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KEPYBAHHSI CYMICHMM PYXOM PE3EPBYAPA I3 PIMHOIO HA
OCHOBI KOMITEHCALIf CWJIOBOI'O BIAT'YKY PLIMHU

En The combined motion of nonlinear dynamics of a cylindrical reservoir with lig-
uid under non-periodic loading in the form of one or two periods of sine on below
resonance frequency is studied. The high dimensionality of the system and its non-
linearity does not allow the application of commonly used mathematical methods
of motion control problems. At the same time, problems of high precision maneu-
vering of structures with a liquid are urgent in modern engineering. We suggest the
scheme of control based on the use of information about force interaction of a lig-
uid with reservoir walls, obtained within the framework of the method, grounded
on the Hamilton-Ostrogradskiy variational principle. For such approach, we suc-
ceeded to construct a mathematical model of the combined motion of the structure
with a liquid, based on analytical methods of mathematical physics, variational and
asymptotic methods of mechanics. The suggested model is the model of minimal
dimensionality (its dimension is equal to the number of degrees of freedoms of the
system), which creates preconditions for its successful numerical implementation.
This model was successfully tested for transient and steady modes of motion of
structures with a liquid for translational and angular motion of the structure. The
testing of the model showed good qualitative concordance of results with known
results of experimental research. The potential of obtaining forces of interaction of
a liquid with the reservoir (liquid response) as a consequence of the use of the
technique of varying is the specificity of application of the Hamilton-
Ostrogradskiy variational principle. Using this information about the force interac-
tion of the structure with a liquid we analyze the algorithm of motion control,
which is based on the principle of compensation of liquid force response. The sug-
gested algorithm enables the construction of control, which eliminates the effect of
liguid mobility on the motion of a rigid body being extremely important for high
precision performance of prescribed motion of structures with liquid. Such control
is not optimal, but it enables getting the desired results for the relatively high di-
mensional and nonlinear problem. By the example of the system motion disturb-
ance by one or two periods of action of harmonic forces we show efficiency of the
suggested technique.

Ru PaCCManI/IBaCTCH COBMCCTHasdA 3aaada I-\I’eJ'II/IHeI\/’IHOI‘/’I JNHaMHUKH I_[I/Ij'II/IH,HpI/I‘lC:
CKOT'O pe3CpByapa € KUAKOCTBIO MOJ JACHUCTBHUCM HCEHICPUOANUYCCKOHU CHUIIOBOU
Harpy3ku B BUJAC OJHOI'O WJIM JABYX IIEPHUOJOB CUHYCOHIBI Ha I[OpG?»OH@.HCHOfI qa-
crote. Bricokas Pa3sMEPHOCTb CUCTCMBIL 1 €e HeJIMHEHHOCTD HE MO3BOJISIOT npume-
HUTb O6H_IerI/IHHTBIe MAaTEMaTUUICCKUEC METOAbI UCCIICAOBAHUS 3a/1da4 YIIPABJICHUSA
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nekenueM. Ilpeanaraercs cxema yrpaBiieHHs, OCHOBaHHAsl HA IPUMEHEHUU HH-
(dopmany 0 CHIOBOM B3aWMOJICHCTBHHU >KUJKOCTH CO CTEHKAaMH pe3epByapa, Ko-
TOpas TOJIydaeTcs B paMKax METOJa HMCCIEJOBAaHUs 3ajauu, Oazupyromencs Ha
BapHalMOHHOM mnpuHUune [amunbToHa-Octporpanckoro. IIpeniokeHHslid anro-
PUTM TIO3BOJIMJI IOCTPOUTH YIIPABJIEHUE, KOTOPOE UCKITIOYAT BIUSHHE TIOBHKHO-
CTH JKHUJKOCTH Ha JBM)KEHHE TBEPIOTO TeNa, YTO SBISETCA YPE3BBIYAIHO BaXKHBIM
JUTS1 BRICOKOTOYHOTO BBITIOJIHEHUS TPOTPAMMHBIX JABMKEHUH KOHCTPYKIIMNA C 5K JI-
KocThi0. Ha mpumepe Bo30yXIeHHS NBUKCHHUS CUCTEMBI OJHUM WM JIBYMS IE€pU-
0JlaMH JICHCTBUS TAPMOHUYECKUX CHJI TOKa3aHO 3()(HhEeKTUBHOCTH METOIUKH.

