIMBAE Ha
TOYHICTb 11 KIHEMAaTUYHOTO ()YHKL1OHYBaHHS.

OcHoBHA yBara NPHUAUIAETbCS aHaNI3y KOHTHHYaJIbHOI MOJATIUBOCTI
€JIEMEHTIB MAaHIMyJsATOpa, a TaKOX JOKaJbHUX 30H MiJABUIIEHOI MOAATIMBOCTI,
30KpeMa y IMIapHIpHUX By3Jax 1 (iaHieBUX 3'€THaHHSIX, J€ MOXXYTh BHHHMKATU
3HauH1 Jedopmarlii Ta BTpaTU KOPCTKOCTI. J[Ji1 BpaxyBaHHS IIMX OCOOJIMBOCTEM
3aCTOCOBYETHCS  IMITAl[liHE  MOJIETIOBaHHS  KIHEMAaTUYHOTO  KEpyBaHHS
MaHIMyJISITOPOM, IO JIO3BOJIIE KOPUTYBATH TMPOTpPaMHI PYXU Ta KOMIICHCYBaTH
BIUTMB TMOJATIMBOCTI HA TOYHICTh TMO3WINIOHYBaHHS. Takuii WIAXiA crpuse
NIJBUIIEHHIO €(QEKTUBHOCTI YMNPABIIHHS MAaHIMYJIATOPOM Y CKJIAJHUX YMOBax

eKCIUTyaTarii.
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2.20CHOBHI CHIBBiTHOLICHHS TEOPil NPY’KHOCTI Ta Teopii KOJTUBAHb CTPUKHIB

VY nanomy po3aini BUKOPUCTOBYIOTHCS KIACHUYHI MOHATTS T€OPii MPYKHOCTI
Ta TEOpii KOJMBaHb CTPH)KHEBUX eJIeMEHTIB. ToMy Mae MicIie BUCBITJIICHHS TEPMiHIB
Ta OCHOBHUX CITIBBITHOIICHB, 00pAaHUX ISl ONTUCY Ta MOSCHEHD KIIFOUOBHUX ACTICKTIB
[1, 30, 42].

PosrnsHemo  HampykeHO-neopMOBaHMI CcTaH y  JOBUIBHIM  TOWIIl

TpuuMipHOro Tina A = {x,y,z}", Ha Ky AiroTh 30BHiIIHI 06 eMHi cumu F(A) =

T ... .
= {Fx, E,, FZ} , Bil il AxuX BUHMKaIOTH nepemimenns u(4) = {u, v, w}’.

PiBHSIHHA pIBHOBAru y po3riisiHyT1d TOYLl MAatOTh BUTJISI:

(00, 07y, 07,

E = 0;
ax dy Tz T
07yy 00, 01y

E, = 0; 2.1
ax T dy Tz T @D
07y, 07 aO-Z+FZ=O.

\ dx dy 0z

[Tpu miHi#HIA MOCTAHOBIN CITIBBIIHOMICHHS MK mnepemimneHusMu u(A4) =

= {u, v, w}" ta piBHaHHAMM Kol MaroTh BUIJIA:

ou ov ow
Sx=a,£y=$,82=£,

ou 0Jv ou Jow ov dw

yxy:@'l'aiyxzza"'a'yyz:&"l'a-

(2.2)

B niniitHoMy BUnaaxky aedopmaliii Ta nepeMilieHHs MOB’sA3aHl MIX CO00I0

JT0JIATKOBUMHU IIIICTHhOMA PIBHSHHAMU cymicHOCTI nedopmariiii Cen-Benana:
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d%¢, N 0%, _ 0%Yxy

oy? = 0x? 0xdy’

d%e, N d%e, _ 0%V,

0z%2  0dy? oxdy’

0%, N 0%e,  0%Yy,

9z2 = 0y?  oxdy’ 53
0%y _ 0 ( 0¥y 0¥ Oxy @3)
0ydz 0x ox oy oz |’
2%y 0 (01 0¥y Oy

0x0z Ody\ 0x oy oz |’

0%, _ 0 (Wys Oy Oay
dxdy 0z \ 0x dy 0z |’

[Ipu miniitHOMY 3B’s13Ky nedopmalliii Ta 130Tpornii Marepiany 3akoH ['yka 6e3

BpaxyBaHHS TeMIEpaTypHUX Aedopmalliii 3aucy€eThCsl y BUTIISIL

1 1

& =% (0x —voy, —v0,), Vay = T
1 1

&y = I (—VO'x + o0y, — Vo-z)r Vxz = ;sz’ (2.4)
1 1

&=% (—voy —voy, +0,), ¥y, = v

AG0, BUpaXkarouu HaIMpy>KEHHS, OTPUMAEMO:

o, = 2UE, + 10, Oxy = UTxy,
oy = 2ugy, + 10,0y, = Ut,,, (2.5)
0, = 2UE, + 10, 0,, = UT,y,

ne 0 =g + &g, + &, — o6’emua nedopmaiis, E — moayis FOura, v — koedimienr

Ev
(1+v)(1-2v)

I[Tyaccona, A = — xoedinientn Jlsame.

U= 2(1+v)

HudepeHiiiiine piBHSIHHS TO3/J0BXHIX KOJIMBaHb CTPIDKHS, IO Mae
TOMOT'€HH1 XapaKTEPUCTUKU MO YCIA JOBXKHHI (KOPCTKICTh IPHU MO3J0BKHHOMY
HaBaHTaxxeHH1 EF=const, niHiiiHA T'yCTUHA Macu pF'=const, F — mioma nepepizy),
Oyzie MaTH BUTJISII;

0’u 1 0%u

0x? ¢ 0t? 0, (2.6)
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1
2 . . .
A€ Co = (E/ p) — HMBHUIAKICTb NHNOHMIMPCHHA ITO3JI0BKHIX XBWJIb Yy CTPHIKHI, a

GYHKINS TO3J0BKHBOrO TepemimieHHs u(x,t) Ha HOro KIHIMX ITOBHHHA
3aJIOBUIbHATH TPAHMYHUM YMOBAM.

Po3B’s130Kk (2.6) mpencTaBnsatoTs y Burisiai [17, 46]:
u(x,t) = U(x) cos(wt — k), (2.7)

7€ w, K — BIJAMOBIIHO YacToTa Ta (a3a KOJIMBAHb.

BiamosinHo, pimenss (2.7) moxke OyTH 3HaificHE 32 HACTYITHOI (OPMYIIOF0

U(x) = C, cos Bx + C, sin Bx, (2.8)
hi (S
P 1/ o
p=w (E) = a,

a KoHCTaHTH C;, C;, BU3HAYAIOTHCS 3 KPalOBUX YMOB.
IcHye aHanmoriss MIX MO3OBXHIMU Ta KPYTUIBHUMU KOJUBaHHSMU. Tomy

PIBHSIHHSI KDYTHJIBHUX KOJMBaHb CTPUXKHA (2.6), 1110 Ma€ HE3MIHHI B3/IOBXK BChOTO
CTPWXKHSA OPCTKICTh NpU KpydeHH1 Gly Ta JiHIAHY MacoBy IHepUilo pPl,,

NepenmumeTbCA HACTYITHUM YHMHOM:

- —— =0, 2.9)

ne cg = [Glg/ (pIO)]l/ 2 XapaKTepu3ye MBUAKICTb MOMUPEHHS KPYTUIHHUX XBUIIb
y CTPHIKHI.

Po3B’s130k piBHSAHHSA (2.9), a came Bupa3 PyHKI1T NepeMillieHHs TPU KPYYEHHI
0 (x, t) 3amKMCYETHCS Y HACTYITHOMY BUTJISII:

0(x,t) = O(x) cos wt. (2.10)

VY Bupaszi (2.10) @(x) — npocTopoBUii PO3MOAUT KyTa 3aKpydyBaHHS TIO

JIOBYKUHI CTPHIKHS, IKHI MOYKHA MTPEICTABUTH HACTYITHUM YHHOM
O(x) = C; sin fx + C, cos Bx, (2.11)

C;, C, - KOHCTAHTH IHTETPYBAHHS, BA3BHAYEHI TPAHUYHUMHU YMOBaMHU.



47

AHani3 IMHAMIYHOI TOBEIIHKH MPU3MATHUYHOTO CTPMXKHS MPH 3TUHAJIBHUX

KOJIMBAHHSIX OMUCYIOTHCS AUPEPEHIIHHUM PiBHIHHSIM:

El—+ pF— =0, (2.12)

ne w(x,t) — nporuH cTpwkHs, El — 3ruHanbHa )KOPCTKICTh CTPUXKHS, pF — MacoBa
JiHIAHA TIUTHHICTS.

DyHKIISA TPOTUHY CTPYKHS W (X, t) 3HAXOIUTHCS Y HACTYITHOMY BUTJISI
w(x,t) = W(x) cos wt. (2.13)
ITpocTtopoBuii po3moiia mporuny cTprkHs W (x) po3B’I3yeThes Tak:

W(x) = C; sinkx + C, cos kx + C3sinh kx + C, coshkx, (2.14)

pFw?
EI

Je XBWIbOBE uuclio K = . Jlud BU3HAUYEHHS KOHCTAHT IHTErPYBaHHS

C;, C,, C5,C, HEOOX1THO 3a/laTh TPAHWYHI YMOBH, SIK1 3ajie)kKaTh BiJl THUITY OIOPH

CTPHIKHA Ha KiHHHX.

2.3 IloOynoBa MaTeMaTH4YHOI MOJeJIi KIHEMATHKH TA JUHAMIKH KOCMIYHHX
MAaHIMyJSTOPIB 3 ypPaXyBaHHAIM KOHCTPYKTHBHHUX Ta PyHKIIOHAIBLHUX

0CO00JINBOCTEMH

PosrasineMo MexaHiuHy CUCTEMY 3 KIHEMaTUYHOIO CXEMOI0, 300paKeHOI0 Ha
puc. 2.1. Jlana cuctema CKJIaIa€ThCsl 3 ABOX aOCOJIOTHO TBEPAUX T, IO 3’ €HAHI
0e3MacoBUM IIAPHIPOM 3 OJJHUM 00epTaIbHUM CTyrneHeM cBoOou y Toulll 0. Bick
oOepTaHHs NEPIEHAUKYJISPHA J0 TIOMIUHU PYXY.

Ha puc. 2.1 BBeneHO Taki MO3HAYEHHS: M4, M, - MACU MEPILIOTO Ta JPYroro
TIJT; 0 — KyT MOBOPOTY LIAPHIPA; U; — BEKTOP WIBUJKOCTI HEHTPY Mac MEPILIOTo Tija
BITHOCHO 0a3ucy €€; VU, — BEeKTOp MBHUIKOCTI IEHTPY Mac JIPYroro Tija BiIHOCHO
€€, W, — BEKTOp KyTOBOi IMIBUJKOCTI MEPIIOro Tija BIHOCHO €°; W, — BEKTOp

KyTOBOI IIBUAKOCTI IPyTroTo Tijia BITHOCHO €€; 6, 6, — TeH30pHu 1HepIlil MepIIoro i
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apyroro Tin y toukax Cy, C, BignoBigHo; M(t) — xepyr4uii MOMEHT y IIapHipi

(MOMEHT, CTBOPIOBAaHUI1 MPUBOIOM CTYIICHSI PYXJIUBOCTI).

On él
Puc. 2.1 — MexaniuHa po3paxyHKOBa cXxeMa JBOJIAaHKOBOI CUCTEMU

HeoOxiaHO BUBECTH PIBHSHHS PyXy JaHOI MEXaHIYHOI CUCTEMH, IMPOBECTH
JOCIIIJKEHHSI JUHAMIYHUX XapaKTEPUCTUK JBOJAHKOBOTO MAaHIyJIATOpa 3a
HassBHOCTI Mojieneit kocMiunoro anapaty (KA), kopucHoro naBantaxxenss (KH) ta
0e3 Hux. [IpoBecTn MOPIBHSHHSA pPO3PAXOBAHOTO KEPYHOUOIO MOMEHTY Yy
HIAPHIPHOMY BY3JIl B 3QJIEKHOCTI BIJ] 4acy pO3rOpTaHHSA OJHI€l JJAHKH B1JHOCHO
IHIIOT [T OTpUMAaHHSA  JAMHAMIYHMX  XapaKTEPUCTHUK, SKI  OYyIyTh
BUKOPHCTOBYBATHUCS VISl PEKOMEHAIlIN CTOCOBHO MMiI00PY MapaMeTpiB IBUTYHIB Y
HIapHipax.

3rinno 3 [31, 44, 47] orpumaemMo Ta AOCIIIUMO PIBHSIHHS JWHAMIKU
JIBOJIAHKOBO1 CHCTEMH BIIHOCHO 0a3ucCy, pO3TalIOBAHOIO Y LIEHTPl Mac CHUCTEMHU 1
MOCTYIOBO PYXA€ThCs BIIHOCHO 1HEPIIHOTO O6a3ucy. OpOiTanbHUM pyX CUCTEMH HE
posrasigaemo. [lpumyckaemo, 10 30BHINIHIX aKTUBHUX Ta 30ypPIOIOUUX CHIIOBUX
dbakTopiB 10 T cucTeMH HE mnpukianeHo. Koudiryparisi cCUCTEMH 3MIHIOETHCS
BUKJIIOYHO BHYTPIlITHIM MOMeHTOM M (t), 110 po3BHUBa€ mpuBif B mapHipi 0.

VY BianmoBigHOCTI A0 Teopemu KeHira, KiHeTUYHA €HEPris pyXy CHCTEMHU

BiJTHOCHO 0a3ucy €°
T == Tl + Tz, (215)

ne T;, T, — KIHETHYHI €Heprii MepIIoro Ta IPyroro Til.
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1 _ _
Tl - Emlvl'v1+§w1'91'w1,

1 _ _
TZ =§m2v2'v2 +§w2'92'(1)2.

(2.16)

KyToBi mBHIKOCTI W;,®, 1 KyTOBY MIBHAKICTH Yy ImIapHipi O TOB's3ye

CII1BBITHOIIIEHHS
52 == 51 + 5, (217)
7€ (0 — KyTOBa MIBUAKICTH B mapHipi O.

JliHiiiHY IIBUAKICT, IIEHTPY Mac JApyroro Tula U, OTPUMAEMO,

TUQEepEHITIIOI0YH 32 YacoM y 0a3uci € BEeKTOPHE CITiBBiTHOIICHHS

EZ = Rl +7:1 +f2, (218)
ﬁz = 172 == ﬁl + 7:_‘1 + 772, (219)
172 =771+(1_)1XT'_1 +(0_)1+5)X7'—2 (219)

[Ticns mpoektyBanHs (2.17) Ta (2.19) Ha Hanpsamu Oa3UCHUX BEKTOPIB

ei, el ra 3 orpumaemo

52 = 51 +w a60 go.z = (p.l + QD.,' (2.20)
Ux2 = VUx1p — W11y — (wq + a))ryz 2.21)
Vyp = Vy1 + W17, + (W1 + 0)Ty; ’
Sk BunHO 3 puc. 2.1
Tx1 =1
{Ty1 — 0 (2.22)
Ty2 = T3 COS @
{ryz =71,sin " (2.23)
[Ticns miacTtanoBku (2.22) ta (2.23) no (2.21) otpumaemo
Vyy = V1 — (@1 + @)1y sing
_ . . , . (2.24)
Vyp = Vy1 + @117 + (@1 + w@)ry cos @

[lepenumemo Bupa3 kKiHeTuyHOi eHeprii (2.15) y ckamsapuiii ¢opmi 3

ypaxyBaHHsM (2.16)



50

1 b . .
r= E{ml(%%l +v51) + 119F + my (v, +v5,) + (¢ + 9)?). (2.25)
[TincraBumo (2.24) no (2.25)

T=-
2

{173%1(7711 +my) + vy (my +my) + @[ + I + my(rf + 15 +
+21,15 cos )] + @2 (I, + myr2) + v, ¢, (—2m,7, sin ) +
FV, @(—2myry sing) + v,,,¢,(2m,ry + 2myr; cos @) +

+vy19(2m,r; cos @) + +¢,9(2myrf + 2myrr, cos @ + 2 IZ)}, (2.26)

€ Vy1, Uy — HPOEKIIi BEKTOPY JiHIMHOI HIBUIAKOCTI 0asucy el y manpamxy
0a3UCHUX BEKTOPIB &; Ta &;.

3HaiineMo 3B’ 130K Mi IPOEKIisIMH BEKTOpY 7, y 6a3ucax é; Ta éx (puc. 2.2).

Vxe = VUx1 COS 1 — Vyq SiN @4
Vye = Uy SINQq + Vyq COS @1’

JI€ Vy¢ Ta Vy, — NPOEKIii BEKTOPY Uy y 6asuci e°.

VY matpuuHiit popmi
(vxc> B (cos @, —sin (pl) <vx1> _
Vye sing; COS @, Uy ’

v, = Avy; v, = ATv,.

P €

; V1 P

. > .
e.

vxc 1

Puc. 2.2 — Bekrop 7, y 6a3ucax &; Ta é,
Tomi

{ V1 = Uxc COS Q1 + Uy sin ¢4

Vy1 = —Vxe SINQq + Uy COS Py’ (2.27)



51
Ockinbku 7; = Ry, TO V. = X, Vye =Y, I€ X,Y — KOOPAMHATH pajiiyc-

BekTOpy R B 6asuci €.

Tomi
Vyq1 = X COS @4 + ysin @,
{vyl = —xsin@; +ycos @, (2.28)
[TincraBumo (2.27) B (2.26). Jlns 1iboro 3HaiiieMo
vZ = %% cos? ¢, + y?sin? ¢, + 2xy sin ¢, cos ¢ 529
vy = X% sin® @1 + y? cos? @1 — 2%y sin @, cos @, (2.29)

Otpumaemo
T = %{xz(ml +my) +y2(my + my) + @il + I, + my(rf + 1§ +
+2r,15 cos )] + @2 (I, + myrf) + %@, [—2m,(rysin @, + 1, sin(@; + @))] +
+y@1[2m,(ricos o1 + 15 cos(@r + @))] + X@(—2myr; sin(e, + @) +
+y@(2mar,y cos(@r + @) + G1@(2(mary(ry + 11 cos @) + 1))} (2.30)

Piusinnsa Jlarpanska Il poay. BigHocHuii pyx BuxigHoi cuctemu (puc. 2.1)

OMHCYETHCS CUCTEMOIO quepeHIaIbHuX piBHIHB [20]:

——————=Q, (i =14 (2.31)

Ie g1 = X,q, =Y,q3 = Q1,4 = @ — y3aralibHEHl KOoOpaAuHaTH; (J; — 30BHIIIIHI
CWJIH TIO BIJIIOBIHUM y3arajibHEHUM KOOPAMHATaM, 110 BIUIMBAIOTH HA MEXAHIUYHY

CHCTEMY.

BuBenemMo KOMIIOHEHTH JUIS Ii€1 CUCTEMU:

oT 0T ) . .

—— == = x(my + my) + ¢,[—m,(rysin @1 + 1, sin(e; + @))] +
dq; O0x

+¢@(—m,7r, sin(@; + @));
oT 0T )
ﬁ = @ = y(my; + m,) + ¢1[m,(ricos @, + 1, cos(eq + @))] +
2

+¢(m,r, cos(@y + @));



52

oT T ,
— =¢;(m; + my) + ¢1[I; + I, + my(r? + 1} + 21y, cos )] +

94; ¢,
+x[—m, (rysin ;1 + 13 sin(@; + @))] + y[m,(rycos @, + 1, cos(p; + @))] +

+@[myr, (1, + 11 cos @) + L];

O T ol + mar2) + 2l—myr, sin(py + 9)] +
_— == mo7- X|—m-»1-, SIn
93, 09 ARY) 21, 21> 1 TQ

+y[m,r, cos(p; + @)].

or _or _ oT _or_

dq, O0x 'dq, dy
o O pilomy + 1y cos(py + o)] +
— = —— = x¢,[—m, (r;cos T, COS
3qs 09, P1 2" ¢1 2 Y1 TQ

+y¢;[—m,(rysing, + 1y sin(e; + @))] +

+xXQ[—myr; cos(@r + @)] + yo[—mar; sin(ey + @)];
oT 9T

— = — = @?[—m,ny1y sin @] + X¢,[—m,1, cos(p; + @)] +
g, 9 Prlmmanmzsing @1[—myr; cos(@q + )]
+y @1 [—m,r; sin(@, + @)] + x@[—m,1r, cos(@y + )] +

+yp[—m,r; 51'n(<p1 + @)] + ¢, p[—m,ry1y cos @].

PiBHsiHHS aMHaAMiKM 32  y3arajJbHEeHMMH  KOOpAMHATaMM. 3a

y3arajJbHEHOI0 KOOPJIUHATOIO ¢ = X MA€EMO:

X(my + my) + @1 [—m,(rysin @y + 15 sin(@, + @))] + $[—m,7, sin(e; + )] +
+¢’%[_m2 (rycos @1 + 1, cos(@y + @))] + 2¢,@[—m,1; cos(p; + @)] +
+@?[—m,r, cos(p; + )] = 0.

3a y3arajlbHEHOI0 KOOPAUHATOK ¢, = Y MAEMO
y(my; + my) + $,[my(ricos @y + 1, cos(py + ¢@))] + @[m,r, cos(e, + @)] +
+g'0%[—m2 (rysin@, + 1y sin(p; + @))] + 2¢,p[—m,r; sin(@; + )] +

+¢’2[_m27”2 sin(p; + ¢)] = 0.
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3a y3araabHEHOI0 KOOPAUHATOIO 3 = (7 MAEMO
X[—my(rysin @y + 13 sin(@y + @))] + J[m,(rycos oy + 15 cos(py + @))] +
+@.[I; + I, + my(rf + 17 + 21y cos @)] +
+@,@[—myrr, sin @] + @2[—m,ry7, sin @] = 0.

3a y3arajibHEHOI0 KOOPJUHATOIO ¢, = (9 MAEMO

X[—m,r; sin(@; + @)] + J[myr, cos(ey + @)] + @, + mzrzz) +
+¢%[_m27”17”2 sing] + ¢, @[—m,ry1; sin @] = M(t).

Po3B’s13ytoun mepiini Ba piBHSAHHS BIIHOCHO X, Y Ta MiJICTABISIOYN OTPUMaH1
PO3B’SI3KH Y PIBHSAHHS ISl (01, OACPKUMO PIBHSHHS AUHAMIKYU IS (O :

2

G|+ 1 +M(r2+r2+2rr cos @) —¢L[r2+r1‘ cos @] +
111 2 m1+m2 1 2 172 m1+m2 2 172

. My—my .2

+¢. 0 ———m,|rir, singp| — p* ——
(pl(pm1+m2 2 [y @] ‘Pm1+m2

mm
~—2_[ry7y sinp] = 0. (2.32)

[TizcTaBnsoun OTpUMaHi PO3B’SI3KU y PIBHSHHSA JUJIS (0, OJIEPKUMO PIBHSIHHS

JTWHAMIKH JJI5

. m3 1, mumg
<P1m[7‘2(1”2 —rcos@)]+ @ [7‘2 e + 1| -
. m1m2+2m% ) o .
— @7 e i, sing| — @ @[m,rr, sin ] = M(t). (2.33)

Takum urHOM, piBHSAHHSA (2.32), (2.33) NOBHICTIO ONKUCYIOTh BIIHOCHUN pyX
JIBOJIAaHKOBOT CHUCTEMH ]l Ji€l0 BHYTpIITHHOro MomeHTy M (t). Ilpu Bimomux
BXIJJHUX [MapaMeTpax Ta BIIOMOMY KIHEMaTUYHOMY KE€PYBaHH1, MM MOXEMO 3HAUTH

3HAUEHHS KePy4uoro MomMeHTy M (t).

