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HNPEANCJIIOBHUE

COopHUK W30paHHBIX CTAaTe W JIOKJIAJOB COCTABJICH aBTOPOM Ha
OCHOBE COOCTBEHHBIX MPEANOYTEHUI. BMecTe ¢ TeM ciieyeT OTMETHUTb,
YTO OHH OTPaXKalOT OOBEKTUBHYIO OIIEHKY MTPHOPHUTETOB B MHOTOJICTHEH
Hay4YHOH JesTenbHOCTH aBTopa. Kak cMeeT Ha/lleaThcst aBTOp, OHU OCTa-
BHJIN OTIPE/ICTICHHBIH CIIe]] B BU/IE OT/ICIHHBIX Ma3KOB B MHOTOJIMKOH Kap-
THHE MUPO3JIaHUSI.

Tpu mocTymnara, KOTOPBIM aBTOP CIIEAOBA HA MPOTSHKEHUH BCEH CBO-
el pa3HOIJIaHOBOM HAyYHOU JIeATeIbHOCTH, 3aKJIFOUEHBI B CJIOBAX: «IIPH-
pola eauHa W HEACINMay, «IPUPOJY OOMAHYTh HENB3S», «IIPUPOAA
HENOCTUXUMA, HO MM03HaBaeMa». B TO Wiy UHOW MEpE ATy MBICIIb MO/~
TBEPKIAJI U PAa3BUBAJIU T€ U3BECTHBIC MPEACTABUTEIHN OTEUECTBEHHOM U
3apy0eIKHOM HAYKH, C KOTOPBIMH aBTOp UMEII CYACThe 00IAaThCs Ha TPO-
TSOKEHUHU BCEM CBOCH TBOPUYECKOM >KM3HU U UYepHaTh UX UHTEIICKTYalb-
HbI onbIT. ByJeT B BhICIIEH cTENEHU CpaBeyIMBO YIOMSHYTh UX B IIpe-
JTUCITIOBUH HE3aBUCUMO OT TOTO, OBUIH JIM 3TO MHOTOKPATHBIE BCTPEUH U
Oece/bl, WM eIMHUYHEIE, STTH30AMYECKIE KOHTAKTHI.

Axamemuk A.H. KomMoropos, mekaH MexXaHHKO-MaTeMaTHYeCKOTO
(haxymereTa MI'Y M. M. JlomoHOCOBa, yOeami aBTopa He OpocaTh TeX-
HAYECKUH WHCTUTYT Paay IOHOIIECKOTO YBICUCHHUS MaTEMATHKOH, a 10-
JIY4UTh CUCTEMHbBIC 3HAHUS B IEPBOHAYAILHO BRIOPAHHOM 00J1aCTH U OJ1-
HOBPEMEHHO MPUOOPECTH COBPEMEHHYIO MAaTeMaTHUCCKYHO MOATOTOBKY.
CryCTsl HECKOJIBKO JIET 3TOT COBET OBLIT BOILUIOINICH B JKU3HB M JJIbHEH-
m1asi TBOpUECKas eATeIbHOCTh aBTOpa MOATBEPAUIA MIPABOTY aKaIeMU-
Ka.

Axanemuk H.I. Bonpmapb BBen MeHSI B MHp HayKd B CTYICHUYCCKHE
TOJIbI; TOT/IA JKE S OLYTHJI BIMSTHUE MAacCIITaOHOW JTMYHOCTH B HAyKe aKa-
nemuka B.A. Jlazapsina.

HckpoMeTHBI YM M SHIUKIIONEINYHOCTh WieHa JlaTBuiickoil akaze-
muu A.I. TTaHOBKO MOBIUSIM HA PAa3BUTHE HAYYHBIX UHTEPECOB ABTOPA.
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Spkuii ypok codeTaHus TTyOOYallinX 3HAHWM, TaJaHTa ¥ U3SAIIHON J0-
OpoJkenaTenbHOCTH OBUI MPETIOTHECeH UM KaK COBPEMEHHBIH MacTep-
KJIacC Ha 3alUTe KaHIUIATCKOM IHCCepTaIliy aBTopa B KauyecTBe ohu-
[IMAJTLHOTO OTIMOHEHTA.