Beryn

VY cyuacHiil IpOMHUCIIOBOCTI CTaBIISATHCS 3aBJaHHS IMiIBUIIICHHS HaIiHHOC-
Ti CKJIQJJHUX MEXaHIYHUX CUCTEM, TOUHOCTI BUKOHAHHS HUMH CBOiX (YHKIIIH 3a
YMOBH MiHIMI3a1lii BUpOOHUYUX IJIONI. 30KpeMa, y 3ajadax TPaHCIOPTYBAHHS
HOBHX OKPEMHX CKJIaJJOBHX OOJIaHAHHS y pa3i iX 4aCTKOBOTO BCTAHOBJICHHS Ta
3a HASBHOCTI PI3HUX KOMYHIKAI[IN 3’SBISETHCSA MOTpeda TOYHOrO AOTPUMAHHS
TEXHOJIOTIYHUX BUMOT y MEpeMINIeHH1 KOHCTPYKLii. OcoOIUBO 1€ € BaKIMBUM
JUTSl KOHCTPYKIIiH, IO MICTSTh Y CBOEMY CKJIaJll pe3epByapH 13 piIMHOIO 13 BUIb-
HOIO MOBEPXHEI0, MiJ] Yac PI3HUX PEKUMIB €KCIUTyaTallli, KOJu pyXOMICTb PiH-
HU 3a 11 BUCOKOI BITHOCHOI MAacH YCKJIQJHIOE€ TOYHICTh BUKOHAHHS MaHEBDIB.
Taxi nmpoGyiieMy BUHHKAIOTh Y 3a/1auax TPAHCIIOPTY, TPAHCIOPTHOI 1H(pacTpyK-
TypH, eHeprerui [1, 2].

Bimomo, 1o 11 epeKTHBHOTO MOJEIIOBAaHHS PYXY KOHCTPYKIIIH 13 pigu-
HOIO 13 BUTBHOIO TOBEPXHEIO JIOBOJIUTHCS BUKOPHUCTOBYBATH HENIHIMHI MOJE1
BUCOKOT po3mipHocTi [1, 2]. ¥V Toii ke 4yac OUIBLIICTh aJITOPUTMIB KEPYBaHHS
pyXxoMm repeadavae BUKOPUCTAHHS JIHIMHUX CHCTEM BIIIHOCHO HEBEIMKOi pO3-
miprocTi [3 — 5]. Jlas onucy moBeIiHKH CHCTEMH pe3epByap—pianHa i3 BUILHOO
MIOBEPXHEIO 3aCTOCOBAHO METOJl, 3aCHOBAaHMK Ha BHUKOPHUCTaHHI BapialliifHOTO
npunnuiy ['aminbToHa-OCTPOrpagChKOro, I SKOT0 € MPUPOIHUM BU3HAUCHHS
CHJI B3a€MOJII1 MK KOMIIOHEHTaMH. Y XOJI1 3aCTOCYBaHHS TaKOTO MiIX01y Ba-
€ThCSl AHAJITUYHO BU3HAYUTU TOJIOBHHH BEKTOpP CHUJI THUCKY PIIWHU Ha CTIHKU
pe3epByapa B aHAIITHYHIN Gopmi [2, 6] (Takuii BEKTOp y JITEpaTypi mIe Ha3H-
BalOTh CHJIOBUM BIATYKOM pinuHM). BinmoBiaHO, SKIIIO TPUKIACTH 10 CTIHOK pe-
3epByapa el CHJIOBMN BIATYK 13 MPOTHJIC)KHHM 3HAKOM, MH OTPHUMAEMO, IIO
KOHCTPYKIIisl Oy/ie pyXaTUCsi TAKUM YHHOM, SK HIOM TO pyX PiAMHM Yy Hiil OyB Ou
BIJICYTHIM, 110 BUKJIIOYWIO O KOJUBHHUUA PyX CUCTEMH OOYMOBJICHHUI BHYTpIill-
HIM XBUJILOBUM PYXOM piAWHM. PaHimne Takuii anropuTM KOMIICHCAIII1 CHIIOBOTO
BIITYKY piAHU Oy10 €)eKTHBHO BUKOPUCTAHO /IS 3a/1a4l IPO 30YKEHHS PyXY
CUCTEMH KOPOTKOTPHUBAJIMMHU IMITYJIbCAMH MPSMOKYTHOT Ta TPHUKYTHOT hopM [6].
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ITocTanoBka 3axaui