2.4 ImiTaniiiHe MOJEJIOBAHHA KIHEMATHYHOI0 KEPYBAHHSA MAHINYJIATOPOM

ImiTariiine MOJENIOBaHHA KIHEMATHYHOTO KEPYBaHHS MaHIMyJIATOPOM

peanizoBane y MATLAB Simulink — mnporpamMHomy cepenoBuii s
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MIPOEKTYBAHHS, CUMYJIAIII Ta aHAmM3y auHamidaux cucteM [105]. Posrnsgascs pyx
JIBOJIaHKOBOT1 cucteMu 0e3 moneneit KA —Moaens 300paxkeHo cuHiMm koisopom, KH
— yepBoHUM (puc. 2.5, a) Ta 3 HUMU (puc. 2.5, 6). JIaHKK po3ropTaroThCs MO Yep3i:
nepina JaHKa — MPOTU X0y TOAMHHHUKOBOI CTPUIKH, SKIIO AUBUTUCA 3 BUIBHOTO
TOPIISI IEPIIOTO BY3JIa; a Ipyra — Mo XOAY FOJIMHHUKOBOL cTpiiku. KoxkHe 3 Tin Mae
Tpu cuctemu koopauHat (CK): y micuax kpiruieHHs Tina 3 nonepeanim (CK1) 1
HactynauMm Tinmamu (CK2), y mentpi mac tinma (CKL[). BBemennst mapamertpis
Mozenel mpoBoautbes y Ononi Body (puc. 2.3). Opienraris Tijia BiiOyBa€eThCs
HUIIXOM MIOBOPOTY Biceit koopanHaT HeoOxiaHoi CK (puc. 2.4). BukopucroByBanocs
JIBa BUJW IIApHIPiB: mecTUcTyneHeBuil — 3Haxomutbest y CKI[ KA; 3 onHum
CTyIIeHEeM CB0O0O M (0OepTaHHSI HABKOJIO OJHIE] BiCl) — 3HAXOMATHCSA Y IIAPHIPHUX
By3Jax ceku1i MaHimysasTopa ta KA 1 nepioi laHku. Ik Bicb 00€pTaHHs y KOKHOMY

6110111 0OpaHa Bich abciuc.

"4 Block Parameters: zveno X
Body ]
Represents a user-defined rigid body. Body defined by mass m, inertia tensor I, and coordinate origins and axes for
center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial position and
orientation, unless Body and/or connected Joints are actuated separately. This dialog also provides optional settings for
customized body geometry and color.

Mass properties

Mass: |1.4? | kg -
Inertia: |[D.1314 0.0005 0; 0.0005 0.0026 0; 0 0 0.1314] | kg*m~2 -
Position Orientation Visualization
Show Port Hame 0Origin Position Units Translated from Components in

Port Side Vector [x y z] Origin of Axes of

] Left ¥ | CG [-68 -450 0] mm v C51 | €51 M =
= Left > | C51 [000] mm  *  Adjoining + | Adjoining -

I Right ~ CS2  [-13-914.50] mm ~*|CS1 - | cs1 - “

Cancel elp Apply

Puc. 2.3 — brok mapameTpiB nepioi JaHku MaHinmyssTopa (nosumionyBants CK)

B sikocTi TecToBOi po3paxyHKOBOI MOJIENl AMHAMIKH JIBOJIAHKOBOI CHCTEMU
Oynu oOpaHi TiIa 3 TAKUMHU XapaKTEPUCTUKAMU:

- miss manok: CK1 = [000]mM, CK2 = [13914,50] MM, CKL =
[68 450 0] MM, Mmaca m = 1,47 kr, TeH30p iHEpIIii

I =10,1314 0,0005 0; 0,0005 0,0026 0; 0 0 0,1314] kr-m?
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- st kocmivHoro amapaty: CK1 = [0 0 0] mm, CK2 = [00 0] mm,
CKLl = [407 719 9] mm, maca m = 330 kr, TeH30p iHEpIIii =
[72,4309 0,008 0,0007; 0,008 35,2022 0,001; 0,0007 0,001 72,4368] kr-m>;

- s kopucHoro HaBaHTaxkeHHs: CK1 = [000]mvm, CK2 =
[000] mm, CKI = [139,6 0433,6] MM, Maca m = 7,8 xr, TeH3op iHepiii
1 =10,526500; 00,5265 0; 00 0,0759] kr-m2.

OYHKIIIOHYBaHHS IIAPHIPIB MaHIMYJIATOPa MPOBOJUTHCS MO Yep3l IUITXOM
Mo/Iaul CHUTHATY KYTOBOTO IEPEMIMIEHHS, 0 TEHEPYETHCS 3alporpaMOBaHOIO
Matlab-¢dyHkiieto, JICTHHT SKOi HAaBEJAEHO y MOoAaTKy A. SIK BXiAHI mapameTpu

(GyHKUI{ BUCTYNAaIOTh HOTOYHHUI Yac CUMYJISILIT ¢ 1 4ac PO3BOPOTY OAHIET JIAHKH Ly

*& Block Parameters: zveno2 *,

Body 2
Represents a user-defined rigid body. Body defined by mass m, inertia tensor 1, and coordinate origins and axes for
center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Body initial position and
orientation, unless Body and/or connected Joints are actuated separately. This dialog also provides optional settings

for customized body geometry and color.

Mass properties

Mass: |1.4?‘ | kg -

Inertia: |[0.1314 0.0005 0; 0.0005 0.0026 0; 0 0 0.1314] | [kg*m~2 ~

Position Orientation  Visualization

1 Left > G [00D] rad ~ CS1 *  Euler ¥-v-Z =
~ Left * (51 [pi-0.108917 pi 0] rad = Adjoining *  Euler ¥-v-Z -
| Right ~ C52 [000] rad ~ CS1 ~ | Euler ¥¥-Z - v

Cancel Help Apply

Puc. 2.4 — bnok mapameTpiB apyroi JJaHku MaHinyJsaropa (nmosopot CK)

Cursasn KyTOBOTO TMEPEMIIICHHA ¢ JEMOHCTPYE 3MiHYy KyTa MOBOPOTY
mrapHipa y yaci (puc. 2.6, a). Moro KpuBa CKIagaeThcs 3 ABOX HapabOIigHMX
CEerMEHTIB, sKI 3a0e3MedyloTh IJIaBHUW PO3riH Ta raibMmyBaHHs. [lowaTok 1
3aBEpPIICHHA PyXY XapaKTepU3YIOTbCSI HU3BKAM TPATIEHTOM, IO MIHIMIZYE

JTMHAMI4H1 HAaBaHTaKEHHS Ha KOHCTPYKIIIIO.



56

a) 0)
Puc. 2.5 — CxeMma 1B0OIaHKOBOI CUCTEMU:

a) 6e3 moneneit KA, KH; 6) 3 monensmu KA, KH

[Ticns reHeparlii CUTHAJIIB KyTOBUX MEPEMIILIEHb BEAYThCS PO3raly>KEHHS 10
OJIOKIB IIEPILIOI Ta APYroi NOXITHUX, TAM CAMUM OTPUMYIOYH KYTOBI IIBUIKICTh Ta
IPUCKOPEHHS BIANOBIAHO (puc. 2.6, 6 Ta puc. 2.6, B). 'padik KyTOBOI IIBUAKOCTI ¢
Ma€ JIHIAHY 3aJ€XHICTh, IO CBIIYUTH MpPO pPIBHOMIPHE MPUCKOPEHHS Ta
ranpMyBaHHs. CHOCTEpIraeThbCsi CUMETPUYHA TPUKYyTHa (popma, e MaKCHUMaJlbHE
3HAYEHHS MBUIKOCTI IOCSATAETHCS y CePeANHI THTEPBaTY, MICIA 4Oro BiI0OYBAETHCS
IJIaBHE 3HWXKEHHS 10 HYJIS.

I'padpix KyTOBOro NPHUCKOPEHHS () XapaKTEPU3YEThCS JIBOMA CTAIUMH
PIBHSIMU TO3UTUBHOTO Ta HEraTMBHOIO 3HAYEHHS, 110 BKAa3y€e Ha PIBHOMIPHUMN
XapakTep 3MIHMA MIBUIAKOCTI. BiAMoBiIHO, Ha MOYATKy pPyXy MNPUCKOPEHHS Mae
J0JIaTHE 3HAYECHHS, y CepelHii ¢a3i BOHO CTa€ HYJIHLOBUM, a MPU TrajibMyBaHHI
npuiiMae BiJ’€MHE 3HAUEHHS, 1110 CIPHUSIE MOCTYMOBIM 3yNUHI IIApHIpa.

3amaHHs KyTOBUX XapaKTEPUCTHK INApHIpa MaHIMyJIsITopa y Takii Qopmi
3a0e3neuye MIaBHUM, KOHTPOJbOBAHUM 1 CTAOUIBHUM pyX MexaHi3My. [Tapaboiiuna
dbopma curHajly KyTOBOTO TEPEMIIIEHHs J03BOJISIE YHUKHYTU PI3KUX 3MiH
MIBUAKOCTI Ta IPUCKOPEHHS, 1110 3MEHIIY€E 1HEPLiHI HAaBaHTa)KEHHS, 3HIKY€E PU3HK
nedopMaiiiii 1 MABUILYE TOYHICTh TMO3UIIOHYBaHHS. [lnaBHMIT po3riH 1
raJlbMyBaHHS 3all00iraloTh KOJIMBAHHSAM MaHIMYJIATOPA, 10 BAXKIMUBO AJISI TOUYHUX

TEXHOJIOTIYHUX TPOIIECIB, 30KpeMa B KOCMOCI.
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Puc. 2.6 — KyToBa kiHemMaTHKa mapHipa:

a) KyTOBE MepeMIIeHHs; 0) KyTOBa MBUJIKICTh; B) KyTOBE MPUCKOPEHHS
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KontponboBanuii mnpodinbs MBUAKOCTI Ta MPUCKOPEHHS POOUTH pPyX
IIPOrHO30BAaHUM, CIIPOIIY€E KEPYBaHHS Ta Y3TOMKye pPOOOTY KITbKOX MIapHIPIB.
BiacyTHICTB p13KHX NPUCKOPEHBb MiHIMI3Y€E EHEPrOCTIOKUBAHHS 1 HABAaHTA)KEHHSI Ha
MPUBOJM, IO MiABUIYE €PEKTHBHICTh Ta HAMIMHICTL poOOTH cucTeMu. MeHIri
MEXaHIUYHI HaBaHTaXXEHHS Ta BIOpaIlli CIpHUSIOTH 301IBIIECHHIO TEPMIHY CITYKOU
MaHIIMyJISATOPA, 0 KPUTUYHO JUIsl aBTOHOMHUX Ta BUCOKOTOYHUX CHCTEM.

Yepes 6,10k Mux curHamy KyTOBUX MTEPEMIIIEHB, ITBUIKOCTI Ta IPUCKOPCHHS
00'€THYIOTbCS B OJIMH 1 MOJAIOThCS HAa YMOBHHMU mnepemMukad Switch. Jloriuna
CKJIa/I0Ba L[bOTO OJIOKA IMOJIATAE B MO/Ia4l CUTHAJIIB KyTOBUX XapaKTEPUCTUK OJIOKa
Joint Actuator 3a1e>XHO BiJl 3HaY€HHs KyTa IOBOPOTY JIAHKH, 1110 3YUTYyeThesA 3 Joint
Sensor (puc. 2.7).

SIKI0 KyT MOBOPOTY MEPIIOTO MIapHIpa 3HAXOAUThCS B Jiama3oni 0° = ¢, <
< 180°, na 610k Joint Actuator HaaxoaaTh curHanu Bia Matlab-gynkuii. oo
3HAQ4YEHHS KyTa MOBOPOTY nepioi Janku gocsrae 180°, 6mox Switch aBromatudno
nepeMuKae Jpkepesno curHany 3 Matlab-dyukuii Ha @yukyio nopienanus kymal,
sKa 3YUTY€ KYTOBI XapaKTEPUCTUKHU OE3MOCEPEIHBO 13 CEHCOopa MIapHipa.

@yuxyin nopisuanua kymal niepenae Ha Joint Actuator MocTiiiHe 3HAYCHHS
KyTa moBopoty 180° Ta HyNIbOBI KyTOBY IIBUJIKICTH 1 IPUCKOPEHHS, TUM CaAaMUM
0J10KyI0uM 00epTaIbHUI PyX By3JIa.

Ha erami 3unuTyBaHHSI CUTHAJIB KyTOBHX XapaKTEPUCTHUK, MOMEHTIB Ta CHJI
peakuiii BukopuctoByeTbesa 010k To File mmst 30epexxkennss nanux y aitn. Lei
JOKYMEHT MOK€ B TMOJAJbIIOMY 3aMIHMTH mnoudaTtkoBy Matlab-dpyHkiio Tta
CJIYT'YBATH SIK 1HIUBITyaJIbHUM CUTHAJ KyTOBOTO MOMEHTY JIJIsi KOSKHOTO IIapHipa.

KepyBanHs apyrum mapHipoM MaHIMyJISITOpa OPTraHi30BaHO aHAJOTIYHO.
Jana mporpama Moke ajanTyBaThcs Mg N KUIbKICTh JIAHOK, BIJMOBIIHO, 1
mapHipiB. Mopaudikarliss TOTOYHOTO BapiaHTy CHUCTEMH MPOBOIUTHCSA MUISTXOM
BIPOBAPKCHHS OJIOKIB HEOOX1THOT KUIBKOCTI JJAaHOK MaHIMyJIATOPa, PO3IIMPIOIOYUN
3a a”anoriero Matlab-¢dyHKIit0 Ta BiMOBIIHI 3B’ A3KH Y OJIOK-CXEMI.

VY tabnuimi 2.1 HaBeAeHO MaKCHUMaJIbHI 3HaYEHHS PO3PAaXOBAHOTO MOMEHTY

M(t) y mapHipi MK JaHKaMu MaHimysisTopa. [Ipu iMiTaniiHOMy MOJEIIOBaHHI
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JUHAMIKH JBOJIAHKOBOI CHCTEMH 3 MacoBo-iHepiiiHuMmu mapamerpamu KA, KH
CIIOCTEpiraeMo HaWBHIII 3HAYCHHI MOMEHTIB M (t), SIKi IEPEBUIIYIOTh PE3yIbTaTH

y Bumnaaky 6e3 KA, KH y monan 5 pasis.

Tabmuns 2.1 — ITopiBHSHHS MaKCUMaJIbHUX 3Ha4YeHb M (t)

y mapHipHOMY BYy3:i nipu HasiBHOCTI KA, KH Ta 6e3 Hux

M(t) 1073, H'm

t,, € bes 3
MoJelIen MOJICIISIMA
KA, KH KA, KH

20 10,7 67,1
40 2,825 17,23
60 1,277 7,902
80 0,725 5,166
100 0,599 4,23

Pesynpraty uncenbHOTO MOJENIOBAaHHS CBIYaTh MPO 3HAYHUM BIUIUB
MacoBo-1HepiiitHux napameTpiB KA ta KH Ha BenmnunHy MakCMMaJIbHOTO 3HAUYEHHS
MOMEHTY B IIApHIP1 MaHIMyJIsITOpa. AHaJi3 TabJIUIIl MOKa3ye, 10 B yCiX BUMAIKAX
BEJIMYMHA MOMEHTY Yy IIApHIP1 € 3HAYHO OUIBILOO NMpU BpaxyBaHHI mojeneil KA ta
KH nopiBHSIHO 3 BapiaHTOM 0€3 HUX.

31 301IbIICHHSIM Yacy pO3BOPOTY OJHIET JmaHKH t,; Bim 20 mo 100 ¢
CTIOCTEPIraeThCs CyTTEBE 3MEHIIEHHsI MOMeHTY M (t) y mapHipi. 30kpema:

o 6e3 momeneit KA ta KH BennumHa MOMEHTY 3MEHIIYETHCS Bij
10,7-10° H-m (ipu t,; =20 ¢) 10 0,599-107 H-M (11pu t,, = 100 ¢), 1110 € 3HUKEHHAM
OunbiI HIXK y 17 pa3is;

° npu BpaxyBaHH1 Mmojieneit KA ta KH MoMeHT Takok 3MEHIIIyEeThCS, alie
3QIIMIIACTLCS 3HAUHO BUIIUM: Big 67,1-10° H-Mm (mpu t,, = 20 ¢) no 4,23-10° H'm
(pu t,; = 100 c¢), 1110 BIJNOBIa€ 3HWIKEHHIO Maiike y 16 pasis.

Otpumani pe3yiabTaTd MiATBEPIKYIOTh, IO 30UIBIIECHHS Yacy pPO3BOPOTY
3MEHIIlyE MOMEHT Yy WIapHipi, OCKIJIbKUA 3HUXKYIOTHCA 1HEPIiHI HaBaHTaXKEHHS,

MOB's3aHI 3 TPUCKOPEHWM PYXOM JIaHOK. BpaxyBaHHS MacOBO-1HEPIIMHUX
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napameTpiB KA ta KH cyTTeBO BIUIMBaE Ha po3paxyHKOBI 3HAYEHHS MOMEHTY, 1110
BKa3ye Ha HEOOXIAHICTh iXHBOTO aHaji3y IMiJ Yac MPOEKTYBAHHS Ta ONTHMI3allii
KEepyBaHHS MaHIMYJISTOPOM.

Ha mpukmani t,;, = 80 ¢ po3risHeMo MOBEAIHKY Tpadika po3paxoBaHOTO
MOMEHTY Y IIapHIpl MK JJaHKaMHU MOJIeJIl MaHinyJaTopa 3 ypaxyBanHsaM KA ta KH
(puc. 2.8). JIuHamika MOMEHTY B TIepIIIOMY IIapHipi 0e3mocepeHBO 3aICKHUTh Bl
KyTOBHX XapaKTepUCTUK (MEpEeMIillleHHs, IIBUAKOCTI Ta MPUCKOPEHHS), SKi
MOAAIOThCS K CUTHAIM aKTyallii, 1mo 300paxeHi Ha puc. 2.6. Y nepiog 0—40 ¢
criocTepiraeThcsi ¢aza po3roHy MEpIIoi JIAHKU: MOMEHT Yy HIapHIpl 3pOCTae, IO
BIIMOBIZIA€ TOJAHHIO KYTOBOTO NPUCKOPEHHS ISl JIOCATHEHHS HEOOX1IHO1
mBHUAKocTl obepranHsa. Ilpu ¢ = 40 ¢ MOMEHT JocsAra€e CBOro MakCHUMAalbHOI'O
3HAYEHHS, MICISA 4Oro MovyuHaeThes paza raibmyBaHHs (40—80 c), mig yac skoi
MOMEHT TIOCTYIIOBO 3MEHILIYEThCS, 3a0€3MEeUylOYd IIJIaBHE MPUIHHEHHS pPyXy

IIEPILIO] JJAHKHU.

o \S)

M(¢), *10-3, H-m
o

0 20 40 60 80 100 120 140 160
t,c

Puc. 2.8 — I'padik po3paxoBaHOTO MOMEHTY Y HIApHIPI MK JJAHKAMH

3 mozensamu KA, KH ta t,;= 80 ¢

[Ticns ¢t = 80 ¢ kepyroUi CUTHAIW Ha MEPIIM MapHip OUIbIle HE MOJAI0ThCS,
OCK1JIbKY TIOUMHAE MPAIIOBATH APYTUH MIAPHIP, 3a0€3MeUyI0Yr PO3TOPTaHHS IPYTroi

nanku. [IpoTe, HaBITH 32 BIACYTHOCTI IPSIMOi aKTyallli, MOMEHT y MepIIOMY HIapHipi
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npoaosxkye 3MmiHtoBatucs (80—165 c¢). Lle mosicHIOETBCS peakIli€lo CUCTEMH Ha pyX
Jpyroi JaHKW, M0 CIOPUYUHSE TEPEepO3NOi HABAHTAXKEHb y BCIH KOHCTPYKIIII.
30Kkpema, Ha MOYaTKy I[bOTO MEePioly CIIOCTEPIraeThCs Pi3KUil CTPUOOK MOMEHTY Y
IPOTHIICKHUHN 01K, IO € HACTIAKOM 1HEpPLIHHOTO BIUIMBY Ta 3MIHU KOH(Iryparii
cucteMH. Jlaimi MOMEHT MOCTYIIOBO CIajia€e, CTa0II3yIOUHCh OJIMDKYE 10 HYJIA.

Takum uuHOM, aHami3 Tpadika MATBEPKYE 3aJICKHICTH MOMEHTY BIJ
KyTOBHX XapaKTEpPHUCTUK MaHIMyJIATOpa Ta iX 3MIH Yy 4Yaci, a TaKOX JEMOHCTPYE
BIUIMB B3a€EMOII1 IBOX IIAPHIPIB Y OaraToJIAHKOBIA CHCTEMI.

JUis  OLIHKK TOYHOCTI YHCEIBHOTO MOJICIIOBaHHS OyB MpOBEIECHUM
NOPIBHSUIBHUI ~ aHal3 OTPUMAHUX YHCIOBUX PE3YNbTATIB 13 aAHAJITUYHUMHU
pO3B’sA3KaMH, HaBeJeHMMHU y Bupasax (2.32) ta (2.33). Po3paxyHku mokaszai, 1o
PO301KHICTh MIK YUCIIOBUMH Ta AHAIITUYHUMHU 3HAYEHHSIMU MOMEHTY B IIAPHIPI
MaHinyasTopa He nepeBuilye 4%, IO CBIAYUTH PO BHUCOKY JIOCTOBIPHICTh
3aIpOIIOHOBAHOI YHCEIBbHOI MOJIEJIL.

3acTocoBaHi CIIPOIICHHS Ta MPUITYIIEHHS Y MOJICIIIOBaHHI HE MPU3BOIATH JI0
CYTTEBOTO BUKPUBJIICHHS AMHAMIUYHUX XapaKTEpPUCTUK MaHIMmyjsTopa. 30Kpema,
BpaxyBaHHS MOJIeJiel KOCMIYHOTO armapaTa Ta KOPUCHOTO HaBaHTaXCHHSI aJICKBaTHO
B110OOpa)kaeThCsl B OTPUMAHMUX YHUCIIOBUX JIaHUX, IO JO03BOJISIE BUKOPUCTOBYBATH
1[I0 METOAUKY JUUIsl IPAKTUYHOTO ITPOrHO3YBAHHS HABAHTAXKEHbB y IIapHIPHUX By3J1aX
MaHIIyJIsTOpA.

JlonaTkoBO, TIPOBENEHUN aHai3 JEMOHCTPYE, IO PIBEHb TOYHOCTI
YHCEIbHOTO METOAY € JIOCTaTHIM JIJIsl HOTO 3aCTOCYBAaHHSA Y MPOIIECi MPOEKTYBAHHS

MaHIMYJISITOPHUX CHCTEM.

2.5 CriHYeHHO-eJIeMEeHTHHU aHAJIi3 MOAATIUBOCTI MAHINYJIATOPA

BusHaueHHsT ~ KOHTMHyaJbHOI  MOJATIMBOCTI  MOJAENl  KOCMIYHOTO
MaHINyJasATOpa € HEOOXITHUM JJs TOYHOIO MOJENIOBaHHA JuHamiku. Yepes
THYYKICTh MOTO0 KOHCTPYKTHBHHUX €JIEMEHTIB, KJIACUYHI >KOPCTKI MOJIEJ HE 3AaTHI

aJICKBaTHO omucatH aedopmariii, 0 BUHUKAIOTh ITiJT €10 HABAHTAXKEHbD.
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3acTocyBaHHS METOAY CKIHUYEHHMX E€JIEMEHTIB J03BOJISIE€ JUCKPETU3YBaTH
CTPMKHEB1 €JIEMEHTH MaHIMyJIATOPa, OTPUMATH JIOKaJIbHI )KOPCTKICHI Ta MOIaT/IUBI
XapaKTePUCTUKH, 10 BPaXxOBYIOTh 3MIHHHUH Iepepi3, aHI30TPOIi0 Marepiany Ta
rpaHu4Hi yMOBH. Lle KpUTHYHO BasKIMBO AJI1 TOYHOT'O IPOTHO3YBaHHS eopmMariii
Ta JUHAMIYHOI MOBEAIHKHM MaHIIyJISATOpA i Yac CKIaJHUX MaHEBPIB.

Takox MCE nae 3mory OIIIHMUTH TOJATIUBICTh Y peaJbHUX YMOBaxX
eKCIUTyaTarii, KOJW MaHIMyJATOp IMiAJaEThC KOMOIHOBAaHMM HaBaHTAXCHHSIM
(3ruH, KpYy4Y€HHS, po3TAr). BKIIOYEHHS KOHTHHYaJIbHOI MOJATIMBOCTI B MOJENb
JI03BOJIsIE€ OUIBII TOYHO PO3PAaXOBYBATH KePYIoul i i KOMIIEHCAI[ll THYYKOCTI Ta
3a0€3Me4eHHs] CTAOUIBHOCTI BUKOHAaHHA MPOrPAMHHUX pPYyXIB MaHIOYJISATOpa Y

BIJIKPUTOMY KOCMOCI.

2.5.1 OCHOBHI 0JI0’KEHHSI METOY CKiHYeHHHMX eJIeMEHTIB

Meroa CKIHYEHHUX €JIEMEHTIB /I TPUBUMIPHOT MOJIEN 3 ypaxXyBaHHSM
TEOpli MPYKHOCTI TPYHTYETHhCS HaA 3arajibHUX MPUHIMIAX JTUCKPETU3aIlll Ta
anmpokcumalli, aje BpaxoBye crenudiky TPUBUMIPHOTO  HaIPY>KEHO-
nedopmoBaHoro crany marepiany. OCHOBHUMHM €TamamMu JJis BUPIIICHHS 3a7ad
METOJIOM CKIHYCHHHUX €JIEMEHTIB Ha3UBaroTh [19, 24]:

1) mobynoBa (pyHKITIOHATIA TTOBHOI MOTEHIIAIIBHOT €HEPT1i CUCTEMU;

2) AucKpeTu3allisi CACTEeMH Ha CKIHYEHHI €JIEMEHTH Ta BUOIp KOOPAUHATHUX

yHKIIH;

3) moOyaoBa MaTpHIll >KOPCTKOCTI Ta 3BEJICHHS JIOKAJILHOTO HaBAaHTAKCHHS

BY3J10BUM 151 KOs)kHOTO CE;

4) nmoOynoBa KaHOHIYHUX PIBHSHB (HAKJIQJEHHS TPAHUYHUX YMOB);

5) BU3HAYEHHS KUIbKOCTI CTYNEHIB CBOOOIU CUCTEMU;

6) BU3HAYECHHS KOMITOHEHTIB HaIpy>KeHO-1e(hOPMOBAHOTO CTaHy

(mepemitienb, HanpykeHb) B 001acTi CE, TOOTO B yCiX HEBIIOMUX BY3J1aX.
3a pomomororo (QyHKINH (HOpMU 3HAXOAMUTHCS 3B 30K MK BY3JIOBUMH
3HAYCHHSMH Ta 3HAYCHHSIMU BCEPEAMHI eieMeHTa. ToMy mepeMillieHHs y KO)KHOMY

CKIHUEHHOMY €JIEMEHTI MOXKYTb OyTH MOJaH1 y HACTYITHOMY BUTJISIL:
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n
u(x,y,2) = ) New (2.34)
i=1

ne N;(x,y,z) — bynkuii dopmu, u; — By3/I0Bi IepeMileHHs, i = 1, n — HoMep By3Jia
y CE.
OyHKITIOHAT TIOBHOT MOTEHIIIAILHOT €HEePTii 11 TPUBUMIPHOTO HAMPY>KEHOTO

CTaHy 3aMUCY€ThCS Y HACTYITHOMY BHUTJISIL:

1
IT= 2 f (ox&x + 0yEy + 0,8, + TuyVay + TuVaz + +Ty2¥y,) A2 —
2 (2.35)
- [ (Rt Ry + Ew) s,
0

ne ) — obnacts JUCKpeTU3allii CHCTEMHU.

OCHOBHI CITIBBIJJHOIIIEHHS Y MaTpUuHIi (popmi1 TPUIUMYTh BUTIIS;
{0} = [E}e}; {e} = [D{u}, (2.36)

ne {u},{o},{e},[E],[D] — BimmoBinHO BekTOpH mepeMilleHb, HAIPYKCHB,
nedopmarliii Ta MaTpuIll MPY>KHOCTI, AU(PEPESHITIIOBAHHS.

MaTtpuiis npy)HOCTI JIJIs1 130TPOIHOTO MaTepiany Ma€e BUTIISAL:

(2.37)

oow®T oo o
oOTOoO oo ©
T oo oo o

ne A, u — xoedimientu Jlsme.

Martpuiis audepeHIfitoBaHHs 3aUCyEThCS HACTYITHAM YAHOM:
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L _

a 0 0

d

0 E 0

d

0 0 E
DI=|5 . (2.38)

y ox

0 d

0 d

5 Y 3%

Tenep (yHKIIOHAN MOBHOI MOTEHUIAIBHOI €HEPrii Il TPUBUMIPHOIO Tija

(2.34) npuiime O1IbIIT KOMIIAKTHUN BUTJIAL;

M= % j (e)7{0} ded — j (FY{u} do. (2.39)
n n

Cucremu anreOpuyHUX PiBHAHDB (2.36) pO3B’A3YIOTHCS YUCEIHHO METOJIAMHU
npsiMoro abo itepamiiiHoro tuny (Meron ['aycca-3eitnens, METON CHPSIKEHUX
IpaJlIEHTIB, TOIIO). B pe3ynbrari 0OYMCITIOIOTHCS HANMpPYXKEHHSA Ta Aedopmarii y
BCIif 00J1aCT!I.

JUist  miaBUILEHHsS 301KHOCTI  pe3ynbTaTiB  MNPOBOAMTHCS — aJIallTUBHE
YTOYHEHHSI CITKM IUIAXOM ii JIOKAJIbHOTO 3TYIICHHS B OO0JACTAX KOHIICHTpaIli
Hampy>KeHb. TakoXX BUKOHYEThCS TIOPIBHSHHS OTPUMAHUX pPE3YJNbTATIB 13
TEOPETUIHUMHU PO3paXyHKaMH a00 €KCIIEPUMEHTATLHUMU TaHUMHU.

Takum yunom, MCE niist TpUBUMIpHUX MOJIENIEH y paMKaxX Teopii MpyKHOCTI
3a0e3mneuye 4HCeIbHE MOJEIIOBAHHS CKJIAJHUX MEXaHIYHUX KOHCTPYKUIA Ta
JI03BOJISIE BU3HAYATH 1XHI XapaKTEPUCTHKU HANpPYyKEHO-Ie(POpPMOBAHOTO CTaHy 3

YpaxyBaHHAM PCaJIbHUX I'PAHUYIHUX YMOB 1 HABaHTAXKEHb.
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2.5.2 Pe3yabTaTH CKIHYEHHO-€JIEMEHTHOI0 aHAJII3Y

JUIst  MOCHiKEHHST KOHTHHYaJIBbHOI TMOJATIMBOCTI OyJi0  MPOBEACHO
KOMIT'IOTEpHE MOJIETIOBaHHS MOJAJbHOTO aHami3y JUisl CHOPOIIEHOI MOJAel
MaHinynsTopa 6e3 (IaHIliB Ta MApHIPHUX By3iB. Jlo yBaru Opaiucs mepii micTh
dbopM BUIBHMX KOJMBaHb. JlaHa MOJIEh € KOHCOJBHO 3aKpillIeHOI0 OalKow Yy
BUTJISI/II TOHKOCTIHHOT TPyOHU 3 BaHTa)X€M Ha BUIBHOMY KIHIII, 110 IMITY€ KOPHUCHE
HAaBAaHTA)XCHHA y CKIAJCHOMY BHIJISII. TakUM YWHOM, TPOBOAUTHCS IMITAIlis
BUIBHUX KOJIMBaHb PO3TOPHYTOTO MAaHIMyJATOpa, MI0 KOPCTKO 3adiKCOBaHHM
OJHUM KIHIIEM J0 KOCMIYHOTO amapary, a Ha IHIIOMy — Hece KOpHCHE
HaBaHTa)XECHHA. Po3paxyHKH NPOBOIWIMCA 32 JOMOMOTOI0 METOAa CKIHYCHHHX
€JIEMEHTIB y MakeT npukiaaaux nporpam ANSYS.

Bxiouni napamempu: 1si TOHKOCTIHHOI LIMJIIHAPUYHOI TPYOU 3aCTOCOBYBABCS
matepian gyereniacmux CFRP (Carbon Fiber Reinforced Polymer) 3 mampuyeio
PEEK (Polyetheretherketone) 3 HACTYIHUMH XapaKTEPUCTUKAMH: TyCTHHA
p = 1800 x2/m°, moxyns IOnra ysmosx Bonokon E; = 120 I'Tla Ta Bromepek —
E,=51T1Tla, xoediuienr Ilyaccona v = 0,3; nopxuHa Ttpyoum L= 3,745 wm,
BHYTpimHili giameTp Jen = 0,08 u Ta TOBIUHOKO cTiHKK J = 1,5%107 u, Mmaca Ganku
m = 2,59 ke, maca Bautaxxy M = 4,56 ke Oyna peanizoBaHa ik 30CE€pe/I>KeHa y TOUIIl.
HocnimxyBana Mojenb Oyna po3outa Ha 13055 enementiB (puc. 2.9, a), KUIbKICTb
By3JNiB ckinana 74745 onunuinb. BukopucrtoByBamuch 20-By3/I0BI KBaJapaTHuHI
TeKCaroHaJIbHI JIarpaHXeBl CKIHUEHHI €JIEMEHTH 3 TphOoMa CTYMNEHSMU CBOOOIU
(u(x,y,z),v(x,y,z),w(x,y,z)) (puc. 2.9, 6). Posmip CE cranoBuB 10 mm. Yac
pO3paxyHKy ckias 14,7 c.

Hegimomi GyHKINT TepeMileHb alpOKCUMYIOTHCSI HETIOBHUM TTOJIIHOMOM 4-

ro CTyIleHs BULy [25]:
Y(x,y,2) = ¢ + Cx + 3V + €4z + csx? + cgy? + ;2% + cgxy + coxz +
tC10VZ + €11 X2y + €13x%2Z + €132 X + €14V%Z + €522 X + €122y + c1yxYZ +

+C18X2YZ + C1oy%xZ + Cyoz2xY, (2.40)
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ne c¢; (i =1,20) - HeBimomi KOe(]III€HTH, MO BU3HAYAIOTHCS 13 YMOBHU 30iTy
3HAYEHHS CKAJSIPHOI BEJIMYMHUA 1 B KOXHOMY [-My BY3Jl 3 BiJNOBIAHUMHU

BY3JIOBUMH 3HAUEHHSAMU (YHKI[IH IEpEMIIIICHb.

RV

a) 0)
Puc. 2.9 Po30utTa Momenl Ha CKIHYEHH] €JIEMEHTH

a) pparMeHT CKIHUEHHO-EJIeMEeHTHOI ciTkH, 0) Bug CE

MakcumanbHi NepeMilIeHHsI Ta YacTOTH MEepIIuX IEeCTH (OPM KOJIUBAHb
HaBeJeHl y Tabmumi 2.2, a Ha puc. 2.10, 2.11 300paxeHo nedpopmoBaHuil Ta
HeZ1eOpPMOBAHHM CTaHM MOJIEINI MPH TIEPIIi Ta IPYTruX rapMOHIKax.

JIJist BU3HAUEHHSI XapaKTepHUX KOH(]Irypaiiiii BUTUHY CTPUXKHS NPU BUIBHUX
KOJIMBAaHHSAX BUKOPUCTOBYIOTh aHANIITUYHI po3paxyHku [17, 18, 46] nns nmpocTux Ta
171eaTi30BaHUX BUMAAKIB KOHCTPYKIIH. JIyist OIbIn  yCKIIaJHEHUX MOJIEJeH
3actocoBytoTb MCE, meton Pitia abo MeTonu BJacHUX 3HA4Y€Hb 3 TEBHUM

CTyNEHEM arpOKCHMaIlii.

Tabnuus 2.2 — Pe3ynbTaTd MOAQIBHOTO aHATI3Y

®opma KOJIMBAHb Max nepeminieHHs1, MM Yacrora, I'y
1 13,901 3,2709
2 13,901 3,271
3 29,167 42,328
4 29,167 42,329
5 29,627 133,38
6 29,627 133,38
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[lepury rapmMoHIKYy MOXHa OLIHHUTH CHPOIICHMMH METOAAMH, MPOTE BHILI
dbopMu MarOTh CKJIAQAHINI PO3MOAUTH Aedopmallii Ta HampyXeHb, SKI HE MOXKHA
IPOCTO OTPUMATH eMIlipuyHO. BOHU 3anexarh BiJl JAeTalell reoMeTpii, FpaHUuYHHUX
YMOB Ta PO3MOJALTY MacH; TOMY 1 BU3HAUalOTHCA JIMIIE 32 JOTIOMOTOI0 YHCJIOBUX

METO/IIB.

g ,L
b z

0,00 500,00 1000,00 (mrm)
[ Sa— SSS—
250,00 750,00

Puc. 2.10 Jlepopmariis Moaeni mpu mepirii ¢opMi KOJTUBaHb

ANSYS

2019 R3

A

Puc. 2.11 lepopmariist Mmoaemni npu Ipyriit popmi KoJIMBaHb

0,00 500,00 1000,00 (mm)
250,00 750,00

2.6 IlopiBHSIHHS 00YHCJOBAIBHUX TA AHAJITHYHUX Pe3yJIbTATIB

Ockinbku mepma (opma BIaCHUX KOJIMBAHb MAa€ HAMHIKYY YaCTOTY 1
HaWOUIBII TPOCTY (POpMy BUTHHY, BOHA MOXE OYTHM 3HaiiJieHa Ta OIlIHEHa SK

aQHAJTITUYHO, TAK 1 32 JOTIOMOTO0 eMITipudHuX (popmyi. J{iis 6araTboX KOHCTPYKITIH
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1HKEHEpH1 CTaHIapTH OPIEHTOBAaHI HacaMIiepe ] Ha 3ar00IraHHs PE30HAHCY MEePIIoT
dbopMH, OCKUTBKM BOHA HaWIMOBIpPHINIE TPOSBUTHCS TMiA JI€0 JUHAMIYHUX
HaBaHTa)XCHb. TakoX Yy BHIMAJAKy pPE30HAHCY caMme Iepiia rapMoHika Oyje
BU3HAYATH HAWOLIBIII TIEPEMIIICHHSI Ta HAMIPY>KCHHS Y MOJICTI.

[TopiBHsHHA Tiepmioi (GopMHM BUIBHHUX KOJIMBaHb KOHCOJBHOI Oalku 3
BaHTa)XeM Ha KiHI[i, OTPUMAHOI TIPU PO3pPaxXyHKy y Ansys, OyJeMO BUKOHYBATH 3a

J0romMororo emmipudHoi popmynu Ipsina [125], mio 3anucyerbes y BUTTSAL

3EI
fi= 3 (2.41)
(0,2235m + M)L

ne E — Moaynb npy>KHOCTI MaTepiany 0anku, | — MOMEHT 1HepLii nepepizy Oanku,
m — Mmaca 6anku, M — mMaca BaHTa)Xy Ha KiHIIl KOHCOJI1, L — JOB)KHWHA OajKH.
Takum ymHOM, mifcTaBisitoud y (2.41) Bci BXigHI JaHl OOYMCIIOBAIBHOI
MOJIeJIi, OMUCAHOI y MYHKTI 2.5.2, OTpUMaEMO aHAIITHYHO PO3PAXOBaHy MEPIILY
BJIACHY YaCTOTY CTpwXKHS: f; = 3,2824 'y Ta mopiBHAEMO 1i 3 JaHUMU, HABEJICHUMU
y Tabmuii 2.2.
O0uKCIMMO BITHOCHY MTOXHOKY PE3yNbTaTIB:

13,2824 —3,2709
B 3,2824

+100% = 0,35 %.

Otxe, K MOXHa MOOAYUTH, 30DKHICTh AHATITUYHUX Ta OTPUMAHHUX 3a

nonomororo MCE pe3ynbTatiB 10CUTH BUCOKA.
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BucHoBkmu 10 po3aity 2

3a pesyapTaTaMy MPOBEACHOTO KOMIT IOTEPHOTO MOJETIOBAHHS 1 HU3KHU
OOYHUCITIOBAILHUX  €KCHEPUMEHTIB  CTOCOBHO  JOCHIDKEHHS  JUHAMIYHUX
BJIACTUBOCTEH Ta 3yCWJIb y IIAPHIPHOMY BY3JIl JIBOJAHKOBOI CHCTEMH OTpPHUMaHI
3aJIEKHOCT1 BETMYMHHU PO3PAXOBAHOTO MOMEHTY BiJl 4acy PO3BOPOTY OJIHIET JTAaHKU
MaHIMyJATOpa 00OpaHOro TUITY, a TAKOX B1JI HASBHOCTI MOJIeJield OCHOBHOIO Tija Ta
KOPUCHOTO HaBaHTaXeHHS. Po3B’s3aHa oOepHEHAa 3amaya JWHAMIKA IS
MaHIMyJATOpa K aHATNITHYHO, TaK 1 YUCEIbHO, JI€ BIIHOCHA MOXHUOKa pe3yJbTaTiB
ckiagae MeHiue 4%.

CrtBoOpeHa nporpama po3paxyHKy 3yCUJIb y IIAPHIPHUX BY3JIax aJanTyeThCs
i Oy/Ib-SKYy KIJTBKICTh JIAHOK 1 MIAPHIPIB, OCKUIBKU 11 MOAM]IKAILIIS 3/1IHCHIOETHCS
IIJISIXOM J0JaBaHHS OJIOKIB, IO BIANOBIZAIOTH HEOOXIAHIM KIIBKOCTI JIAHOK
MaHIIyJIsTOpA.

Po3paxoBaHe 3HaU€HHSI MOMEHTY Y MIAPHIPHOMY BY3JI1 MAHIMYJISATOPA 3HAUYHO
3MIHIOETbCA, 30KpemMa Ouiplle HDK Yy 5 pasiB, 3aleXHO BIiJ TOro, Y
BUKOPUCTOBYIOTBCA Mojeni KocMiuyHoro amapatra (KA) abGo kopucHOro
HaBaHTtaxxeHHa (KH), B maHoMy BUIagky — CKJIaJ€HOI MapaboJiyHOI aHTEHH, MPU
pO3paxyHKax.

[TokazaHo, 110 YMM MEHIIUI Yac pPO3rOpTaHHS OJIHIE] JJaHKU MaHIMyJIsITOpa,
TUM OUIBIII pPe3yJbTaTh OOYMCICHUX MOMEHTIB y mapHipi. Came TOMy MporpamMHi
PYXU KIHEMAaTUYHOTO KEPYBAHHS SK YCI€I0 KOHCTPYKIIEID MaHIMylIATopa, TakK 1
KOXXHOTO IIAPHIPHOTO MPHUBOJAA MarOTh OyTH IUIABHUMH Ta O€3MepepBHUMH, IO
J03BOJISIE 3HM)KYBAaTH HABaHTAXKEHHsSI HA OKpeMl KOMMNOHEHTHU. [ImaBHICTh pyXxiB €
BOKJIMBOIO JIJISI JIOCATHEHHS BHCOKOI TOYHOCTI MO3HWIIIOHYBAaHHS, OCKUIBKH Pi3Ki
KOJIMBaHHS YM 3MIHU IIBUIKOCTI BUKJIUKAIOTh JOAATKOBI JUHaMIYHI epeKTH, 110
BITUBAIOTh HA TOYHICTh BUKOHAHHS 3aBJIaHb.

[IpoBeneno Bepudikairito nepiioi GopMu KOJIWBaHb MOJEII MAaHIMYJSATOPA,
orpuManoi 3a gomnomororo MCE, 3 emmnipuyHoro dopmynoro IpBiHa 3 TOCUTH
BHUCOKOIO 301KHICTIO pe3ynbTaTiB. BigHocHa moxuOka pe3ynbTaTiB CTaHOBUTH

0,35%.
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PosrnsnyTi 3amaui MOXyTh OyTH TakOoX BHKOPUCTaHi IJisi BHOOpY Ta

BIJIIIPALIIOBAaHHS AITOPUTMIB KEPYBAHHS PyXOM CUCTEM B3a€EMHOTO TIO3UI[IOHYBaHHS
KOCMIYHOI'O arapaTy Ta KOPUCHOI'O HAaBAHTAXXEHHs, a TaKOXK MPU ONTUMAJIbHOMY

MPOEKTYBaHHI KOHCTPYKIIIM KOCMIYHUX MaHIIMYyJIATOPIB.
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PO3JILI 3.