Mertoro po6oTH € JOCIIIKEHHS MOXKIJIUBOCTI BUKOPUCTAHHS TAKOTO KOM-
MEHCAIITHOTO aJITOPUTMY 3MEHILICHHS (a MPaKTUYHO BUKIIIOYEHHS) IHTCHCUBHO-
CT1 IPOSIBY BHYTPILIHBOTO PYXY PLAMHM JJIsl peatizalliii IporpaMHuX pyxiB CHC-
TEMHU KOHCTPYKIUII 13 PIAMHOIO 13 BUIBHOIO MMOBEPXHEIO 32 KOPOTKOTPUBAJIOTO Bi-
OpalliifHOTO HaBaHTaKEHHS.

MaremaTuuHa MojaeJb

PosrnsimaeTbes mocTynaapbHUN pyX HATIHAPUIHOTO pe3epByapa, 4aCTKOBO
3allOBHEHOTO iJ]ealbHOI0 HECTHCIMBOIO O€3BUXPOBOIO pinuHOI0. PyX cucremu
PO3TISAAETHCS JIMIIE B3IOBXK OJAHOTO TOPH3OHTAIBHOTO HAmpsIMKY. PesepByap
PO3IJIAIA€THCS SIK a0CONIOTHE TBEp/E TUl. 3arajibHa oopMa AMHAMIYHOI MOJIENI,
OpIEHTOBaHa Ha JOCIIKEHHS NEepeXiHUX MpoleciB, Oyga pO3BUHEHA Y
[3]ITomunka! [Ikepeio MOCUIAHHS He 3HAWAEHO., 1 [UIS OCTYHAIBHOTO PYXY
CUCTEMH CUCTeMa TU(epeHINaTbHIX PIBHAHD PYXY Ma€ TaKUW BUTJIS]T

i} 21 |- .
2.8 6ir+zajAr3ij+_Z|:(ajaklAyAijk te— Bf +YaBl+Yaa BrIJ
i j j

o, i i j

+ ) aa; akBrIJk Zaacur+2aa akC,Jkr+a ZaD +Zaa DIJr 1)
A i,k

N
r
"’Zaa akDukr _g_\,ar'

r

— P v3 Bl+2a Bf + Y a;a,Bj, |+€=
Mg + My i ik
. )
:L+g+L za-a-é + Z a;a;a B;