BU3HAYEHHA ITIOJATJIUBOCTI HIAPHIPHUX BY3JIIB
MAHIITYJISITOPA

OcHoBHUM (paKTOpOM, IO BIUIMBAE HA TOYHICTH POOOTH MAHIMYJISITOPIB Ta
IITAHT KOCMIYHUX anapariB, 10 CIyXaTh IS epeMilieHHs 1 ¢ikcallli KOpUCHOTo
HAaBaHTAKCHHS BIAHOCHO amapara Ta pO3MIIlIeHHS nepudepiiHoro 00IaTHaHHS, €
KOHTHUHYyaJIbHA TMPYKHA MOJATIUBICTh €JIEMEHTIB KOHCTPYKIIi, MICIISI JIOKAJIbHOTO
3MEHIIICHHS )KOPCTKOCT1 Y (pIIaHIIEBUX 3'€THAHHSIX, & TAKOXK MOJATIUBICTD 1 IIOPTH
B IIApHIpax MexaHi3My. 3 HaBeJeHUX BHIE (PakTopiB JHOQTU 1 MOAATIUBICTH
HIAPHIPHUX BY3JIB HallBaxye MIIJAIOTBCS PO3pPaxyHKy 1, SK TIPaBUIIO,
BU3HAYAIOTHCS EKCTICPUMEHTAIIBHO.

B nmanomy po3gum s eKCHEePUMEHTAIBHOTO BU3HAYEHHA JIIOQPTIB 1
MOJATIMBOCTEN IIAPHIPHUX BY3JIB OOPTOBUX MAHIMYJATOPIB 1  IITAHT
3aIPOTIOHOBAHO BUKOPHUCTOBYBAaTH METOJ (POTOTpaMMETpii, KUl BUKOPHCTOBYE
cepiro 300pakeHb, 3aiKCOBAaHUX KaMepamH, JIa3epHUMH TPEKepaMu, T€OA0ITaMH,
TOIIO [76] NI BU3HAYEHHS KOOPJIMHAT TOYOK, TPAHUIL 00’€KTIB YW iX 3MIHU 3

yacom [74].

3.1 3acrocyBanHs ¢oTorpamMmeTpii AJ1s1 JOCTiAKEHHS MOAATIUBOCTI y

HIAPHIpPaxX MaHINMyJsTOpa

BuBuennto mrodTiB y mIapHipHHX By3JaxX pI3HOMAHITHUX MEXaHi3MiB
MPUCBAYEHO BEJIMKY KUIBKICTh poOIT. BrimB mo@TiB MNPU3BOIUTH 10 TOSIBU
HETIHIWHUX CKJIQJ0BUX Yy PIBHSHHAX PYyXy Ta ailropuTMax kepyBaHHs. Bonu
YCKJIQJIHIOIOTh, & THKOJIU 1 YHEMOXKJIMBIIIOIOTH, OOYUCIIEHHS Ta TOUHE MO/ICTIOBAHHS
pobouunx nporeciB JaHUX KOHCTpYKIi. Tak, y [122] aBTopamu Tian Q., Flores P.,
Lankarani H. M. Oyno posrisgayto 500 pi3HOMaHITHHX JKepel, siKi OMHCYBajH
HaWOUTBII aKTyalbHI aHAIITHUYHI, YUCEJIbHI Ta €KCIEPUMEHTAIbHI MIIXOAU IS

KIHEMaTUYHOTO Ta JAWHAMIYHOTO aHaJi3y 0araroTiIbHUX MEXaHIYHUX CHCTEM 3
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modTamMu y MapHIpHUX 3'€THAHHAX. ABTOPH 3a3HAYAIOTh, IO OUIBIIICTH POOIT
MIPUCBSYEHA MOJICTIOBAHHIO Ta YHCEIIBHUM aJITOPUTMAaM JIJIsl IPOCTUX MEXaHI3MiB 13
3a30pamu y 3’efHaHHAX. OHAK, 0araTo CKIaJHUX MEXaHi3MiB 3 BEJTUKOO KIJIbKICTIO
3’€IHaHb 3 MO(PTaMU, TAaKUX SIK PO3TOPTAIbHI KOHCTPYKIIT Y KOCMOCI, CUCTEMH 3
MIJITAITHAKAMH, OIOMEXaHI4HI Ta MarHiTHI 3’€JHaHHSA MOTPEOyIOTh OUIbII
JETaIbHOTO BHBUYCHHS, SK Ha e€Tam TNPOEKTYBaHHS, TaK 1 Ha eTamax
EKCIIEPUMEHTAILHOTO MOJCIIOBAHHS YW y TIPOIecax PO3KIIaJaHHS-CKIIaaHHs,.
OcKk1JIbKY, BATOTOBJICHHS Ta 30MpaHHs IIAPHIPHUX BY3JiB 0€3 T10(TIB HEMOKIUBO,
TOMY caMe JJII TaKuX 3a7a4 HeOOXiTHI HOBI METOH, MiIXOIU JJIT MOJICITIOBaHHS,

CTEXKEHHSI, KOHTPOJIIO 3a30p1B Y 0araToeJIeMEHTHUX KOHCTPYKIIISX.

3.1.1 OcHoBHI npyUHUHIH TA GYHKIIOHAIBLHI MOKJIMBOCTI (poTOrpamMmeTrpii

dororpamMmeTpis € HAyKOBO-TEXHIYHOIO JUCUUIUIIHOIO, fIKa 3aliMa€eThCs
OTPUMAaHHSAM TeOMETpUYHOI iHpOpMaIlil MPO 00’€KTH Ta MPOCTIP 3a JOMOMOIOIO
doTorpadiunux 306paxkenb, 3p0OIEHUX 3 Pi3HUX TOUOK OISy [i TeopeTuyHa 6a3a
CIIUPAEThCS HA MPHUHIMIN TEOMETpli, ONTUKU Ta Cy4dyacHUX 1H(OpMaliiHUX
TEXHOJIOT1H. Y pe3yibTaTi 00pOOKH 300pa’k€Hb CTBOPIOIOTHCS TOYHI TPUBUMIPHI
Mozeli 00'ekTiB 1 MiciieBocTi. DoTOorpaMMeTpisi MOMIISETHCA HAa BAa OCHOBHI BU/IH:
Ha3eMHy Ta aepodoTOorpaMMETpir0, IO 3aCTOCOBYETHCSA I aHAJI3y JaHMX,
OTPUMAaHUX 3 MOBITPSHUX HOCIIB, TAKUX SIK APOHHU, JIITAKU Ta CYITyTHUKHU.

OCHOBHUM TpHU3HAYCHHAM (OTOrpaMMETpii € OTPUMAHHSA TOYHHX
BUMIPIOBaHb Ta T€OMETPUYHOI 1H(POpMALi AJ11 BUPILICHHS TPUKIAJHUX 3aBJaHb Y
pi3HUX rany3sax. Y kaprorpadii Ta reoaesii BOHa BAKOPUCTOBYETHCS JIJIsi CTBOPEHHS
tonorpadiyHuX KapT, HUGPOBUX MojeNel penbedy Ta BU3HAYCHHS KOOpAUHAT. Y
cdepi apxXiTeKTypHu ¥ OyaiBHUIITBA (GOTOrpaMMETpis 3a0e3neuye TOKyMEHTYBaHHS
CTaHy Oy/iBelib, MOHITOPUHT OyAIBEIBHUX POOIT Ta CTBOPEHHS TPUBUMIPHHUX
MozienIelt ciopy . [i MOKITMBOCTI TaKOK aKTMBHO 3aCTOCOBYIOThCS [ 30€pesKEeHHS
KyJBTYPHOI CIIAIIMHU, 30KpeMa I JOKyMEHTYBaHHS apXeoJIOTIYHUX 00'€KTIB Ta
naM'aTOK apXiTeKTypu. Y TIPOMHUCIOBOCTI Ta iHXKeHepii doTorpammerpis

BUKOPUCTOBYETHCSI JUIsl OI[IHKM CTaHy KOHCTPYKI[iM, BHSIBICHHS Je(EeKTIB 1
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CTBOpPEHHS HU(PPOBUX MOJENEH IJsl MPOEKTYBaHHA. B eKkosorii Ta CiLIbCbKOMY
TOCIIOIAPCTBI BOHA [O3BOJIAE MPOBOAMTH MOHITOPHUHI CTaHy €KOCHCTEM,
aHaJI13yBaTH MOCIBU U TOCTIIKYBaTH BOHI PECYPCH.

doTtorpammeTpis Ma€ 3HaYHUI HaOlp TEXHIYHUX MOXJIHUBOCTeH. OmHie0 3
KJIFOUOBUX TIEpEeBar € CTBOPEHHS JETAJIbHUX TPUBUMIPHUX MOJENEH 00’€KTIB Ta
MICILIEBOCTI 3 BUCOKOIO TOYHICTIO, sIKa B JIEIKUX BUIAJKaX JOCATAE MUIIMETPOBOTO
piBHA. [HIIMM BaXTMBHM acHEKTOM € 3/aTHICTh aHai3yBaTH JUHAMIYHI 3MIHU
00'ekTiB ab0 TepUTOPIN Ha OCHOBI JaHUX, OTPUMAaHMX Yy pi3HuMi yac. CydacHi
mporpamHi 3aco0u 3a0e3MeuyoTh aBTOMATH3AIIII0 MPOIIECiB 00pOOKH 300paKeHb 1
noOyZ0BY LHUPPOBUX MOJENIEH, 0 CYTTEBO MIABUILYE MIBUAKICTH 1 €PEKTUBHICTh
pobiT. doTtorpamMMmeTpis  TaKOX  JO3BOJIAE€  JIUCTAHIIIHHO  JOCIHIKYBaTH
BXKKOJOCTYIIHI YW HEOEe3MeuHl IJis JIOJWHU 30HU, HANPUKIAJ, 3a JOIMOMOTOI0
npouiB. Ii iHTerpamis 3 iHIIMMM TEXHONOTISIMM, TAKUMH SIK TeoiH(popMarliiiHi
cuctemu (I'IC) 1 naszepHe ckaHyBaHHs, po3muproe cdepu 3acTOCYBaHHS Ta
M1JIBUIILY€ TOYHICTh OTPUMAHUX PE3YJIbTATIB.

Meron ¢otorpammerpii MoOkHa Kiacu(piKyBaTH Ha OCHOBI THUMY Il
(mocnimKyBaHUX MapKepiB), sIKI BUKOPUCTOBYIOTHCA IS BIJICTEKEHHS TOYOK,
Kopessii mudpoBux 300pakeHpb a00 MmiaxoaiB 0e3 1ijaeii. AJITOPUTM BiICTSKCHHS
TOYOK BUKOPUCTOBYE (HOTOTpaMMETPHYHI KaMepu MJisi BU3HAYEHHS KOOPJIWHAT
OKpEMHX MapKepiB, BCTAHOBIIEHUX Ha TOCTIIKYBaHUX 00’ ekTax. s boro merony
cepisi ONTHYHUX MillleHeH (SK TPaBUIIO, BUCOKOKOHTPACTHUX KPYTIUX TOYOK abo
CBITJIOBIAOMBAIOYMX MApPKEPIB) BCTAHOBIIIOETHCS HA JOCIHIKYBaHY KOHCTPYKLIIO
[100, 116, 134]. LlenTpu onTUYHUX L1JIEH BU3HAYAIOTHCS 32 JOTIOMOTO0 AT OPUTMY
MOIIIYKY €JiIca, a KOOPJAUHATH TOUYOK Y TPUBUMIPHOMY MPOCTOPI BU3HAYAIOTHCS 32
JIOTIOMOTOI0 TE€XHIKM TplaHryisuli. TpuBUMIpHE BIJCTEKEHHS TOYOK BHU3HAYA€
MEePEMIIIICHHS I[IIeH MUISTXOM BIJICTE)KEHHS ONTUYHHUX IIJIEH Ha PI3HUX YaCOBUX
eTarax 1 IMOPIBHSAHHSA iX KOOPAWHAT 3 €TAJOHHOI ab0 MOYATKOBOIO cTaiiero. s
JIpyroi karteropii IudpoBa Kopenslis 300pakeHbh — 1€ METOJ ONTHYHOIO
BUMIPIOBAHHS, SKHUM TpaIloe Ha OCHOBI Bapiariii Oe3nepepBHUX IIA0JIOHIB Yy

rpajaiisx ciporo. [lepen BumiproBaHHSIM HEOOX1IHO MIATOTYBATH AUISTHKY TECTOBOT
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KOHCTpyKuii. [linroToBKa MOBEpXHI 3a3BMYAil BUKOHYETHCS MIISIXOM HAaHECEHHS
BHCOKOKOHTPACTHOTO CTOXaCTHYHOTO MAJIIOHKAa Ha CTPYKTYpy (3a3BHYail YOpPHO-
0110r0). BiimoBigHUI po3Mip TOYOK Y IBOMY METO/11 3a3BUYail MEHIITUH, HIXK PO3MIP
ONTUYHHUX LIJIEH, SKI BUKOPHUCTOBYIOTHCSI B TPUBUMIPHOMY BiJCTEKEHHI TOYOK.
[Ticns miArOTOBKM TOBEPXHI POOUTHCS cepis 3HIMKIB 3a JOIMOMOIO OJHIET Uu
JEKUIbKOX Kamep. Mertoa kopelnsdili 300pa)keHb Mpalioe MNUITXOM CTBOPEHHS
dacetiB (ab0 MIAMHOXKHH), 10 TEPEKPUBAIOTHCS, HA 3arajbHii 00macTi
nociixenHs [59, 123, 131, 132]. OckiJIbKU CTOXaCTUUHUN Bi36pYHOK CTBOPIOETHCSA
BUITAIKOBUM YMHOM, KO)KHA TPaHb MA€ YHIKAJIbHE 3HAYCHHS IHTEHCUBHOCTI CBITJIA,
1 mporpamMHe 3a0e3NEeUeHHS MOXE PO3MI3HABATH pPyX KOXHOTO YHIKAJIbHOIO
(daceTHOTO Bi3epyHKa Ha PI3HUX eTarax. 3cyB 1 ie(opmallis o BCii AOCTIIKyBaH1H
00JlacTi OOYHUCIIOIOTHCS IUIIXOM TOPIBHSHHS KOXHOI TpaHi 3 BIJAMOBIIHOIO
daceTkol0 B TOYATKOBOMY a00 €TaJOHHOMY eTamax. B ocTaHHbOMYy THII, Yy
0e31ITLbOBOMY IIJIXO0JIl, HEMa€ ONTHYHOI IIJi a00 MmAaGJIOHy JJIsi BU3HAYCHHS
nedopmailii KOHCTPYKIii. ABTOpH BUKOPUCTOBYBAJIM BHYTPIIIHI €JIEMEHTH a00 Kpai
CTPYKTYpH, 100 1AeHTH(IKYBaTH 00 €KT a00 AUITHKKA OO0’€KTa, sIKI MOTPIOHO
BiACTeXKYBaTu [52, 53, 62]. Ileit miaxim Moxke OyTH HE TaKUM TOYHUM, SK
TPUBUMIPHE BIJICTEKEHHS TOUOK 200 KOpenilis UG poBUX 300pa’keHb, ajie BiH Ma€
CBOT IIEpeBar: KOJIM HEMAE MOXJIMBOCTI BCTAHOBUTHU ONTHYHI IUJIl HA CTPYKTYPY
ab0 HaHECTH Ha OBEPXHIO BI3EPYHOK.

Cepen TpbOX IMepepaxOBaHUX BHUIIE METOAUK 3D-TOYKOBE BIJICTC)KCHHS €
HalOUIbII 3pYYHUM 1 MPAKTHYHUM JJs [IAPOKOMACIITAOHOTO OOCTEXKEHHS
KOHCTPYKIIIM, SIKI 3a3HAIOTh CTAaTMYHUX MEXaHIYHUX HaBaHTaxeHb. Hacmpapni
meton 1IK3 3abe3neuye BumiproBanHs aedopmarlii 00’ €kTiB BCiel 0051acTi, ane BiH
OOMEKEHHUI MOJEM OTJISAAy KaMep 1 MOKE€ BUMIPIOBATH BIOOUTTS JIMILE Ha TUX
YacTUHAX KOHCTPYKIIii, IO PO3MI3HAIOTHCS KaMepaMu. TaKuM YUHOM, 1€l METO] He
MOXHa BUKOPUCTOBYBATH JUIsl BUMIPIOBAHHS 3MIIIEHHS BEIMKUX 1 CKJIQJIHHUX
KOHCTPYKIiH [74].

OcHoBy (ororpamMmmerpli CKIagal0Th BEKTOpHA airedOpa 1 aHaTITHYHA

reoMmeTpias. OCHOBHUMHU KOHIENIISIMA aHANITUYHOI (POTOrpaMMeETpii € YyMOBHU
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KOJIIHEAPHOCTI Ta KOMIUIAHAPHOCTI BEKTOPIB, SIKI € BaXJIMBUMH JUJISI PO3BUTKY
1upoBoi poTorpamMmeTpii.

Hexaif MmaeMo npsIMOKYTHY npaBy cuctemy koopauHat OXYZ, B sikiil Touka
0, mae koopaunaru X,Y, Z; Ta inury nmpoctopoBy cucreMy koopaunar SX'Y'Z', ne
touka 0; mae koopauHatu X',Y',Z'. S — uentp mpoekuii abo 1eHTp 00’€KTHBA
dboTokamepu. B 3aranpHOMY BUTIANI, SIK BUKIaneHo y [21], aHamiTuuHe
NEPETBOPEHHS KOOPAMHAT TOYOK 3HIMKAa 13 IPOCTOPOBOI CHCTEMU SXYZ Y
¢ororpammerpuuHy cucreMy KoopauHaT SX'Y'Z' pearmizyerbcs 3a JI0MOMOTOFO
piBHSIHHS TiepeBoy koopauHaT (3.1). CrouaTky mpoBOAUTHCS TpaHCHOpMyBaHHS
KOOpAMHAT, IO 300pakeH0 Ha puc. 3.1, — mapajieJbHE MEPEHECEHHs MOYaTKy
KOOpAMHAT 3 TOUKU O B TOUKY S, @ TAKOXK «IIOBOPOTY MPOCTOPY» 3 AOMOMOIO KYyTiB

Eiinepa a, w, k Ta HanpaBJIAIOYNX KOCHHYCIB.

VAN

Puc. 3.1 — [IpocTopoBi cucTeMH KOOPJUHAT JIJIsl BU3HAYEHHS TIOJI0KEHHS TOYOK

3HIMKa [23]

X' X = Xo X'=a;(x —x0) + a;(y — yo) — azf
Y'|=A-|Y —Yo|,a60 Y' =b;(x —x0) + b,(y —yo) — bsf ¢, (3.1)
A —f Z'=c1(x —x0) + c2(y —yo) — c3f

ne A — MaTpuis HampaBISIOYMX KOCHUHYCIB; f — (OKyCHa BiJCTaHb KaMeEpu;
a;, b;, c; — HanpapAOYi KOCHHYCH KyTiB Mix ocsamu X',Y',Z' ta ocsamu x,y,z
BiAMoOBIAHO, [ = 1,2,3; X4,Yy — KOOPAWMHATH TOJIOBHOI TOYKU (; Ha IUIOUIUHI

P ob6panoro 3HiMKYy. Ha puc. 3.1 n — Touka Hanupy, yTBOpeHa MEPIEHIUKYIIPOM



77

B1JI IIEHTPY 00’ €KTUBA JI0 MIONMHU (POTO3HIMKY; NV — JIy4, III0 YTBOPIOE TOJIOBHY
BEPTHUKAJb 3HIMKA.

OO0unCcIeHHS MPOCTOPOBUX KOOPIMHAT HAXUJICHUX 3HIMKIB MOKHA BUPA3UTH
y ¢opmi HacTynHUX Gopmy [22]:
ay(x — x0) + az(y — o) + asf
c1(x —x0) + (¥ —¥o) t c3f '
by (x — xo) + b, (y — o) + bsf
¢ (x —x0) + (¥ —¥o) + c5f

X=X+ (Z—2Z)
(3.2)

Y=Y+ (Z - Zs)

Sxmo x HeoOXigHO, HABMAKHW, OTPUMATH KOOPJIWHATH TOYOK 3HIMKY 3a
JIOTIOMOTOI0 BIJIOMHX KOOPJIMHAT BIJMOBIAHUX TOUYOK 00’€KTa, BUKOPHUCTOBYIOTH
3BOPOTHI 3aJI€KHOCTI:
xo = f ar(X —Xs) + by (Y — Y5) + ¢, (Z — Zs) ,

az(X — Xs) + b3 (Y — Y5) + ¢c5(Z — Zs)
(X = Xg) + by (Y — Ys) + c2(Z — Zs)
T as(X = X)) + by (Y —Y) + c3(Z — Zg)’

‘—
(3.3)

y—=Jy

VY popmynax (3.2), (3.3) X, Ys, Zg — KOOpIMHATY LIEHTpA MPOEKITIT (MepeaHbo1
BY3JIOBOT TOYKH 00’ €KTHBA B MOMEHT 3HIMAaHHS).

TakuM 4WHOM, KOOPAMHATH KOJOBAHUX MIIICHEH OOUYMCIIOIOTHCS Ha BCIX
dboTO3HIMKAX, Ha SIKUX BOHU 3’ SBISIIOThCA. KojkHa MiTKa MOBUHHA OYTH BUAMMOIO,
YITKOIO 1 HE PO3MHUTOIO Ha JBOX a00 TphoX (oTorpadisix 3 MiHIMAIBHUM KyTOM
orisay, mo0 3abe3neunTd il BUSBICHHS Ta MIATBEPIKEHHS 3 BHCOKHUM pIBHEM
JIOCTOBIPHOCTI. 3 YyCiX paKypciB Ma€e OyTH PO3MI3HAHO MiHIMYM 1o 8—10 4iTKHX
MITOK O€3 3HAYHUX 3MiH y MEPCIEKTUBI 3UOMKH. Bxke micis po3mi3HaBaHHS YCIX
MillIeHeH MOKHA BBOJIUTH J0 (DOTOCETY €TaJIOHHY MIpYy/H, BIACTaHb /0 sIKO1 a0o ii
JIOBXKMHY BIZIOMO 1 SIKy MO)XHa BHKOPHCTOBYBAaTH K MaciiTa® il MPOBEACHHS
HEOOX1THUX BUMIPIOBAHb.

dororpamMmeTpiss € CydYacHUM Ta YHIBEPCAJbHUM I1HCTPYMEHTOM JUIS
BUPILIEHHS IIMPOKOTO KOJIa 3aBJIaHb Y HAYII1, IHXKEeHepii, eKOJIOrii Ta IHIMX cdepax.

Bona 3a0e3neuye BHUCOKHMI pIBEHb TOYHOCTI, aBTOMAaTH3alii Ta 1HTErpaiii, LI0
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poOuUTH 1i HE3aMIHHOIO y MpoIlecax AOCTIIKEHHS Ta MPOEKTYBAaHHS MPOCTOPOBHUX

00’€KTIB 1 SIBUILL.