VY 1ux piBHSHHSX HEBIIOMUMU € a; — aMHJ'IiTy,Z[I/I 30ymkeHHsT GOpM KO-

JIMBaHb PiMHH i3 BiIBHOIO IIOBEPXHEIO TA € — NAPAMETPH IOCTYIIAILHOIO PyXYy
pe3epByapa BiTHOCHO TPbOX oceil. BkazaHa cuctema piBHSHB BKIIIOYae y cebe
N +3 crymens BinmbnocTi, 1e N — kinbkicts Gopm Konupanb pimunu, sxi Ge-
pyThCs 10 yBaru. Y po6orti [3] moka3aHo sk 00MpaTH 4eproBicTh PO3TANTyBaHHS
dbopM KoNMMBaHB, iX 3araJibHy KUIBKICTh, 1 CIOCOOM MOJIEITIOBAaHHS HETIHIHHUX
BJIACTUBOCTEH /IS aJIEKBATHOTO MOJICIIIOBAHHS CYMICHOTO PyXY CKJIQJJOBUX CHC-
Temu. Y cuctemi piBHAHB (1), (2) 6araToiHAeKcHI KOS]IIIEHTH € KBapaTypaMu
BiZl pOpM KoJIMBaHb BiTbHOI TIOBEPXHI PIIMHU Ta IXHI 3HAYCHHS HaBenaeHi y [3].
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Cucrema piBHAHb MOJEN1 SIBJISIE COOOK0 CUCTEMY 3BUYANHUX IU(epeHIIaTbHIX
PIBHSIHb BITHOCHO HIYKaHUX aMIUTITYJHUX MapaMeTpiB pyXy BUIbHOI MOBEPXHI
PIAMHM 1 MOCTYNAIBHOIO PyXy TBepAoro Tuna. Pyx cuctemu BinOyBaeThCs Mij
ni€to akTHBHOT e F NPUKIAJIEHOI A0 CTIHOK pe3epByapa. I3 piBHSIHB pyxy
(1), (2) MmoxHA BCTAaHOBHWTH aHATITHYHI BUPa3H JJIs CUIIOBOT B3aEMOIIT PIAVHH 13
KOHCTPYKIIIE€IO

= 2 R2 . . 53 e 51 =2 53
R=p ZaiajBij + > aa;a, Bij ->&| B; +ZajBij + ZajakBijk
i, ijk i f ik

YuceJabHUN NPUKIA]

AHaJi3 MOBEIHKKA CUCTEMHU Ta €(PEKTHUBHOCTI 3alIPOINIOHOBAHOTO aJTOpH-
TMY KE€pyBaHHS 3/1MCHIOETHCS JIJISl BUNAJIKY HEJIHIMHOT MOoJel, y K1l npuiima-
€TbCS 10 PO3risiay 12 GopM KoaMBaHb BUIbHOI MOBEPXHI piAMHU. Po3risgaeTscs
BUIIAJI0K, KOJIM Maca PIIMHU y I’ SITh pa3iB MepeBEpIIye Macy pe3epByapa, ToOTo

xomu BB pyxomocrti pimman € aromum M, =0,2M; (M, — maca pesepsya-
py, M,— maca pimunn), R— paxiyc pesepByapy, riubuna 3anoBHeHHs pe3epBy-

apy H =R. Yucensni 3nauenns npuseneni anmgs R=1 m.

PosristHyTo 7Ba BUMAIKU CHUIIOBOTO TOPU3OHTAILHOIO HABAaHTAXKEHHS Ha
cUCTeMy y BUTJISLAlI ogHOTO (puc. 1) 1 ABoX (puc. 2) nepiojiB CUHYCOiIX 13 Yac-
toroio 3,0 1/c (3ayBakuMo, [0 YacTOTa KOJIMBAaHb PIAMHHU i3 BUIBHOIO MOBEPX-
Hero 1o nepiriii opmi 4,14 1/c) i3 ammaitymoro 5 KN. Ilig yac Takoro HaBaHTa-
’KEHHS KOJIMBaHHS BUIBHOT OBEPXHI piauHu BigOyBanucs y mexax 0,2—0,35 pa-
niyca, ToOTO y HeliHIMHOMY Aiana3oHi. Ha pucyHkax CyIuIbHOIO KPUBOIO TTOKa-
3aHO 3MiHY y 4aci MBHUIKOCTI PyXy pe3epByapa JUId BapiaHTa i3 KEpyBaHHSAM Ha
OCHOBI KOMIIEHCAIIIl CHJIOBOTO BIATYKY PiIMHH, a MITPHUXOBOIO JIIHIEIO IMOKa3aHO
BUTIAJIOK HEKEPOBAHOTO PYyXY CUCTEMHU.
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Puc. 1. 3miHa mIBUJIKOCTI pyXy pe3epByapy y daci
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Puc. 2. 3MiHa BUAKOCTI pyXy pe3epByapy y yaci