3.1.2 MeTtoauka gociigxkeHHs JOQTiB y IIapHipax MaHinyjasropa 3a

A0MOMOT0K0 (OTOrpaMMeTPUYHOT0 METOLY

JIJIsi  eKCepUMEHTAIbHOTO BHU3HAYCHHS JIO(PTIB y MIApPHIPHUX By3Jax
MaHIMyJISITOPIB ~ 3alPOTIOHOBAHO  METOJUKY, sIKa  BIAOpallbOByBaJlaca B
7abopaTopHUX yMOBaxX Ha 0a3l BUTOTOBJCHOI JBOJIAHKOBOI KOHCTPYKITIi.
doTorpaMMeTpUYHUN METOJl OYB peani3oBaHUl 3 BHKOPUCTAHHAM KOJIOBAaHUX
MimeHed. ExcriepiMeHTH BKITI0Yali HaJlalllTyBaHHS CUCTEMH 1MITallii HEBaroMOCT1
MOJIEI MaHIMyJATOpa Ta JOCTIKEHHS BIUIMBY KyTa MOBOPOTY MaHIMyIsTOpa Ha
TOYHICTh BUMIPIOBAHb.

B skxocti pocnimxkyBaHOTO 00 €KTY BHUKOPHUCTOBYBABCS —JIBOJIAHKOBHIMA
MaHIIYJISTOp, KU OyJ0 BCTAaHOBJIEHO HAa MAaKeT KOMIIEHCAIlll Baru, IO IMITY€
YMOBU HEBAroMocCTi JJii BEpXHbOI JIaHKH. Mojenb Manimynstopa (puc. 3.2)
CKJIajlajiacsa 3 JBOX aJIIOMIHIEBUX TpyO Ta KOJIIH, 3 €JHAHUX aproHOIYTOBUM
3BapIOBaHHSAM 3 BOJIb()PAMOBHUM €NEKTpoAoM M KyTom 45°, mapku A/31T5 ta
daaHIiB 3 aroMiHieBoro craBy /[167T. JliameTp, TOBITMHA CTIHKH Ta IOBKUHA TPYO
ckianamu 85 mm, 2,5 mm, 750 mm BianoBigHO. [loBopoTHHIT MexaHi3M OyB
PO3TAIIOBaHMM B CepeIMHI KOHCTPYKIII.

JIisi 3MEHIIIEHHS TEepPTS PYXOMHX YacTHH, MK HHUMH BHKOPHCTOBYBABCS

dbropormiactoBuil cenapatop mapku O-4.
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Puc. 3.2 — Mopenb ABOIaHKOBOTO MaHimmysaTopa: 1 — TpyOa, 2 — 3’eIHyBaIbH1
dmanmi, 3 — mepexigHe KOJIHO, 4 — cenmaparop, 5 — KoJloBaHa MillleHb, 6 — TpyOa
MaHIMyJISITOpa, HaXUJIeHa y MJIOIMIHUHI 300paKeHHs Ha KyT o uepe3 JrodT, 7 — BiCh
oOepTaHHs MIAPHIPHOTO By3J1a MaHIMyIATOpa, 7* - Bich 00epTaHHS IIAPHIPHOTO

BYy3Jla MaHIIyJISTOPA, BIAXWJIEHA HA KYT O

3ifoMKa mpoBoAMIIaCS 3a IOMOMOroro ojiH1€T 1udpoBoi kamepu Nikon D5100
3 ¢okycHo BijcTaHHiO f = 35 mM. [lapameTpu kamepu HaBeneHi Ha puc. 3.3.
doTorpaMMeTprUYHE TOCTIKCHHS CKJIaIaioCs 3 HACTYITHUX €TalTiB:

. MIJTOTOBKA  JIOCHIIKYBaHOTO 00’ekTa 0 (POTOrpaMMEeTpHUIHOTO
EKCIEPUMEHTY (IpyK KOJOBaHUX MilleHeH, iXx po3noaut Ta ¢ikcaiis Ha
MaHIMyJSITOpl, 00JIaCTI HABKOJIO HHOT0). MIKIIEHTpOBA BIACTaHb JJISI MapKepiB,
pO3TaIlIOBaHUX OE3MOCEPEIHhO HA MAHIMyIATOP1, CKiIanana 37 MM, a JuIsl 1HIIUX —
76 MM Ta 82,5 MM IO TOPU30HTAJI Ta BEPTUKAJ1 BIAMOBIIHO;

. KaJiOpyBaHHS KaMepu 3a JIOMOMOIOI0 CHEIllalbHOI KaaiOopyBadbHOI
CITKH. JIJ1s1 BACOKOTOYHOT'O HAJIAIITYBaHHS HEOOX1HO PO3Mi3HATU OubIe, HIXK 80
31 100 HassBHUX TOYOK;

. MIPOBEJICHHS aHAJITUYHUX BUMIPIOBaHb y MICIIX 3’€IHAaHb MacCHUBIB
KOJOBaHMX MapKepiB Ta iX po3TamryBaHb 3a JIOIOMOTOK  ITU(POBOTO
mranreHmupkyas [III-150, moxubka SKoro, 3a TEXHIYHUMH XapaKTEPUCTHKAMH,
He nepesuiye 0,1 mM;

. HaJAIITyBaHHS JPKEpeJl CBITJIA Ta 1X KIJIbKOCTI;
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. doroziiomka 00’€kTa 3 PI3HUX PAKYpCiB, MiJ PI3HUMH KyTaMH
HaXWIy/TIOBOPOTY KaMepH, BCTAHOBJCHOI Ha INTAaTWB. BincTaHb Big 00’€KTHUBY

KaMepu JI0 HalBIIIaJICHIIOr0 MapKepy CTaHOBMIIA OJIU3bKO 2,5 M;

. 00pobka (oTo300pakeHb, pPO3Mi3HABAHHSI MapKepiB (KOHTPOJIBHUX
TOYOK);
. nonatkoBa (OTO3MOMKa THX pakypciB MaHINyJsATOpa, € He Oyiau

po3mi3HaH1 Mapkepu (3a HEOOXiTHICTIO);
. OOYHCIIEHHST KOOPAMHAT MapKepiB Ta PO3pPaxXyHOK IMOXUOKHU

BHUMIPIOBaHb.

Camera Viewer

MIKOMN D5100 [35.00)_10

35.2500

24 2289 16.0430 ]

12,3607 7 6456

1.846e-05 -1.724e-05
9.917e-09 -2.173e-05
0.000e+00

Puc. 3.3 Xapakrepuctuku kamepu Nikon D5100 npu kanibpyBaHH1

(dboTorpaMMeTpUYHOIO MPOTPAMOIO

Taxox iCHy€e MOXJIMBICTh CHHXPOHI3ALI1 300pa’keHb 3 IEKIJIbKOX Kamep [85].
s 11boro BCl Kamepu MOBUHHI MaTH OJHAKOBI mapameTpu ((hOoKyCcHa BiACTaHb,
CBITJIOUYTJIMBICTh, TOIIO) Ta OYTH BiJKaIiOpoBaHi 3a OJHAKOBUX YMOB. B mporiecci
3MOMKH KaMepHy MOBUHHI NEPETUHATH 30HU BUAUMOCTI 0/1Ha 0HO1. Takuil BapiaHT
BUKOPUCTAaHHSA KaMep J1a€ 3MOry MPOBOJUTH BUMIPIOBAHHS JOBIMX €JIEMEHTIB

CUCTEMH T1JI Ta BEIUKUX pOOOYUX MPOCTOPIB.
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[Tin yac 300pKH EKCIEPUMEHTAIbHOI MOJETl MAaHIMyJIATOpa Ha CTEHII
iMmiTarii HeBAaroMocTi OyJI0 BHSBJICHO HECHIBBICHICTh JOTHUYHUX CJIEMEHTIB Yy
MOBOPOTHOMY BY3J11 KOHCTpYyKIii. BigxwieHHs Big oci oOepTaHHs IIapHipa
BiOyBajocs y IUIONIMHI, OPTOTOHANBHIA 10 BHUAY, 300pakeHOro Ha puc. 3.2.
Busiena moxubka nepemkopkaia (GOpMyBaHHIO €IMHOI IUIONIMHH, YTBOPEHOT
TOPLIEBUMU MTOBEPXHIMHU CEKII1 MAHIITYJISITOPA, 0 YHEMOMIIUBIIIOBAJIO OTPUMAHHS
JIOCTOBIPHHUX PE3YJIbTATIB Ta Peajizallil0 MITaTHOTO PO3KPUTTA KOHCTPYKIi. Jlis
YCYHEHHS LIbOTO BIAXHJICHHS METOJ0M (poTorpammeTpii Oysio BU3HAYEHO BiJICTaHI
M1 KOHTPOJIbBHUMHU MapKepamH, pO3TalllOBAaHUMH Ha BEPXHIN Ta HIKHIM JTaHKax
MaHinysisTopa. OTpuMaHi 3Ha4eHHs] OyJIM 31CTaBJ€HI 3 BIANOBIAHUMHU PO3MipamMu
KoMIT toTepHO1 3D-Mo1eni Ta CKOPUTroBaHi BiMOBITHO J0 MPOEKTHUX MapaMeTpiB.
Ockinbkd KyT 0 MaB HE3HAaYHE 3HA4YCHHsS, WOTO KOMIICHCAllil BUMaraia
BUCOKOTOYHOI'O  IHCTPYMEHTAJIbHOrO  3a0e3NeuyeHHs A1 KOpPUT'YBaHHS
reOMETPUYHUX MTapaMeTpiB KOHCTPYKIIII.

JlonatkoBo Oyl0 TPOBEACHO JOCHIKEHHS TOXUOKM  BHMIPIOBaHb
r€OMETPUYHUX MMapaMeTPiB CUCTEMH 3aJIEKHO BiJl PI3HUX KOHQITypalliil pO3KpUTTS
maninynaropa: 0°(puc. 3.4, a), 90° (puc. 3.4,06), 180° (puc. 3.4, B). Anani3
IPOBOAMBCS 3 METOI0 OI[IHKM TOYHOCTI BH3HAYEHHS IPOCTOPOBOIO MOJIOKEHHS
KOHCTPYKTHUBHHUX €JIEMEHTIB MIPU 3MiH1 iXHHOTO B3aEMHOT'O PO3TaIlyBaHHS.

VY noyaTkoBOMY MOJIOKEHH1 MaHIMYJISATOPA 3a()IKCOBAHO HAUBUILMMA BIICOTOK
PO3MI3HAHUX MapKepiB, KOOPJAUHATH SAKUX OyJIM YCHIIIHO BH3HA4eHi, — 96 % Bin
3arajbHOi KIJIBKOCTI MIIIEHEH, 10 MOTpanwid y 30HY (ikcamii (GOTO3HIMKIB. Y
IPOMIXKHOMY ToJioxkeHH1 (90°) ueit moka3Huk 3HU3UBCS A0 87 %, a y KIHUEBOMY
nosioxkeHH1 (180°) — no 83 %. Pemra mapkepiB Oynu 17eHTH(DIKOBAHI MUISIXOM
PYYHOTO KOpUTYBaHHSI B Ipoleci OOpOOKM [OaHMX. 3MEHIIEHHA KUIbKOCTI
ABTOMATUYHO PO3MI3HAHUX MApKEPIB 13 3pOCTAHHSIM KyTa PO3KPUTTS MAHITyIATOpa
3YMOBJICHO 301JIBIIIEHHSM HOTO JOBKHUHH, IO YCKJIAAHIOE 1ICHTU(IKAIIII0 MapKePiB
IIPU 3a/IaHUX MapamMeTpax 3uoMKU. [10/10BxKEHHSI KOHCTPYKIIIi TPU3BOIUTH 10 3MIHU
MEePCTIIEKTUBHUX CIIOTBOPEHB, Bapialliii OCBITICHHS Ta KyTa 3HOMKH, IO HETATUBHO

BILJIMBA€E HA SIKICTh PO3IMI3HABAHHS.



B)

Puc. 3.4 JlocnimkeHHsS TOUHOCTI BUMIPIOBaHHS T€OMETPii ABOJAHKOBOTO

MaHINyJISATOpa y pi3HUX MoJokeHH X: a) 0°; 6) 90°; B) 180°

82
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KpiMm Toro, BimOyBasocsi 4acTKOBE MEPEKPUTTA MapKepiB eIeMEHTaMu
MaHIMyJasATOpa Ta BUXIJ OKPEMHX MITOK 3a MEXl 00JacTi YITKOTO (POKyCyBaHHS
KaMepH, IO TaKOX YCKJIQJIHIOBAIO iX KOPEKTHY iaeHTu(ikamito. Ilpore nana
npobsieMa OyIia BupilieHa Py 101aTKOBOMY (OTOCETI Ti€T YaCTHHHU MaHIMyJIsATOPA,
ne 0yJio HalilMEHIIIa KIJIbKICTh PO3Ii3HaHUX MapKePiB.

Pesynbratu hoTOrpaMMETPUUYHUX EKCIIEPUMEHTIB MOKa3ald, 1110 32 YMOBH
BUKOPHUCTAHHA MPABIIBLHO B1AKaIIOpOBaHOT IU(PPOBOI Kamepu Ta JOTPUMaHHS BCiX
BUMOT (hOTOTpaMMETPUYHMX BUMIPIOBaHb BAaIoCsa Aociarti TouHocTti 0,1-0,15 MM
Ha etajoHHoMy iHTepBaii 700,5 mm. Lo BigcTanp Oyno BUMIPSHO HUPPOBUM
HITAaHT€HLIUPKYJIEM MK KpailHIMU MapKepaMH MacHUBY, pO3TAIIOBAHOTO HA BEPXHIN
pyXOMiii JlaHIl MaHimysisTopa. Y Tabnuii 3.1 HaBeJAeHO pe3yJbTaTH BUMIPIOBaHb
KOHTPOJIBHOTO 1HTEpBady Ta 3HAYEHHS MOXMUOOK 3aJIeKHO BiJ TOJOKECHHS
MaHIIyJIsTOpA.

[ToxnOka BHUMIpIOBaHb BHM3HAYAJIACh SIK PIZHUI MIXK E€TaJIOHHOK Ta
OTPUMAHOIO0 3a JO0MOMOrow (oTorpaMMmeTpii BiACTaHSAMH. AHalI3 OTPUMAHUX
pe3yibTaTiB TOKa3aB, M0 B IOYAaTKOBOMY TOJIOKEHHI Manimymsitopa (0°)
CIIOCTEPIraeThCsl HaMEHIIIA MTOXUOKa, sika cTaHOBUTH 0,086 MM, 110 CBIAYUTH PO
BUCOKY TOYHICTh METOJYy 32 ONTHUMAJIbHUX YMOB 3HOMKHU. Y MPOMIKHOMY
nonoxkeHHi (90°) 3adgikcoBaHO BIAXHWIICHHS BijJ eTajoHHOrO 3Ha4eHHsS -0,146 MM,
mo Moxke OyTH 3YMOBJIEHO 3MIHOK T'e€OMETpii KOHCTPYKI[li, ONTUYHUMHU
CIIOTBOPEHHSIMH PaKypciB 3WomMku. Y KiHIeBomMy mojoxkeHHi (180°) moxmOka
3pocia go 0,121 MM, O TOACHIOETBCA TPYAHOLIAMU ABTOMATUYHOTO
pO3Mi3HABaHHS MapKepiB 1 TPaHUYHUMHU CIHOTBOPEHHSMHU Kamepu. TOYHICTb
BUMIPIOBaHb MO OyTH MOKpAIlleHa MIJITXOM 3aCTOCYBaHHS O1IbIII BUCOKOTOUHUX
ONTUYHMX TPHJIAJiB, 30KpeMa KaMmep i3 KpalluMU CEHCOPaMHU Ta BJIOCKOHAJICHUX
OCBITJIFOBAJILHUX CUCTEM, 1110 MIHIMI3YIOTh BIUIMB TiHEH 1 BIIOJUCKIB BiJI MOBEPXHI
JIOCITIIKYBAaHOTO 00’ €KTa HA PO3IMi3HABAHHS MapKePiB.

3araiom pe3yJbTaTh M1ATBEPAXKYIOTh, 1o BUKOPHUCTaHH
(dhoTorpaMMETPUIHUI METOJI JO3BOJISE TOCIATTH BUCOKOT TOUHOCTI. OHAK, TOXHOKa

BUMIPIOBAaHb 30UIBLIYETHCS 31 30UIBIICHHSIM KyTa PO3KPUTTS MAaHIMyJISITOpa, 1110
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HEOOX1THO BpaxOBYBaTH NP MPOBEICHHI TOAIOHUX TOCTIKEeHb. JIJIs TOKpaIeHHs
pe3yabTaTiB AOLIIHHO BUKOPUCTOBYBATH KaMepH 3 OLIbII BUCOKOIO PO3ALIBHOIO
3IaTHICTIO, JIOJATKOBl KadiOpyBaJIbHI MpOIEAypH Ta ONTHMI30BaHI METOIU

pO3Mi3HAaBaHHS MapKepiB.

Tabnuusg 3.1 — 3HaueHHs MOXUOOK BUMIPIOBAHHS MPHU PI3HUX

ITOJIOKCHHAX MaHiHy.TISITOPa

Monoxenusn ETranonne ];;‘M;E:?;:g;{;g IMoxuoka
PO3KpHUTTS 3HAYEeHHS, (l)OT(I)Il" AMMeTDii BHUMIpPIOBaHb,
MaHinmyJsATOpa MM pMM pi, MM
0° 700,5 700,586 0,086
90° 700,5 700,354 -0,146
180° 700,5 700,621 0,121

[licns mpoBeneHHs KaialOpyBaHHS (POTOrpaMMETPUYHOrO OOJaJHAHHS
npoueaypa BU3HAUYEHHS JIOQTY B HIAPHIPHOMY BY3JIl Peali3y€ThCs 32 HACTYITHUM
anmroputMoM. Ha pyxomiii 1 HepyxXxoMmiii YacTWHax IIapHIpa BHUOMPAIOTHCA
ONTUMAaJbHI MICHS A PO3MILIEHHSI MapKepiB, MPHU I[bOMY iX pO3TallyBaHHS Mae
3abe3reuyBaT 4ITKYy (ikcalilo 3MiH Yy B3a€EMHOMY TIOJOKEHHI €JIEMEHTIB
KOHCTPYKIIi BHACIIJOK HasBHOCTI JIOPTY, 0aXkaHO 3 MAaKCUMAJIbHOIO YYTIUBICTIO
0 ¥Woro mposiBiB. Y pamMKax JaHOTO JOCTIPKEHHS KOHTPOJBHUN MapKep
3aKpITUIIOBABCS B LIEHTPAJIbHINA YAaCTUHI TOPLSI HEPYXOMOTO MTHU(TA, IO € BICCIO
oOepTanHs mapHipa. BigHOCHO 1i€i pedepeHTHOT TOUKH 3A1MCHIOETHCS MOHITOPUHT
TPaAEKTOPIi 1HIIIOTO MapKepa, IKUil BCTAHOBIJICHO HAa pyXoMiil yacTuHi mapHipa. [Tix
yac po3ropTaHHs HATYpHOI Mojenl MaHinyisaropa (puc. 3.4 a), 6), B)) MeTOI0M
dboTorpammeTpii BUBHAUAETHCA (PAKTUYHA TPAEKTOPIS EPEMIIIICHHS KOHTPOIHHOTO
Mapkepa npu peaibHoMy (Hi3udHOMY JTHO(T1, HASBHOTO B IIIAPHIPHOMY BY3JIL.

Ha nactynmHoMy erarmi JOCTiIKEHHSI 3aCTOCOBYETHCS MaTeMaTHYHA MOJEIH
JUHAMIKM MaHIMyJIsTOpa, sIKa BpaxoBye TO(T y ImapHipHOMY 3’€THAHHI SK
okpemuil mapamerp. ['eoMeTpruyHi Ta MAacOBO-1HEPIINHHI XapaKTEepPUCTUKU MOJENI
3aJIal0ThCSl BIATOBIHO JI0 TapaMeTpiB HATYPHOI KOHCTPYKIl, 10 3abe3rnedye
KOPEKTHICTh MOPIBHAHHS Pe3yJbTaTiB. 3a JOMOMOTO0 i€l MaTeMaTUYHOI MOJIET1

MPOBOAUTHLCSA IMITAIIiHE MOJICTIOBAHHS MPOLIECY PO3TOPTAHHS MaHIMyJIsATOpa s
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pI3HHX 3HAaYEHb JTHOPTY.

Y Xonmi MOJENIOBaHHS BHU3HAYAETHCA TPAEKTOPIA PyXy TOUOK, IO
BIJINOBIJIAI0OTh KOOPJMHATAM KOHTPOJBHUX MapkepiB. ONTUMaTIbHUM 3HAYEHHSIM
JI0(Ty BBAXKAETHCS TaKe, NMPHU SKOMY pPO3PaxOBaHI TPAEKTOPIi KOHTPOIBHUX
MapKkepiB, OTPMMaHI Ha OCHOBI EKCIIEPUMEHTAIbHUX Ta YHMCEIbHUX JaHHUX,
CHIBOAJAOTh 13 3a1aHOI0 TOYHICTIO.

3HaiiileHe 3Ha4YeHHS JIO(TY Jali BUKOPUCTOBYETHCS MJS PO3PaXyHKIB
MPOTPAMHHX PYXIB MaHINYJIATOpa Ta MPHU JOCIIKEHH] CTIMKOCTI MOro HEeMHINHOT
CHUCTEMHU KEpPyBaHHS.

Ha pucynky 3.5 nomano rpadiuHe 300pakeHHS TpaeKTOpiil ImapHipa, 110
JI03BOJISI€ TOPIBHSATH PE3YJITATH YUCEIBHOTO Ta EKCIIEPUMEHTAIBHOTO IOCIIIKECHb.
3eneHuM KOJIhOPOM MO3HAYEHO TPAEKTOPII0 KOHTPOJIBHOTO MapKepa, po3paxoBaHy
YUCEIbHUM METOJIOM 3a YyMOBHM HasBHoOcTi modty 0,1 MM, 4YepBOHUM —
EKCIIEPUMEHTAIbHO OTPUMAHY TPAEKTOPIIO 3a AOMOMOTOI0 (hOTOrpaMMETPUUHOTO
aHami3dy, a CMHIM — E€TAJIOHHY TPAa€KTOpi0 By3na 0e3 modTiB. AHami3 rpadikiB

CBITYUTH, 110 (haKTUYHA BeTUYMHA JIIOPTY 3HAX0uThcs B Mexkax 0,1-0,15 mm.

— bea nodhTa
pospaxosaxuii niodT 0.1 MM
----- oTpMMaHa TpaekTopif

Y (BigcTaHb B3QOBX OCi Y), MM
I

-1 | | | 1 | | 1 1 J
-3 -4 -3 -2 1 0 1 2 3 4 5

X (BincTaHb B3AOBX OCI X), MM

Puc. 3.5 TlopiBHSIHHS Tpa€eKTOPii pyXy MIapHIpa MaHIMyJIATOPA 3a PI3HUMHU

METOAaMH BU3HAYCHHS
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HasiBHicTh 70Ty TMOSACHIOETHCS KOHCTPYKTUBHUMHU — OCOOJHMBOCTSIMU
HIapHipa, 30KpeMa 3a30pOM MK JOTUYHUMHU TTOBEPXHIMH KYJIbKOBOTO MAMIUITHUKA
Ta mWTA(TA, a TaKOX MOXJIMBHUMH BIIXWJICHHSMH y B3a€EMHOMY pO3TalllyBaHHI
PYXOMHX 1 HEPYXOMHUX €JIEMEHTIB uepe3 TEXHOJIOTIUHI TOXUOKH BUTOTOBJICHHS Ta
30opku. Ili ¢akTopu CyTTEBO BIUIMBAIOTh HA TOYHICTh MO3UIIIOHYBaHHS
MaHIMyJATOpa Ta MOXYTh CHOPUYMHATH HeOakaH! BIIXUJICHHS y TPaekTopii Horo
PYXYy.

3anponoHoBaHa METOIMKa 0€3 3HaYHUX 3MIH aJIallTyEThCS JJIsL TOCHII>KEHHS
OPYXKHUX TOAATIMBOCTEH €JIEMEHTIB KOHCTPYKIli 0OaraTojlaHKOBHX CHCTEM B
MICISIX 11 JIOKaJTbHOTO 3HW)KCHHS, HANIPHUKIA y (IaHIIEBUX 3’ €IHAHHAX Ta MICIb

KPITUICHHS Ha JaHKaX JOMOMIXXHOTO 00JIaTHAHHS.

3.2 YwuciioBe MOACTIOBAHHS BIUIMBY BEJIUYUHHU JIOPTY y lIapHipi

MaHIimyJasTopa

BaxxnuBUM acniekToM aHalli3y KIHEMaTUYHUX XapaKTEPUCTUK MaHIITyJISTOPIB
€ BIUIMB JIOQTIB y HIApHIPHUX 3’€HAHHSX, 110 CYTTE€BO BIUIMBA€ HA TOYHICTb
NO3ULIOHYBaHHS, AUHAMIYHY MOBEIIHKY Ta HABAHTA)KEHHS HA KOHCTPYKTHBHI
€JIEeMEHTU. Y MaHOMY JOCHIKEHH1 PO3TJSIA€ThCS OJUH 13 HaOUIbII 3HAYYIIUX
TUIIIB JIO(QTY, 110 BUHUKAE Y BY3JIl IO OC1 PO3KPUTTS IIApHipa, a caMe y IUIONIHHI,
OpTOTOHANBHIN 10 oci o0epTaHHs. Takuil MOPT MOKE OYTH CHIPUUMHEHUN 3HOCOM
JeTanei, HeTOYHICTIO Tpoliecy 300pku ab0 KOHCTPYKTUBHHUMHU OCOOJIUBOCTSMU
MEXaHi3My.

YuciioBe MOJENIOBAHHS BIUIMBY BEIUYMHHU JIOPTY y IIAPHIPHOMY BY3Ii
MaHIMyJsITOpa TMPOBOJWIIOCS y mporpamMHomMy cepenoBunii MSC  Adams.
HocnimkyBayiacss MOJie/b IapHipa, 0 CKIaAa€eThCs 3 JBOX YAaCTHH, SKI MarOTh
CIUJIbHY BICh OO€pTaHHsSI Ta 3IMCHIOIOTH PO3KpUTTS Ha 180° (puc. 3.6). s
CIPOIIEHHS MOJENl y370BX BCi€i oci oOepTaHHS MDK TOPIIMU IIapHIpa
BCTAHOBJIEHO IITU(T, M0 MPOXOJUTH Yepe3 MPOBYIIMHU 000X YACTUH LIapHIpa,

3a0e3Meuyroun iXHIO B3a€MOIIIO.
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a)

Puc. 3.6 — Mogenp mapHipa MaHIMyIsATOpA:

a) y 3aKpUTOMY TOJIOKEHH]; 0) y BIAKPUTOMY MOJIOKEHH1

JuHaamigyaui aHaii3 BUKOHYBaBcs 3a gomomororo MCE (puc. 3.7, a), mo
JI03BOJISIE€ AETAJbHO aHaNI3yBaTH BIUIMB JeopMalliii Ta KOHTAKTHUX B3a€MOAIN y
HIApPHIPHOMY BY3Ii.

3acTocoByBaBcsl  Mmatepian  amominii  AA 2014 3  HACTYITHUMH
XapakTepucTuKaMu: ryctuHa p =2920 kr/m°, wmomyns IOunra E =73 I'Tla,
koedimienT [Tyaccona v = 0,3. Maca gocimimKyBaHOTO 3pa3ka IIapHipa CTAHOBHIIA
0,78 kr. Komm’torepHa mojiens Oyna po3ourta Ha 39562 eneMeHTH, KUTbKICTh BY3JTiB
cknana 197811 onpununes. BukopucroByBanuch 10-By3710Bi  KBajpaTH4HI
TeTpaeapUyHi JarpaHXeBi CKiHUEHH1 eneMeHTH (puc. 3.7, 6) 3 TppoMa CTYNECHIMU
ceoobomn (u(x,y,z),v(x,y,z),w(x,y,z). Posmip CE cranoBuB 1,5 mMm. Yac
pO3paxyHKy AaHO1 3a/1a4i CKjIaB 23 XB.

Jns 3a0e3meueHHs] peaiCTUYHOCTI MOJENIOBaHHS Oyiy 3alaHi HACTYIHI
YMOBH:

e YMOBH KOHTAKTY MiX TiJIaMH, III0 B3a€MOIIFOTh, JIJIsl BpaXyBaHHS NMPY>KHUX Ta

IacTUYHUX Aedopmairiii (puc. 3.8);

o TMpPYXKHI XapaKTEPUCTUKU TUI, IIO JO3BOJSIOTH BpPaxOBYBAaTH BILIUB

MOAATIMBOCTI €JIEMEHTIB MaHIMYJIATOPA;

o JMHAMIYHE HABAaHTAXEHHsS Yy TMpOLECl LUKIIYHOTO PO3KPUTTI-3aKPUTTS

HmIapHipa JJid aHaii3y 3MiH KIHEeMaTUYHUX TTapaMeTpiB Y Yaci;
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¢ KOHTPOJIbHI MapKepu Juist (pikcallii TpaeKTopii pyXy Ta BU3HAUYEHHS 3MIIICHb

BHACIIIJIOK JTIO(DTY.

a) 0)
Puc. 3.7 Ananiz MCE nuHamiku mapHipa:

a) BUJ MOJIEN1 Mij yac po3paxyHky; 0) Bug CE

Jist  pgochipkeHHs  BIUIMBY  JTIODTY Ha KIHEMaTUKy MaHIMyJasTopa
BUKOPUCTOBYBaBCSI METOJI MOHITOPUHIY TPAEKTOPIM KOHTPOJBbHHUX MAapKepiB,
BCTAaHOBJICHUX y KIIOUOBUX TOUKaxX By3Ja. KoHTposbHI Mapkepu Oyiu po3TaiioBaH1
Ha MPOBYIIMHI PyXOMO1 YaCTUHU MIApHIpa - IJIs1 OI[IHKH JIOKAJIBHHUX MEPEMIIIEHb Y
30HI KOHTAaKTy 3 IITU(PTOM; Ta HA CEpPEeAMHI TOpPUS OCbOBOIO CTPUXKHS - IS
BU3HAUEHHS BIUIMBY 3a30pY Ha 3arajibHy KIHEMaTHKy PYXOMOi YaCTHUHHU.

OpnHa 3 YacTWH MIapHipa pa3oM 13 CTPMXKHEM 3aJMINANacsi HEPYXOMOIOo, a
iHma - obepranacs y mexax 0-180° naBkono Bici. Ile mo3Bonuio orpumaru
neTanbHl Tpadiku TPAEKTOPI pPyXOMOro Mapkepa BIJHOCHO HEPYXOMOIO Ta
OI[IHUTU MaKCUMAaJIbH1 BIIXUJICHHS Y TIPOIIeCi POOOTH MEXaHi3My.

ExcniepumMenTanbHa Ta MaTeMaTHyHa arnpoOailisi METOAUKY MPOBOAMIIACS TIPH
BificTaHl 4,5 MM MIX KOHTPOJbHHUMH MapKepaMu, IO 3HAXOAWINCh B OIHIN
oMl JIjisi OwiHKM BIUIMBY JO(TY JiaMerp Topus ITHU(Ta 3MIHIOBaBCA Y
HACTYITHUX BapiaHTax:

. 9 MM — 171easibHUI BapiaHT 0e3 ToPTY;

. 8,95 mm — modt 0,025 MwMm;
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. 8,9 mm — ot 0,05 Mm;

. 8,85 MM — ot 0,075 Mm;

. 8,8 MM — ot 0,1 mMMm.
Wl Modify Contact X
Contact Name | CONTACT 1
Contact Type | Flex Body to Flex Body j
| Flexible Body | hinge1_1_flex
J Flexible Body | hinge1_2_flex
™ Force Display | Red J
Normal Force | Impact j
Stiffness | 1.0E+04
Force Exponent | 15
Damping | 1.0
Penetration Depth | 1.0E-02
Friction Force ‘ None j

oK | Applyl Closel

Puc. 3.8 [1apameTpu 3a1aHHs] YMOB KOHTaKTy MK ABoMma Tutamu y MSC Adams

Ha pucynky 3.9 mopani TpaekTopii KOHTPOJIBHOTO MapKepa i Pi3HUX
3HaYeHb JO(PTY y WAPHIPHOMY 3'€HaHHI, OTPUMaH1 B PE3yJIbTATl IMITALIITHOTO
MOJIEJIIOBAaHHS 3a JOTIOMOTOK) MaTeMaTUYHOI MOJENl MaHimyisTopa. Sk BUIHO 3
rpadikiB, 31 30UIBIICHHSIM BEJIUYMHH JIOPTY y MIAPHIPI CIIOCTEPIra€ThCs CYTTEBE
3pOCTaHHSl BIAXWJIEHb Yy TPAEKTOPii KOHTPOJBHOro Mapkepa. HaBiTh He3HauHUM
modT y mexkax 0,025-0,05 MM BUKIIMKaE TMTOMITHE 3MIIIEHHS TPAEKTOPIi pyxy, IO
0COOJMBO KPUTHYHO ISl BUCOKOTOYHUX MaHIMymsaTopiB. [lpm mMakcumaabHOMY
modti 0,1 MM BIIXWIEHHS TpaekTOpli 3HAYHO 3OUIBIIYIOTHCS, L0 MOXKE
MPU3BOJUTH 10 HAKOIMMYEHHS TMOXMOOK y poOOTI Bciei cuctemu. Y Tpolieci
LIUKIIIYHOTO OOepTaHHs IIapHipa 3a HAsBHOCTI JO(MTYy BUHHMKAIOTH HEJIHINHI

ebexkTn y moBeniHI MexaHi3My. CrocTepiraerbcsi 3aTpUMKa peakilii pyxoMoi
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YAaCTUHU Y MOMEHTH 3MIHU HANpPsIMKy OOepTaHHS, [0 MOXE HETaTUBHO BILJIMBATH
Ha TOYHICTh KEPyBaHHS MaHIMYJISITOPOM.

JlaHe MoJeNrOBaHHS J03BOJIIE€ OLIHUTH BIUIMB JIOGTY Ha KiHEMaTH4HI

XapaKTEPUCTUKN CUCTEMH Ta BUSHAYUTU MEX1 MOKJIUBUX BIIXUJICHBb Y TPAEKTOPIT

PYXOMUX €JIEMEHTIB.

—— Be3 niodTa
modT 0.025 MM

=== modT 0.05 Mm
mocdT 0.075 MM

----- niodT 0.1 MM

Y (BigcTaHb B3QOBXK OCI ), MM

1 1 1 1 | | 1 1 | 1 ]
-5 -4 -3 -2 -1 0 1 2 3 4 5

X (BigcTaHb B3OOBX OCI X), MM

Puc. 3.9 Po3paxoBaHi TpaekTopii KOHTPOIBHOTO MapKepa B 3aJ1€KHOCTI BiJl

BEITMYMHU JIIOPTY Yy HIapHIpi

Takum 4MHOM, pe3yNbTaTH YHCIOBOTO MOJEITIOBAHHS MOKA3alH, 10 HaBIThH
HEBEJMKHUM TIOQPT y MapHIPHOMY 3'€ JHAHHI MOKE CYTTEBO BIUIMBATH HA TOYHICTh
pobotu maHinynaropa. OTpuMani JaHi MOXKYTh OyTH BUKOPUCTAHI JIJIsl ONITUMI3aIlli
KOHCTPYKIIi IIAPHIPHUX BY3JIIB, MIJBHUILEHHS XOPCTKOCTI 3'€JHAHb Ta PO3POOKU

QITOPUTMIB KOMITEHCAIIi IIOPTIB y CHCTEMaX KEpyBaHHS.
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BucHoBkmu 10 po3aiay 3

Po3po6iieno Ta anpoOOBaHO METOAMKY E€KCIIEPUMEHTAIBLHOTO BHU3HAYCHHS
To(TIB Ta MPYKHUX MOJAATIMBOCTEH B IIAPHIPHUX By3JIaX MAHIMYJISATOPIB 1 IITAHT
KOCMIYHHX arapariB, 10 0a3yeThcsi Ha (POTOrpaMMETPUIHOMY METO/II.

[Ipu BiampaioBaHHI 3alpONOHOBAHOI METOJUKH BUKOPUCTOBYBAJIAChH
po3po0seHa Ta BUTOTOBJIEHA MOJIEIb JBOJAHKOBOIO (PparMeHTa MaHIMyJIsaTopa.
doTorpaMMeTpUIHUI EKCTICPUMEHT, SIKUW OyB MPOBEACHUI HAa OCHOBI BIJICTC)KCHHS
KOJJOBaHUX MapKepiB, TIOKa3aB BHCOKY TOYHICTb BHUMIPIOBAHHSA T€OMETpii
MaHIMyJasTOpa Ta 3aCTOCOBHICTH I JOCITIKEHHS JTUHAMIKH TPaHC()OPMOBAHUX
KOHCTPYKIiM. Peani30BaHO MOHITOPUHI MpPOILECY PO3KIAJaHHS-CKIAJaHHs
MaHINyJasATOpa, 10 A0 3MOTY BUSBUTH HETOUYHICTh 300pKM Ta HaJaIITyBaTH
CUCTEMY IMITaIlli HEBaroMOCTi CTEH/A.

3a 1omomMororo nNo0y/10BaHOI pO3paXyHKOBOI CXEMH /ISl BA3HAUCHHS BILIUBY
modTy y mapHipHOMYy 3’€IHaHHI OyJluM OTpUMaHl1 TPAEKTOPli PO3BOPOTIB JAHKU
MaHIMyJISITOpa 3 ypaxXyBaHHAMH PI3HUX BEJIMYMH 3a30piB. BusiBieHo, mo 3a
nornomMoror  (oTorpaMMeTpii MOXKHA BHU3HAYaTH TPAEKTOPIi KOXKHOTO 3
KOHTPOJIbHUX MAapKePIB Ha IIAPHIP1 Y IPOLECI BCbOT0 poO0oUoro yacy Bysia. Lle nae
3MOTy YTOUHIOBATH PO3PAXyHKOBI CXEMH 3 OOYUCIICHUMH BEIMUYUHAMHU JTIO(TIB.

Jlanuii MeToJ BHMIPIOBAHHS MOXHA 3aCTOCOBYBATH IIPH JIOCIIKEHHI
JMHAMIKM 0araToTUIbHUX YU HAJJJOBIMX KOHCTPYKUINA, CHHXPOHI3YBaBUIU JEKIJIbKa
nudpoBux kamep. B Toil yac, sk TpaauiliiiHi BUMIPIOBaJIbHI MpUIaId OOMEKEHI
30HOI0 [Ii B MICHSX BCTAHOBJIEHHS, (hOTOrpaMMeTpUyYHE 00JIaJHAaHHS OOMEKEHO
JMIIEe 30HaMU TMOKPHUTTS 3aCTOCOBAHUX KaMmep, SKi € JOCUTh BETUKUMHU. TakuM
YMHOM, MOKHAa peaii30ByBaTH MOHITOPUHT PYXOMHX KOHCTPYKIIIH Yy KOCMOCI

JTUCTAHIIIHO.
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PO3/ILI 4.

EKCHHEPUMEHTAJIBHE BUSHAYEHHSA HOJATJIMBOCTI
OJAHLOEBUX 3’°€ENJHAHb MAHIITYJIATOPA

daHIIEB] 3’ €JHAHHSA € OJTHUM 13 HE3aMIHHHUX CITIOCOO1B ITOEHAHHS €JIEMEHTIB
KOHCTPYKI[iH. OCHOBHMMU MTPOOJIEMHUMH MTUTAHHIMH y TOCIIKEHHIX (PIaHIIEBUX
BY3JiB € 3a0€3MEUYEeHHS MOT0 KOPCTKOCTI T4 TEPMETUYHOCTI IIJISTXOM BH3HAUCHHS
HaIpy>XKeHO-1e(OPMOBAHOTO CTaHy IIiJI JI€I0 30BHINIHIX HaBaHTaKCHb, OIlIHKA
PIBHSI KOHIIEHTpAIlli HAIIPY>KEHb y MICIISIX KOHTAKTy YIIUIbHIOBAIBHUX TTOBEPXOHb,
a TaKOo)X MOJICIIOBAaHHSA IOBEIIHKH OOJITOBUX €JEMEHTIB IIJ 3MIHHUMH
HaBaHTaXEHHSAMHU. BaXJIMBUM acleKTOM € BpaxyBaHHS BIUITMBY TeMIIEpaTypHHX
nedopmariiii Ta KOpPO3IHHOTO 3HOIIYBAaHHS, IO MOXYTh CYTTEBO 3HIKYBaTH
JIOBrOBIYHICTh 3’€AHaHHA. OKpIM [bOTO, aKTyaJdbHUM 3aJUIIAETHCA MUTaHHS
onTUMIi3aIli KOHCTPYKTUBHUX MapaMeTpiB 3’€IHAHHS I 3MCHIICHHS Macu Ta

MIJIBUIIICHHS €KCIUTyaTal[iiHO1 Ha{IIMHOCTI.

4.1 Meroau po3paxyHKy MIIHOCTI NPYKHUX (MIaHLEBUX 3’€IHAHb

Po3paxyHOK MIITHOCTI NPYKHUX (DJIAHUEBUX 3’ €HAHB € KIIFOYOBUM €TAIOM y
MPOEKTYBaHHI BIJIMOBIJATLHUX KOHCTPYKIIN y paKeTHO-KOCMIUHIM, aBiaIliiHild Ta
MalmMHOOYAIBHIA rany3sx. @uaHieBl 3'€IHAHHS y MAaHIMYJIATOpPaX KOCMIYHOTO
MpU3HaYeHHs 3a0€3MeuyI0Th MepelaBaHHs HAaBaHTAKECHbB 1 30€PEKEHHS] MEXaHIYHOT
IITICHOCTI KOHCTPYKIIIi B YMOBax 3MIHHMX 30BHIIIHIX BIUIMBIB. MOJEIIOBAaHHS iX
MIIIHOCTI nependayae BUKOPUCTAHHS JCKIJIBKOX OCHOBHUX MIAXOIB, CEpell SIKUX
aHaJITHYHI METOJIH, YUCEIbHE MOJISTIOBAHHS Ta €KCIIEPUMEHTAIBHI JOCIIIIPKCHHS.

AHamITUYHI METOAM BKJIIOYAIOTh METOJI KJIACHUYHOI TEOopli MPY>KHOCTI, 11O
0a3yeTbcsl Ha PIBHSHHSAX pIBHOBArv, 3akoHy ['yka Ta TeOMETpUYHUX YMOBax
nedopmariii. Y paMkax MmpOro MiAXOAY BUKOPHUCTOBYETHCS METOA OaTKOBOTO
HaOmwkeHHa [38, 39, 49] anga Bu3HaueHHS CUIOBHX (DaKTOpIB y OONTOBUX Ta

(hIaHIIeBUX €JIEMEHTAaX, a TAKOXK METOJI T€opii KOHTAKTHOI B3aemoii I'epiia [43] most
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OLIIHKM KOHTAKTHUX HANpyXeHb MDX YUIUIbHIOBAIbHUMH MOBEPXHIMH. Takox
MIPOBOJIATHCS OIIHKUA OCTA0JICHHS] OONTOBUX 3'€IHAHb 1 BU3HAYCHHS 3YCUIb Y
p1300BUX enemeHTax [ 128, 144]. Taki migxoau eeKTUBHI I IPOCTUX T€OMETPIi,
OJTHAK HE BPaxOBYIOTh HEINiHIWHI e()eKTH, MIACTUYHICTh Ta CKJIAJHYy KOHTAKTHY
B3a€EMOJIIIO.

UucaoBl METOIU PO3PAXYHKY, 30KpEMa METO/ ] CKIHUEHHHUX eJIeMeHTIB [32, 33,
93], € OCHOBHUM THCTPYMEHTOM JJIs1 JOCTIPKEHHS CKJIAJHUX (IaHIIEBUX 3’ €/IHAHb.
BukopuctanHs KOMEpPIIHHUX MpOrpaMHHUX MakeTiB, Takux sk ANSYS, Abaqus,
MSC Nastran, 7103BoJIsi€ TPOBOAUTH TPUBUMIPHHIA aHAJII3 HATIPY>KEHB Ta OI[IHIOBATH
30HU KOHIIEHTpPALlli HAIIPYy>KEHb, JIOKAJIbHI IJIACTUYHI1 iepopMallii Ta pU3UKU BTpaTH
TEepPMETHYHOCTI. Y MeKaxX YMCEIbHOr0 aHali3y 3aCTOCOBYIOTHCA METOJI KOHTAKTHUX
CKIHUEHHHUX €JIEMEHTIB JIJISl JOCIIIXKEHHSI B3a€MO/I11 MK MOBEPXHIMU YUIIIIbHEHHS,
METO/1 HEeJIIHIHOTO MaTepiaibHOTO MOJIeIIOBaHHs [ 145] mu1st BpaxyBaHHs IPYKHO-
IUIACTUYHUX BJIACTMBOCTEM OONTOBUX 1 (IAHIIEBUX €JEMEHTIB, a TaKOoX
MO/ICJIFOBAaHHS LMKIIIYHOTO HABAHTAKEHHS Ta BTOMHOTO pyiHyBaHHs [79, 107] s
OIIIHKH JOBTOBIYHOCTI 3'€/IHaHb. J[0JIaTKOBO BUKOPUCTOBYETHCSA METO]I TOPHUIHOTO
MozentoBanHs [61, 135], mo noennye MCE 13 ekcriepuMeHTAIbHUMU TaHUMU J1JIs1
T1JIBUIIICHHS TOYHOCT1 IMPOTHO31B.