[3 pUCYHKIB OYE€BHUJIHO, 110 BIIMIHHICTH MOBEJIIHKA CUCTEMH Ha aKTUBHO-
My 1 TACHBHOMY €Talax pyxy CUCTeMH € BaroMmuMu. Ha akTHBHOMY eTari yepe3
PYXOMICTh PIIMHM TAapPMOHIYHMM 3aKOH 3MIiHHM IIBUIKOCTI PYyXYy CIIOTBOPEHUM.
Oco0yHBI BIIMIHHOCTI CIIOCTEPIraroThCsl Ha MACMBHOMY eTalri. Y KepOBaHOMY
BUTAJIKY KOHCTPYKIIiSl (PaKTUYHO HE PYXAEThCS (BLAXUIIECHHS BiJl CTaHy CIOKOIO
0OyMOBJIEH]1 3arajlbHUMU MOXUOKaMHU PO3pPaxyHKiB, a TAKOXK TUM, 1110 3HAYCHHS
CWJIOBOTO BIATYKY PIIMHU OEpeThCs Ha OCHOBI MapaMeTpiB PyXy 3a MOIMEpeaHIM
KPOKOM Y 4aci, 1 3HaxoasTecs B Mexkax 0,0001), y Toii yac sx y pas3i HEeKepoBa-
HOT'O PYXy KOJIMBaHHS pe3epByapa € BAroMUMHU. 3arajibHa TEHJEHIIS TOBEIIHKU
CHUCTEMH JJIsl OJTHO- Ta JIBOTIEPIOIUYHOTO 30yHKEHHSI BaroMo He 3MiHumacs. 3a-
YBXXUMO, 1110 Y BUMIAAKY KEPOBAHOTO pyXy 30ypeHHs KOJIMBaHb BUILHOI TTOBEP-
XH1 PIIMHMA CTAOTh OUTBIIMMHU TpuOInu3HO Ha 10-15% y mopiBHSHHI 13 BUMA-
KOM HEKepoBaHOTro pyxy. Lle MOKHa MOSICHUTH THM, 110 TaKUW BUJ KepyBaHHS
MoAI0OHUI TOTaTKOBOMY OOMEKEHHIO, HAKJIaJICHOMY Ha PyX CTIHOK pe3epByapa
(YHEMOXXJIUBIICHHS BIUIMBY PIIMHHOTO HAIMOBHEHHS HA PyX pe3epByapa), IIo
MPU3BOAUTH JI0 J0JIATKOBUX HABAaHTAXKEHb Ha CTIHKH pe3epByapa.

BucHoBku

Ha ocHOBi aHaMITHYHHUX BJIACTUBOCTEH MOJEIN MPO CYMICHUH pyX KOHC-
TPYKIIii 13 PIAMHOIO 13 BUTBHOIO MOBEPXHEIO y HEIIHIMHIN MTOCTAHOBIII BU3HAYCHO
CWJIOBY XapaKTEPHUCTHKY B3a€EMOJIII PIIMHM 13 CTIHKaMH pe3epByapa. 3amporno-
HOBAHO aJITOPUTM KEPYBaHHS PYXOM CHCTEMH, SIKUW TPYHTYEThCSI Ha MPUHITAII
KOMITEHCaIli1 ePEeKTy pPyXOMOCTI PIAMHY MUJISXOM BKIIOYEHHS JTOJAaTKOBOI CHIIN
BIITYKY PIIMHM SK KepyBaHHSA. Ha mpukiagax KOpPOTKOTPHBAIMX BIOpaIiifHUX
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HAaBaHTaXXEHb MMOKA3aHO €(PEKTUBHICTh TAKOr0 MpHUIOMY JUIsl 3a0€3MeUeHHs] BU-
COKOTOYHOT'O NEPEMIIIEHHS] KOHCTPYKIIi HIISIXOM BUKJIIOUEHHS BIUIMBY PiJMH-
HOTI'0 HaIlOBHEHHSI HA PYX pe3epByapa.
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