ExcnieprMeHTanbHi METOIU PO3PAXyHKY Ta BepHdiKallii YnCceTbHUX MOJIEIEH
BKIIFOYAIOTh METOJl TEH30METpii, IO JJ03BOJSE OTPUMATH peajbHI 3HAYCHHS
HalpY>KeHb y KPUTHYHMX 30HAX (QUIAHIIEBUX 3'€IHAHb, ITUGPOBY KOPEISAIIO
300pakeHb ISl OLIHKHM JepopMaliiHOrO CTaHy, jJa3epHy IHTep(EpOMETPito A
BUMIPIOBAHHA  MIKpPONEpEMIIIEHb Ta  MeTod  (OTOrpaMMeTpii,  SIKUU
BUKOPUCTOBYETHCS [IJI1 KOHTPOJIO 3MIIIEHb Ta MEPEBIPKH TOYHOCTI YHCEIHHHUX
moaenei [114, 139]. BunpoOyBaHHSI repMETUYHOCTI 3A1MCHIOETHCA 32 IOIOMOTOI0
METOIy aKyCTU4HOI emicii [34] Ta riapaBIiyHUX BUITPOOYBaAHb M1 TUCKOM [29, 99]
JUTSL OLIHKY HAJAIMHOCTI YIIUTBHEHB M1 JII€I0 3MIHHUX HABAHTAKCHb.

[ToeqHaHHS aHATITUYHMX, YHCCIBHUX Ta CKCIECPHUMCHTAIBHUX METOIIB

JI03BOJISIE PO3PaXOBYBaTH MIIHICTh MPY>KHUX (JIAaHIEBUX 3’€IHAHb 3 BHCOKOIO
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TOYHICTIO, TMPOTHO3YBAaTH TMOBEAIHKY KOHCTPYKIIH y peajbHHUX yMOBax

eKCILTyaTarlii Ta miaBUIIYBAaTH iXHIO TOBTOBIYHICTh 1 HAIIMHICTb.

4.2 ExcnepuMeHTAJbHI I0CTiKeHHS MOJATIUBOCTI (p1aHeBOro

3’€IHAHHSA MPH il MeXaHIYHUX HABAHTAKEHb

Bupimenns npobiieMu MogaTIMBOCTI OJHOJIAHKOBUX MAaHIMMYJISTOPIB MOXKE
Oyt gocTtaTHbO €(QEeKTHBHO OTPUMAHO 3 BHKOPHUCTAHHSIM  YHCJIOBOTO
MOJICITIOBAHHS.

YwuciioBi OCHIDKEHHS TIOJATIUBOCTI €JIEMEHTIB ()IaHIIEBUX 3 €THAHD
OB’ 513aH1 3 HEOOX1IHICTIO OLIHKK 0ararbox (hakTopiB (HENIHIMHI XapaKTEPUCTUKHU
MaTtepialiB, HEJIOCKOHAJIICTh BUTOTOBJICHHS Ta/ab0 300pKH, HEOMHOPIIHI YMOBHU
KOHTAKTy MDK €JIEMEHTaMU Ta 1H.) Ta PO3POOKOI0 METOJMKH iX KOPEKTHOTO
BpaxyBaHHs. [IpoTte 1 miciis 1oro eramy MOXyTh OyTH YTOUHEHHS PO3PaxXyHKOBOT
MOJI€JIi, III0 3yMOBJICHO CKJIQ/IHICTIO BpaxXyBaHHS YC1X HEJIHIMHUX CKIIaJOBUX.

[lepenbavaerncsi, 10  JOCHKYBaHA  MOJEIb  MaHimyisitopa  Oyne
3aCTOCOBYBATHUCS Ui BUBEACHHS BIJIHOCHO KOCMIYHOTO amapary CiT4acToOi aHTEHH,
orucanoi y [88, 121]. Cama KOHCTPYKIIisl CKIAIAEThCS 3 TPHOX MOCHIIOBHO 3’ € JHAHUX
CEKIIIH, sKI 3a JOMOMOTo0 (JIAHIIB TMPUEAHYIOTHCS 0 IMIAPHIPHUX BY3JIB, IO
3a0e3Meuyr0Th 00epTaHHS MTOTOYHOI JIJAHKH BITHOCHO IONepeIHboi. Mojiens 3 1BoMa
JIAaHKaMU JIOCIIPKYBAHOTO MaHIIMyJiaTopa Oyia onucana y [13].

Posrnsimaerbest  QuianmeBuidt  By30s  3’€AHAHHS ~ MOJIETl  KOCMIYHOTO
Maninynaropa. JlocmimkyBanuii 3pa3ok (puc. 4.1) ckmagaeTbes 3 JBOX KPYIUIMX
antoMiHieBUX TpyO mapku A/[31T5, nosxunorwo L= 0,14 m, BHyTPIIIHIM JiaMETPOM
Dss = 0,08 M Ta TOBIMHOIO CTiHKHU J = 2,5%107 u; 1BOX (IaHLiB, IO 3’ €HYIOTHCS
MDK C00010, Ta (IKCYIOUMX OCHACTOK, B $IKI MOHTYIOTHCA KpPIIJICHHS JUJIst
BUIIPOOYBAJILHUX MalIMH. YCl €IeMEHTH MOEIHYIOTHCS MK COOOI0 TBUHTOBUMHU

3’ € THAHHSIMH.
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Puc. 4.1 — Cxema nociiakyBaHoro 3paska: 1 — nuiiHapudHa Tpyoa,

2 — ¢nanenp, 3 — Gikcyroua OCHACTKA

JIns mpoBENeHHS EKCIEPUMEHTAIBHUX BUMPOOYyBaHb Oylia po3poOieHa
JeTaibHa METOJIMKA, IO OXOILIIOE BC1 €Talld MiJTOTOBKH JIOCTII)KYBAHOTO 3pa3Ka
Ta BHUNPOOYBAJIBHOTO OONagHaHHS. bymo BH3HAYEHO KIIIOUOBI IMapamMeTpH
HABaHTAKCHHS, TOYKMA TPUKIAJAHHS CHJI, Xapaktep (ikcarii 3pa3ka, a TaKOXK
OUiKyBaH1 MaKCHUMaJIbHI HaBaHTaxeHHs. Ha OCHOBI 1TuX TaHUX PO3pOOICHO CXEMY,
gKa BpaxoBYyE OCOOJMBOCTI TEOMETpii Ta MEXaHIYHUX  BJIIACTUBOCTEH
JOCITIIKYBAHOTO 3pa3ka, 3a0e3Mmeuyoyd pIBHOMIPHUM PO3MO/ILT HABAHTAXKEHHS Ta
MIHIMI3YIOYH BIUTMB HeOaKaHUX JedopmMartii.

[linroroBneHo BUMPOOYBAJIbHI CTEHAM, 10 BIAMOBIAAIOTH  crenudill
excriepuMeHTiB. [IpoBeeHO mepeBipKy iX (QPYHKITIOHATBLHOCTI, BKJIFOUAIOUN OIIIHKY
CTaHy €JIEMEHTIB, $IKI KOHTAaKTYIOTh 13 JOCIIKYBaHUM 3pa3KoM, 3 METOIO
BUKITIOUEHHSI HEKOHTPOJILOBAHOTO TEPTs a00 3cyBiB. Bulbip obnagHanHs 6azyBaBcs
Ha BUMOTaX JI0 TOYHOCTI BUMIPIOBaHb, CTAOUTLHOCTI HABAHTAXKEHHS Ta MOKJIMBOCTI
peecTparlii mapameTpiB y pexuMi peanbHoro dacy. Ilepen moyatkoMm BUNPOOYBaHb
3MIIACHEHO peTeNbHE KaliOpyBaHHS JJAaTYMKIB, BUMIPIOBAILHUX TIPHIAIIB Ta
HaBaHTaXyBaJbHUX MexaHi3MiB. OcoOnuBYy yBary MpUAUIEHO HAJAIITYBaHHIO

TOYHOCTI JIATYMKIB MIEPEMIIIICHb, 1100 3a0€3MEeUNTH BiAMOBIAHICTS OTPUMAHUX JaHUX
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peasibHuM 3HaueHHsM. [Ipomemypa kamiOpyBaHHS BUKOHYBAJacs 3 ypaxyBaHHSM
pOOOYNX YMOB €KCIIEPUMEHTIB, BKJIIOUAIOYN MOXIIMBI KOJMBAHHS TEMIIepaTypu abo
1HIIT1 30BHIIIHI (PaKTOpPH.

3pazok OyB peTeNbHO TIEpPEeBIpEHWH Ha  BIAMOBIAHICTH  3aJaHUM
T€OMETPUYHUM 1 (PI3UKO-MEXaHIYHUM IMapaMeTpaM. 3M1MCHEHO Bi3yalbHUN OIS
Ha HasBHICTH Je(EKTIB, a TAaKOX IONEpPeaHE TECTYBaHHS JIs OLIIHKU IOBEIIHKU
MaTtepialy TiJ HE3HaYHMMH HaBaHTaKCHHSIMH. OKpiM IIbOTO, PO3POOJICHO
MPOTOKOJ, WIO0 OMHCYE BCl €Talmu TMPOBEJACHHS EKCIEPUMEHTY, BKJIIOYAIOYU
npouenypu ¢ikcamii 3paska, IMOCHTIIOBHICTh TPUKIAJaHHA HaBaHTAXCHHS,
IHTEpPBAJIA 3HSTTS TaHUX Ta YMOBH iX 0OpOOKHU. 3aBISIKW KOMILUIEKCHIM M1TOTOBII
Oyr0 3a0€31me4eHo BUCOKY TOYHICTh, BIITBOPIOBAHICTD 1 JOCTOBIPHICTh OTPUMAHUX
EKCIIEPUMEHTAJILHUX PE3YJIbTaTiB.

VY BIAMOBITHOCTI 3 ONTUCAHHSM MPOBEICHUX MEXaHIUHUX EKCTIEPUMEHTIB Y [26,
27, 40], meromomoris IOCHI/PKEHb TMOJSIrae y CTYNEHEBOMY, PIBHOMIPHOMY
HaBaHTa)XEHH1 BUIIPOOyBaHOi Mojenl. KokeH eKCHepuMEHT CKIAaeTbes 3 JABOX
MIPOIIECIB: MOKPOKOBOIO HABAHTAXEHHS 13 3allMCOM TOKa3aHb TEH30/JAaTYUKIB Ta
PO3BAHTAKEHHS 3 (PiKCAIlI€0 TIEPEMIIIEHB TOCTIIKYBaHOTO 3pa3Ka.

B cepennbomMy, mipoBoauiiocs mo 15 gociimpKeHb KOKHOTO TUITY JUTsl MOJENI
By3Nla MaHimynstopa. [loka3aHHsS TEH30aTYMKIB MpPU  TMEPHIMX  TPHOX
HAaBAHTAKCHHAX-PO3BAHTAXKCHHSAX  HE  BPAaxXxOBYBAIMCS,  OCKIIBKH  TOMII
MIHIMI30BYBaBCSl BIUTMB HEIHIMHUX CKJIAJOBUX (3aTsHKKAa TBHUHTIB, BHIOBKCHHS
TPOCIB Ta 1H.).

Mogens MaHIMyIsTOpa, 110 PO3TIAIAETHCSI, Yy CIHPOIICHOMY BHIJISIL
MpEACTaBIsI€ CO00K CTPWIKCHb IIOCTIHHOTO TIOIMEPEYHOro Mepepily, o
3aKPITLITIOETHCS 10 OCHOBHOTIO Tijla — KOCMIYHOTO anapary, a Ha BUIbHOMY KiHII1 Hece
BaHTQX Yy BUIISIAI aHTEHW. BiamoBigHO, 3 ypaxyBaHHSM JIOQTIB y (IaHIIEBUX
3’€IHAHHAX, JaHa KOHCTPYKIlA 3 N CeKIliii MOoXe MaTu JIiHIiHI Ta/abo pasiaibHi
nepeMIlIeHHs] Y KOXKHOMY 3 BY3JIIB 3’ €AHaHHS. TOOTO KOXHY JIAHKY MaHIIyJIaTopa
MOXHA PO3IJIAIaTH SK OKpPEMYy CyOMOJZenb Yy BUIVISIAI CTPWXKHS 3 MPYKHUMH

rpaHUHYHUMHU YMOBaMU.
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JlocikeHHsT TOJATIMBOCTI (PIIaHLIEBOTO 3’€IHAHHS MAaHIMyJsATOpa CIIiJ
MIPOBOJIUTH 3 ypaxyBaHHSAM TeOpli KOJMBaHb MPU3MATHYHUX CTPUKHIB, OCKUIBKH
caMa KOHCTPYKIISl MEXaHI3My CKJIQJa€TbCsl 3 TMOCTIAOBHOTO 3’€HAHHS JIAHOK
HE3MIHHOTO TIepepidy. YpaxyBaHHS MEpPEMINIeHb NP 3TUHAIBHUX, MO3IOBXKHIX 1
KPYTWJIBHUX KOJIMBAHHSX [103BOJISIE OUIBII TOYHO OIHUTU BIUIMB JIOKAJBbHUX
HEOHOPITHOCTEH un ePEeKTIB Ha )KOPCTKICTh, MIITHICTD 1 TUHAMIYHY CTaOUIBHICTD
KOHCTpyKLiH [17].

VY HacTymHUX MYyHKTaX OMUCYIOTHCS JOCIHIIKEHHS YCIX THUIIB MEPEeMIleHb,
0 PO3TIANATECA Yy JaHOMY po3aiini. Takok HaBeIEHI PIBHSIHHS BITBHUX
KOJIMBaHb MPU3MATHYHOTO CTPUKHS JAOBXHHOIO / 3 BIAMOBITHUMU TPAHUIHUMHU
yMoBaMHu [46]: mepiiuii Topelps Mae Mpy>KHEe 3aKpilieHHs Opyca, 1[0 BpPaxoBYE
NOJATJIMBICTh HA JIIHIIHI Ta KPYTUJIbHI MIEPEMIIIEHHS; a APYTUil — BIJIbHUMN.

JIJisi IOpIBHSIHHSL OTPUMAaHUX Pe3yJbTaTiB, a TaKOX JOCIHIKEHHS BIUIUBY
MoAaTIMBOCTI  (hJIaHIIEBOro  3’€HAHHSA, OYyJ0 TMPOBEICHO  KOMIT FOTEpHE
MOJICTIOBaHHS 1IGCHTUYHOI MOJIEJIl YaCTUHHU CEeKIli MaHimylsTopa 0e3 QuaHIlB.
Po3paxyHku npoBoAUIUCS 32 JOIMOMOTOI0 METOJ1a CKIHYEHHUX €JIEMEHTIB y TaKeTi
npukinaaaux nporpam ANSYS. 3actocoByBaBcs matepian amominiu AJ31T5 3
HACTYIIHUMHU XapaKTepUCTHKaMu: TyctuHa p = 2710 kr/m®, momyns IOnra

E =71 I'Tla, xoedimient Ilyaccona v = 0,33.
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Puc. 4.2 — ®parMeHT CKiHYEHHO-EJIEMEHTHOI CITKU

['pannyH1 yMOBH BIAMOBiIaNM cxemaMm HaBaHTakeHHs (puc. 4.3, 4.6, 4.9).

HocnimxyBana moaens Oyna po3outa Ha 47121 emement (puc. 4.2), KUIBKICTh
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By31iB ckiana 258617 onmuuuie. BukopucroByBamuck 20-By370B1 KBaJpaTH4HI
reKcaroHaJbHi JIarpaHKeBl CKIHUEHH1 eeMeHTH (puc. 2.9, 6) 3 TpboMa CTYNEHAMU
ceobomu (u(x,y,z),v(x,y,z),w(x,y,z)). Posmip CE cranoBuB 1,25 mm. Yac

PO3paxyHKy IS IaHUX 3a7a4 ckianas 32-41 c.

4.2.1 3ruHaJbHI nepeMilllecHHA

JlocmikyBaHUT  3pa30K BCTAHOBIIOBAaBCS Ha BUMNPOOYBANbHUN CTEH,
(ikCyrOunCh TBUHTOBHUM 3’ €JHAHHSAM OJIHUM TOPLIEM, a JI0 1HILIOIO — 3aKPIIUIFOBABCS
CTaJIEBU TPOCHK, III0 YTBOPIOBAB MEPIICHIANKYIISIP 3 OCHOBOIO JIiHI€I0 Moiemi. Takum
YUHOM, NEPEKUHYTUH uepe3 OJIOK IMIABIC 3 BAHTAXEM YTBOPIOBAB CXEMY
HaBaHTAXEHHs JUIsl ONEPEYHOT0 BUTHUHY 3pa3ka. [[jis MOHITOPUHTY NEpeMIIICHHS
BEPXHBOI YaCTHHHU BY3JIa 3 €THAHHS BCTAHOBIIOBABCS TEH30/1aTYMK TOAMHHUKOBOTO
TUILy Ha OKPEMOMY IUTATHBI Ta TOPKABCS BAXKEJIEM /10 KpalHBbOI TOYKH MOJENI
(puc. 4.4).

CxeMy HaBaHTa)KE€HHS BHUIPOOYBAJIBHOIO 3pa3ka 300paxeHo Ha puc. 4.3.
BanTa)k Macoro m yTBOpPIOBaBCS HA0OpPOM THpbh IO 5 KI' KOXKHA, MOCTYIOBO Ta
PIBHOMIPHO 301JIbILIYIOYM HABAHTAXKEHHS.

MarematnuHe GOopMyITFOBaHHS PO3PaXyHKOBOI MOJIEN BITbHUX 3TUHABHUX

KOJIMBaHb MPUIMAJIOCh Y BUTJISII:

07 Elazw + Eazw—O' 4.1
dx2 ax2 ) P - @.1)

3 TAKUMH I'PaAaHUYHUMHU YMOBaAMU

O (000 o gPe_ %o .|

0x dx? 1 x=0' dx? 2 ox o ’
0 0%w 0%w (4.2)
a EIW =Ox=l'EIW=Ox=l,

7€ W — TMPOTHH CTPWIKHS, P — TYCTHHA MaTepially CTPYXKHS; F' — Tuioma nepepizy
CTPWXKHS;, £ — MOAYb IPY>KHOCTI; €; — KOEIIIEHT )KOPCTKOCTI HA MIEPEMIIIIEHHS Y

3aKpIIUICHH]; C; — KOE(DILIEHT )KOPCTKOCTI HA KPYUYEHHS Y 3aKPIIJICHHI.
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Puc. 4.3 — Cxema HaBaHTaXEHHS AOCIIIXKYBAHOTO 3pa3Ka MPU NONEPEUYHOMY
BUTHHI: | — OTBIp AJIs KPIIJIEHHS, 2 — MWIHAPUYHI TpyOH, 3 — rBUHTH, 4 — diaHI,

5 — TpocHK, 6 — 6JI0K, 7 — BaHTaX Macoro m

BianoBigHO 10 MpeacTaBIeHUX T€OMETPUUYHUX, MEXaHIYHUX Ta JUHAMIYHUX
xapakTepuctuk [88, 121], ans ycix BUIB JOCIHIKEHb OyJIM BCTAHOBJICHI J1ana30Hu
Ta BEJIMYMHU TOCTiJOBHOTO HABAaHTAXEHHS, SIKI MOXKYTh BUHHMKATH y (DJIAHIIEBHX
3’€HAHHAX TI1J] 4ac PO3KJIAJaHHS MaHIMyJIATOpa, PO3KPUTTS aHTEHU YU PyXy
CaMOT0 KOCMIYHOTO arapary.

Ha puc. 4.5 npencrapiieHo rpadik 3aI€KHOCTI TEpEMIIICHHS KpaHbO1 TOUKH
Ha BUIBHOMY KIHIIl JOCJI/DKYBAaHOI MOJENl Bia il 3TUHAIBHOI CHJIH, TOOTO
BEJIMYMHU MEPTBOTO BaHTaXy. JlJI1 TIOpIBHSHHA OTPUMAaHHMX pPE3YJIbTATIB
OJIAKUTHUM KOJBOPOM B1JI00paK€HO MOBEAIHKY 1I€HTUYHOI MOJIEN1 MaHIMyJISATOPA,

sKa He Ma€ ()IaHIIEBOTO 3’ €THAHHS.
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Puc. 4.4 — EKcnepuMeHT Ha MONEPEYHU BUTUH

50 | ®
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225 O «we O bes
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Puc. 4.5 — I'padik «HaBaHTa)keHHSI-IEpEMILLIEHHS» TIPU

MOTepEYHOMY BUTHHI 3pa3Ka

Sk BugHO 3 rpadikiB, MOAATIUBICT (JIAHIIEBOTO 3’ €IHAHHS CUJIBHO BIUIMBAE
Ha BeIMYMHY nepemimeHb. Onpa3y X Ha TMepHIOMY HAaBaHTAaXEHHI y 5 Kr
BIIMIHHICTP MDK OOUYMCJICHMMHU pe3yJlbTaTaMU Ta EKCHEPUMEHTAJIbHUMHU CSTae

noHana 65%, a gaii TeHAEHIIisl CTPIMKOTO 3pocTy rpadiky 30epiraeThcsi. Hanpukian,
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Opu Macli BaHTaxXy Yy 25 Kr MakCUMallbHI TEpeMIIIeHHS 3a MOKa3aHHIMHU
TEH30/JaTYUKa BIIPI3HAIOTECS Y 5 pasiB Big MOJENi, SKka He Mae (hIaHIEBOTO
3’e¢nHaHHA. | HaBIaky, MPU MakCUMAaNbHHX IepeMimeHHsax y 2*10% M cyminsHa
TpyOa HaBaHTaxyeThcs 40 Kr, mpoTe BapiaHT 3 QuanisMu — numie 10 kr, mo y 4

Ppa3u MCHIIIC.

4.2.2 KpyTuiabHi nepemMileHHst

VY naHOMy eKCHEpHMEHTI MOJENb By3Ja MAHIMYJISITOpa AOCIIIKYBaJlach Ha
HasBHICTh Ta BIUIMB JIIOPTIB y (IaHUEBOMY 3’€JHaHHI NpPH KPYTHIBHOMY
HAaBAHTAXKEHHI. Sk 1 B MONepeaHbOMY MYHKTI, IPOBOJUIOCH BCTAHOBJICHHS
JOCTIP)KYBAaHOTO 3pa3ka Ha creHJ. Ha BepTHKanbHMX CTPIXKHSX (iKCyBaiucs
OJIOKU-OTIOpH, Yepe3 sIKI MPOXOAMIIA CTajeBl TPOCHKHU. Bincranp Bia (ikcyrouoi
OCHACTKH BHUIIPOOYBaNIBHOTO 3pa3ka a0 JiHii mii cuim ctanoBuia 0,2 m. Jlani
TPOCUKH YTBOPIOBAJIM MEPHEHIMKYISIPU 3 MiABICAMH AJI BAHTaXIB, a TaKOX 31
CTPW)KHEM, 110 OYB NpUEIHAHUN 10 BEPXHBOIO TOpUA MoAeNi. TakuM YUHOM,
IOCTYIIOBO Ta PIBHOMIPHO HAaBAHTAXYIOUM BY30J 3 €JHAHHS, peaji30BYBaBCs
EKCIIEpUMEHT Ha KpyTWibHE HaBaHTaxkeHHsA (puc. 4.7). KpyueHHs MpoBOAMIOCH
MPOTU TOJMHHUKOBOI CTPIIKU, JUBISYUCH 31 CTOPOHU He3a(iKCOBAHOTO TOPIIS
MOMeHTOM M. Jyig BiJICTEKEHHS IMEpeMIillleHb BEPXHbOI YaCTUHU JO BUHOCHOTO
CTPHXKHS, 3a(IKCOBAHOTO HA TBIPHIM MOBEPXHI BEPXHBOI TPYOH, BCTAHOBIIIOBABCS
TEH30]aTYMK F'OJMHHUKOBOTO THITY.

CxeMy KpyTHJIBHOTO HAaBAaHTAKEHHSI BUITPOOYBAIILHOTO 3pa3ka 300pa’keHO Ha
puc. 4.6. JIBa niiBicH, piBHOBIJIAJICHUX BIJl LIEHTPAIBHOI BiCl 3pa3Ka, MOCTYNOBO Ta

OJHOYAaCHO HaBaHTAXXyBAJINUCA I'MPAMHU 110 1 xr.



102

4—"

S S S S S

Puc. 4.6 — Cxema HaBaHTa)XEHHS TOCIIKYBAaHOTO 3pa3ka KpyTHUM MOMEHTOM M:

1 — oTBip [J1s1 KPITUJICHHS, 2 — [WTIHIAPUYHI TPYOH,

3 — rBUHTH, 4 — daHI

Puc. 4.7 — EkcnepMeHT Ha KPYTUJIbHE HABaHTAKEHHS

MaremMaTu4Ha MOACIIb BUTLHUX KPYTHJIIbHUX KOJIMBAHb IIPHU3MATHYHOI'O

CTPYIKHA MaJia BUTJIAA:
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0 00 220
—_ i = 0- 4.3
dx (GIK 6x> Plogz =0 (43)
3 TAKUMU rpaHI/IqHI/IMI/I YMOBaMI/I
6.2 oo L_y (4.4
Kox 2P =0 _ax I 4)

ne 6 — xyToBe mepeMmilleHHsl CTpkHs; G — MOAyJNb 3CYBY; Iy, [ — TONsipHUN

MOMEHT 1HEPIIii mepepizy Ta MOMEHT 1HEpIIii IPH KPy4deHH1 BIAMIOBITHO.
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Puc. 4.8 — I'padik «HaBaHTaxkeHHsI-IEpEMIILIEHHSD TIPH 1111

KPYTHOT'O MOMEHTY Ha 3pa30K

Oco0MBOIO BIAMIHHICTIO Ha puC. 4.8 MOKHA BBa)XKaTH HEJIIHIMHUN BUTJIS
rpadgika mepemilieHb Ajig Mojeni 3 ¢diaHueBUM 3’€AHaHHSAM. Tak, Ha TOYaTKy
HAaBaHTAXKCHHSI, Ha eTarl | Kr — 4 KT, eKCliepuMEHTaIbH1 MaKCHUMAaJIbHI IIePEeMIIICHHS
Ta OO04YMClieHl Maibke He BIApI3HOThCA. [IpoTe mnonanbiie HaBaHTaXKEHHS
JOCIIIJKYBAHOTO ~ 3pa3ka BUKIWKAE HEJIHIMHE 3pOCTaHHS MaKCHUMalbHUX
nepeMiiieHb. SIKIo Mpu BaHTaX1 HA OJIHY BICh Y 2 KT PI3HUIISM MK OTPUMAaHUMU Ta

oOunciieHuMu pesyibTaramu ckiagae 33 %, to npu 13 kr — 65,8 %.
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4.2.3 Ilo310BAHI nepeMilieHHSA

Y ngaHOMYy eKCHEpHMEHTI TPOBOIWIOCH TOCHIDKCHHS TMOJATINBOCTI
3’€JHYBAJIBHOIO  BY3JIa MOJIEJI  MAaHIMyJsATOpa TMpU il  MO3J0BXKHBOTO
HAaBaHTAKEHHA. Po3TAT 3pa3ka BUKOHYBaBCS Ha CTEHII BakibHOTO THMy. KapeTtka
MiJIBICY 3 BaHTa)XEM BCTAHOBIIIOBAJacs Ha BIIMITII, KOJM CIIBBITHOIICHHS Macu
BaHTaXy J0 HaBaHTaXeHHS cTaHOBWUJIO 1:50. OChOBI TBUHTHU Ha TOPISAX 3pa3Ka
BCTaBISUIMCS Ta 3aKpIIUBUIACS Yy 3aThcKadax. [lopyd 3 KOHCTPYKIli€l0 CTeH1a OyB
BCTAHOBJICHUH IITATUB 3 JIBOMa TEH30/JaTYMKAMHU T'OJMHHUKOBOTO THUITY: BEpXHIl
¢dikcyBaB MEpEMIIICHHS BEPXHBOI YACTHHH MOJENi, a HWXKHIN, MOMepeIHbO
3BEJICHUN, — TEepeMIllleHHs (JIaHIIEBOrO 3’€JHAHHS BIAHOCHO HWKHBbOI YaCTHUHU
By3na (puc. 4.10). ToOTo pi3HMI MK 3HAUYCHHSIMH TEH30JaTYHMKIB ITOKa3yBaja
caMme nepeminieHHs y ¢aHIeBoMy 3’ €IHaAHHI.

CxeMy HaBaHTa)KEHHS Ha PO3TIT BUIPOOYBaJIHHOrO 3pa3zka 300pa)Ke€HO Ha
puc. 4.9. IliaBic, npueaHaHUN O BaKeNs YCTAHOBKHU, MOCTYIOBO Ta PIBHOMIPHO
HaBaHTaxyBaBcs Tupsmu 1o 0,1 kr.

dopMyIIOBaHHS MaTeMaTHU4HOI MOJENl BUIBHMX TO3J0BXKHIX KOJHBaHb

MIPUHAMAJIO BUTJISL:

0 ou d0%u
——(EF =)+ pF — = 0; 45
6x< 6x> TS (43)
3 TAKUMH TPaHUYHUMH YMOBaMH
gr2¥ —o| oy (4.6)
0x au= veo 0x Lo '

7€ 1 — JIIHIIHE TePEeMIIIeHHS CTPUKHSI.

JUiss  aHamizy TMO3J0BXKHIX MEpeMillleHb Yy JAOCHIKYBaHI  Mojeni
BUKOPUCTOBYBAJIUCA MAaCHUBHM JIaHMX 3 JBOX TeH30JaT4yukiB (puc. 4.11), mo
GbiKCyBaJid TEpPEeMIIICHHS BCI€i KOHCTPYKIIi (BEpXHIi) Ta HIKHBOI OIMOPH

(bnaHLEeBOTO 3’ €THaHHS (HUXKHIN).
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Puc. 4.9 — Cxema HaBaHTa)XEHHS JOCIIHKYBAHOTO 3pa3ka Ha PO3TAT CHIIOKO P:

1 — oTBip [1s1 KpITUICHHS, 2 — HWIIHIPUYHI TpyOH, 3 — 'BUHTH, 4 — daHI

Puc. 4.10 — EkcnepMeHT Ha po3TAr 3pa3ka
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Puc. 4.11 — I'padix «HaBaHTaxeHHsA-IEpEMILLIEHHS» NP 11

Ha 3pa30K CHJIU PO3TATY

Sk 1 B momepenHix BuMajakax, Ha puc.4.11 MoxHa noOayuTH, IO MpPU
NEPEMIIIEHHSI Y EKCIEepUMEHTaX

30UIBIIICHH] HABaHTAXEHHS MaKCHUMaJlbHi
3pOCTalOTh CTpIMKIIIE, HDK Yy Moxeni 0e3 3’eqnanHsA. [lpu MakcumanbHHX

nepeMileHHsx y 5*10~ M Maca BaHTaxy JUIsl CYIJIbHOI JJAHKH CTAaHOBUTH 3 KT, @ Y
BapiaHTi 31 3’eqHaHHaAM — jmire 0,7 kr, mo y Oubm, Hixk 4 pa3u MeHmre. OJHAK,

MOKHA BIMITUTH, IO Y BUIMAJKY MOJENl 3 (pIaHIsIMH 3piCT KPUBOI MEPEMIIIEeHb
Takox, ciig BpaxoBYBaTH, IO

BIIOYBa€ThCS OUIBII IJIABHO Ta JIHIHHO.
BUNPOOYBaJibHA YCTAHOBKA MAa€ CHUCTEMY Ba)KeliB Ta KOe(DIIIEHT HaBaHTaKCHHS

1:50. ToOTO MakcuManbHa Maca BaHTaXy Y JaHOMY €KCIepUMEHTI ckiagana 150 kr.
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BucHoBkmu 10 po3ainy 4

OTpumaHi IOCTOBIpHI TapaMeTpd 3 EKCIIEPUMEHTAILHOTO BU3HAYCHHS
NOJATIMBOCTI (IAHUEBUX 3'€IHAHb € BAXJIMBUMHU JUISl MIABUIICHHS TOYHOCTI
YHICIIOBOTO MOJICIIOBAaHHS KOHCTPYKIIIH Ta iX €JeMeHTIB. 30Kpema, I1i JaHl MOXYThb
OyTH BHMKOPHCTaHI JUIsi OUIbII KOPEKTHOTO 3aCTOCYBaHHS METOAY CKIHYCHHUX
€JIEMEHTIB, 110 CIIPUATUME ONTUMI3AIll] MPOEKTYBAHHS 1 aHAJI3y KOHCTPYKITIH.

[Tpu mpoBeAeHHI eKCIEPUMEHTATBHHUX JTOCHIKEHb BUSBIICHO, 0 (hIaHIIEBI
3’€JTHaHHS BIUIMBAIOTh Ha MOJATIUBICTh KOHCTPYKINIi, 3HIKYIOUM OMIp Ha Pi3HI
BUIM HaBaHTakeHb. [loka3zaHo, M0 HANOUIBI KPUTHUIHIMHU HABAaHTAKCHHAMU IS
BUMNPOOYBaHOI Mojeni Oynu came 3ruHajibHI. [lepemMilieHHsST TpU MONEPEUHOMY
BUTHHI HaWIIBUJIIE 3pOCTA€ BiJ Jii CTYNEHEBOTO PIBHOMIPHOTO HaBaHTAKEHHSI.
Takox 3adikcoBaHOo, 110 XxapakTep KpuBoi «HaBaHTaxeHHS-TIEpEMIlIEHHS)
HAWOUIBII HENMIHIMHUN NpU KPYTUIBHUX HaBaHTOXEHHSX. [Ipu mo3m0BKHBROMY
HABaHTAXKEHHI JOCIIHKYBaHa MOJIENIb MaHIMyJIsITOpa Masia nepemitieHHs y 50 pasin
MEHII1 BUIAJIKIB 3rUHAHHS 1 KDYYEHHS.

[pyHTYIOYHMCh Ha pe3yjibTaraX eKCIHEPHMMEHTAJIbHUX OCIiKEHb, OYIIO0
BpaxoBaHO, IO IJis1 MOJENl MaHinmyisitopa oOpaHoro tumy [13] HeoOxigHO
30UTBIIUTH JA1aMETPU KPIMHJIBHUX TBUHTIB, 30UJIBIITYIOYH KOPCTKICTh (DJIAHIIEBOTO
3’eqHanHs. lle mae 3Mory 3amoOirTv KpUTHYHHUM TMEPEMIIIEHHSIM, SIKI HETaTUBHO

BIUIMHYTh HA IITaTHY pOOOTY MaHIMyJIATOpa Ta TOYHICTh HABEACHHS aHTEHHU.
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BUCHOBKMU

B pesynbTati mpoBEIEHOT0 CUCTEMHOTO KOMIT IOTEPHOTO MOJICIIOBAaHHS Ta
aHai3y  eKCIEpUMEHTAJIbHUX  BUNPOOYBaHb  PO3POOJIEGHO  METOAOJIOTIIO
yIOCKOHAJICHHSI MapaMeTpiB KOHCTPYKIII KOCMIYHOTO MaHIMyJsATOpa Ta MPOIeCy
BUKOHAHHS TIPOrpaMHHUX pyXiB I 3a0e3neueHHs e(EKTUBHOCTI  HOTo
dbynkuionyBanHsa. Oep:kaHO HOBI HAYKOBI Pe3yJIbTAaTH, & CaMe:

o BIepIIe  pPO3pOOJICHO  METOAUKY  KOMIUIEKCHOTO  TEOpPETHKO-
eKCIIEPUMEHTAIBHOTO  JOCHI/DKEHHS TMOJATIMBOCTI JIAHOK, IIAPHIPHUX Ta
(baHIeBUX BY3J1iB KOCMIYHUX MaHIMYJSATOPIB;

o OTpUMaH1 HOBI JaHI OOUYHMCIIOBAJbHUX EKCIEPUMEHTIB Ui aHai3y
JUHAMIYHUX XapaKTEPUCTUK 1 CHJIOBHX HAaBaHTAXXEHb Yy IIAPHIPHOMY BY3Jl
JIBOJIAaHKOBOT MAHIMYJIAITOPHOI CUCTEMHM, IO JIO3BOJISIE OTPUMATH 3aJIEKHOCTI
pPO3paxOBaHOTO MOMEHTY BiJ Yacy pPO3BOPOTY OJHIEI JIaHKM MAaHIMyIAToOpa 3
YpaxyBaHHSIM MacOBO-IHEpUIHNHUX IapaMeTpiB OCHOBHOTO TiIa Ta KOPUCHOTO
HABAHTAXKCHHS;

o pO3po0IIeHO aBTOPCHLKY METOAUKY Ta MPOBEICHO €KCIIePUMEHTANIbHI
JOCIIJKEHHSI TPYXKHUX TOJATIMBOCTEM Ta MO(TIB Yy MIAPHIPHUX BY3JIax
MaHIMyJISITOPIB 1  IITaHT  KOCMIYHMX  amapaTiB 13  3aCTOCYBaHHSIM
(GoTOrpaMMETPUYHOTO METOAY;

o 3allpOIIOHOBAHO  OPUTIHAJBHY METOAUKY Ta OTPUMaHO HOBI
eKCTICpUMEHTAJIbHI JJaH1 BU3HAYCHHSI BIUIUBY MOIATIUBOCTI (PIIAHIIEBOTO 3’ € THAHHS
Ha JMHAMIYHI NapamMeTpu poOOYMX MPOLECIB 3’€HYBAIBHOTO By3Jla KOCMIYHOTO
MaHINyJasATOpa, IPU3HAUYEHOTO /I IPOCTOPOBOIO KEPYyBaHHS CITYACTUMH aHTEHAMU
a00 HaAyKOBMMH TMpuUJialaMd, TMiJ BIUIMBOM OCHOBHMX BHJIB MEXaHIYHUX
HaBaHTa)XCHb, 30KpeMa 3TMHAHHS, KPYYCHHS Ta PO3TATY-CTUCKY, SIKI MOXYTh OyTH
KOPUCHUMHU TIPH MPOEKTYBAHHI Ta CTBOPEHHI TAKMX KOHCTPYKTUBHUX €JICMEHTIB;

o MOKa3aHo, WIO0 CYTTE€BUM BIUIMB HAa TOYHICTh (PYHKIIOHYBaHHS
PO3MIISIHYTOT KOHCTPYKTMBHOI CXEMH KOCMIYHOT'O MAaHINyJsATOpa MAarOTh MPYKHI

MOJATIMBOCTI  MIAPHIPHUX  BY3/diB, BKJIOYaoud JHOQTH, KOHTHHYyaJIbHA
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MOJIATJIMBICTh BCi€1 KOHCTPYKIIT Ta HOJATIMUBICTD Y (pIaHLIEBUX 3’ €THAHHSX;

3a pe3yJbTaTaMH YHUCJIOBOTO 1 €KCHEPHUMEHTATbHOTO MOJIETIOBAHHS

MEXaHIYHHX IPOIECiB PYHKIIIOHYBAaHHS MAaHIMYJISITOpa BCTAHOBJICHO:

JOo(T y MIAPHIPHUX BY3JIaX Ta iX JIOKaJbHA MOJATIMBICTh € HAMOUIbII
KPUTHYHUMHU  (paKkTOpamMHu, 110 CYTTE€BO TMOTIPHIYIOTH TOYHICTb
MO3UIIIOHYBAHHS  MAHIMYJIATOpa, SKUH  TPAHCIOPTYE  CITYACTY
napadoJliuHy aHTEHY;

BIUTUB KOHTHHYAQJIBHOI MOJATINBOCTI KOHCTPYKIIi € CYyTTEBO (B pas3u)
MEHIIINM, HiX MOAATIUBOCTI, IO BUHUKAE B MIAPHIPHUX BY3JaX;
MOJATIUBICTIO Y (JIaHIEBUX 3'€JHAHHSIX MOXHA 3HEXTYBATH, OCKUIBKH
il BIUIMB Ha 3arajibHy KOPCTKICTh MAHIMYJISATOPA € HE3HAUYHUM;

HarpalboBaH1 peKOMeHaIlil 110,10 BUOOPY OCHOBHHX >KOPCTKICHUX Ta

MacoOBUX T@IapaMeTpIiB MAaHIMYJISITOpa Ha €Taml €CKI3HOrO0 MNpPOEKTYBAHHS, SKI

[MOB's13aH1:

O

3  MIJBUIIEHHSAM KOHTUHYaJIbHOI  MOpPCTKOCTI ~ KOHCTPYKIi -
PEKOMEHAYETbCSI ~ BUKOPUCTOBYBATH  MaTeplaJd 3  BHUILUMHU
KOPCTKICHUMH  XapaKTEpUCTUKAMU Ta ONTUMI3YBaTH Iepepi3u
€JIEMEHTIB MJis 30UIbIICHHS >XOpCTKiCHOro mnapamerpa El (100yTok
MOJTYJIS PYKHOCTI HA MOMEHT 1HEPIIii Iepepizy);

31 3MEHILIEHHSIM JIO(TIB y MapHipax Ta JOKAJIbHUX MOJATIMBOCTEN y
bnanIeBUx 3’€HAHHAX - HEOOXITHO BUCYBATH >KOPCTKIII BUMOTH JIO
BUOOpPY MarepiaiiB, KOHCTPYKTUBHUX KOMIIOHEHTIB 3'€JHaHb, a TAKOXK
ONTHUMI3yBaTU MEXaHIUHI By3/1H (3yOuacTi nepeaadi, MyQpTH, Bajau) JJis
3MEHIIeHHs iepopMartiii Ta miBUIIEHHS MIIHOCTI;

13 3aCTOCYBaHHSIM PO3pO0JIEHOT Ta apoOOBAHOT METOUKH JOCIIII>KEHHS
HIAPHIPHUX BY3JIIB 32 JOTOMOTOI0 ()OTOrPaMMETPUYHOTIO METOY - JUIsI
MOHITOPUHTY Ta JOKami3alii TIo]TiB;

3 PO3pOOJICHO METOAMKOI0, sIKa MOXEe OyTH 3aCTOCOBaHA MpU aHasi3l
OPYKHUX TOJATJIIMBOCTEN y MEXaHIYHMX CHCTEMax 13 BHCOKHUMH

BUMOI'aMH 10O TOYHOCTI HOSI/IHiOHYBaHHH, d TaKOX 3aCTOCOBaHa IIPH
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NPOEKTYBaHHI 0araTOMaHKOBUX KOHCTPYKIIIH;

o OTpUMaHi pe3yIbTaTH MOXKYTh OyTH BUKOPHUCTaHI KOHCTPYKTOPAMH Ta
IH)KEHepaMH TIPpU  IPOEKTYBaHHI KOCMIYHUX MAaHIMYISATOPIB, MOHITOPUHTY
EKCIUTyaTallliHUX XapaKTepUCTUK MEXaHi3MiB, B TMpolleci MoOJEpHi3alii Ta
onTuMi3aiiii KOHCTPYKITiH, 10 TO3BOJIUTH MIABUIIUTH HAIIWHICTH 1 JIOBTOBIYHICTh
TaKUX CHUCTEM, a TaKOXX B HaBUAJbHOMY IIPOIIECi MiATOTOBKHM (haxiBIIB y Taysi
MEXaHIKH Ta POOOTOTEXHIKH, IO 3a0e3Nedyye IPYHTOBHE PO3YMIHHS MPUHIUIIB

MPOEKTYBaHHS Ta ONTUMI3aIlil KOHCTPYKIIH KOCMIYHOT TEXHIKH.
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JIOJIATOK A

Jlicruar Martiia0-QpyHkuii i (pyHKIiOHYBaHHS IApHipa 3a 10110MOI 010

KYTOBOI'0O NepeMillleHHSA

function [fil,fi2] = fi na zvenia(t, t lzvena)
%#codegen
% k1,2 90 grad/0.5perioda razvorota zvena
kl = 90/(0.5*t lzvena);
k2 = -90/(0.5*t 1lzvena);
fil = 0; fi2 = 0; fi3 =
p=2/t 1lzvena;
% p - vremennol poluperiod razvorota zvena
if t>=0 & t<=0.5*t lzvena
fil = p*kl1*t"2;
elseif t>0.5*t lzvena & t<t lzvena
fil = p*k2* (t-t lzvena) "2+180;
else
£i1=180;
end
fil = fil;

0; fid4d = 0;

i1f t>t lzvena & t<=1.5*t lzvena

fi2 = -p*kl*(t-t lzvena)"2;
elseif t>1.5*t lzvena & t<=2*t lzvena
fi2 = -p*k2* (t-2*t lzvena) "2-180;
elseif t>2*t lzvena
fi2 = -180;
end

fi2 = fi2;
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MaHinyJATOpiB, NPOrpaMH Ta Pe3yJbTaTH iMiTAliifHOrO MOJEMOBaHHA POGOYHMX PpEXHUMIB,
METO/IMKH €EKCIIEPHMEHTAIBHAX JAOCII[KEHb NMPOCTOPOBO PO3BHHEHMX MEXaHIYHHX CHCTEM,
BHCHOBKH Ta PEKOMEH/AWii MO0 MPaKTHYHOIO 3aCTOCYBAaHHA PE3YJIBTAaTiB € aKTyalbHHMH Ta
MAalOTh HAYKOBO-IHDKEHEPHY LIHHICTh Ul BHKOHaHHA (YyHIaMEHTAILHHX Ta NPHKIAJHHX
JocipKeHb IHCTHTYTY.

3anponoHoBaHa Ta anpo0OBaHA HOBa METO/MKA €KCNEPUMEHTAIBHOIO BH3HAYEHHS Ta
JOCHIi/DKEHHs BIUIMBY Ha IPOrpaMHi pyXH TPAaHCHOPTHHX MAHINyJIATOPIB i IITAHr KOCMIYHHX
anaparis mo(TiB Ta NPYKHHX MNOJATIMBOCTEH y WIAPHIPHMX By3NaX i3 3aCTOCYBaHHAM
(bOTOrpaMMETPHIHOr0 METOlY PEKOMEHAYEThCA A0 3aCTOCYBAHHSA B MPAKTHIL JOCIIDKECHHA
poGouHX pexHMiB | INPOEKTyBaHHi BENMKOraapHTHHX PpOTOPIB BEPTHKAILHO-OCBOBHX
BITPOYCTaHOBOK 3 pi3sHOBHIaMHU poTopy Jlap’e.
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