Haumnancs HOBBINH 3Tanm MpUOOPETEHHS HAYYHOTO W YKHU3HEHHOTO
ombiTa. Mcmyr, mepexomsamuii B CTpax OT OCO3HAHUS «OTKPBHITHS» He-
JIOCTaTOYHON O0YCJIOBJICHHOCTH PEIICHUN JUHAMUYECKHX 3ajad B 30HE
MHOTO3HAYHOCTH aMIUTHTY/1 KOjeOaHU, IOABUT aBTOpa JIEP3HYTh 110 MO-
JIOJJOCTA U HAUBHOCTU OOPATUTHCSI K aBTOPUTETY JICTCHIAPHBIX aKajie-
mukoB 0. A. Mutpononsckoro u A.Il. ®ununmnosa. Ux godpoxenarens-
HOC U JICWCTBEHHOE OTHOIICHHUE MTPUBEIIO K U3YUSHHUIO aBTOPOM oOacTeit
MIPUTSHKCHUS HAYaIbHBIX YCIIOBHI B HEJIMHEHHBIX TMHAMUYECKHUX CHCTE-
Max. Pe3ympraTtoM 3TOTO CTaja MPUOPUTET aBTOpa B PEIICHUW TaHHOMN
npobnembl. [lomoOHas H0OpoKeNaTenbHOCTh COMPOBOYXKAANIa aBTOpa Ha
MPOTSHKEHUH MHOTHX JIET HAyYHOU JEATEIHbHOCTH U B pe3yibrare cdop-
MHPOBAJIA Y HETO TIOBEIEHYCCKYIO MOACIb JIJIS ITOAPAKAHHS B TIOCTIEAY-
FOIIAE TBOPYECKHE TOBI.

EnuncrBennas Bctpeua c¢ JLI. JloisHCKUM Bcenuia YBEPEHHOCTh
(He mepemeanIyo B CaMOHAICSTHHOCTbD, YaCTO MPUCYIILYIO MOJIOIBIM yUe-
HBIM) TIPY BXOXKJICHUHU B HEBEJIOMBIN MUP TUApoa’poanHaMuku. OO1ieHue
CcOo MHOTUMHU 3amMevaTteabHeIMu Kosuteramu JI.X. biromunoit, K.K. @enses-
ckuM, A.C. Bonemupom, I'M. ®omunbsiv, C.M. IeBuunbiv, U.W. Tonb-
nerbmaroMm, D. Cumuy (E. Simiu), P. Ckannanom (R. Scanlan), JIx. Co-
napu (G. Solari), FO.A. CaBunkum, B.A. Cermunkum, A.C. ['mHEBCKHM,
I1.C. Jlanpoii, C.A. I'epuenwureitnom, 3.5. Caonumom, K.C. Crpenko-
BbIM, C.®D. Penpko, JILU. u AWM. Manesuuamu, M.B. XBunrus, O.I. Cyna-
oepunze, 10.K. Menamumm, A.B. IlepensmyTtepom, B.A. TlepMsakoBbiM,
E.B. T'opoxoBbim, I'b. ®ykcom, A.W. JlanTyx—JIdieHko, 0CTaBUIIO clies] B
MHUPOOIIYIIIEHUH aBTOPA B 9aCTH HCTUHHOCTH CMBICTIA yIKE TTPHBOIUBIITIX-
Cs1 BBIIIIE CIIOB: «IPUPOJA CAUHA U HEICTNMAay, «IIPUPOJa HETIOCTIKAMA,
HO TTO3HaBaeMa.

COopHUK U30paHHBIX TPYIOB COCTOMUT U3 TpeX pa3jeios. [lepBorit u3
HUX TPEACTABISICT OPUTUHAIBHBIC Pa0OThI aBTOPA, B T.4. C COABTOPaMH,
10 TEOPUU HEJIMHEHHBIX KOJIeOaHUH, BhIoHEHHbIE B 1963—1973 romax.
B sToT mepuoxa ObLIM MONyYeHBI YHHUKAIBHBIC PE3yJbTaThl. B mepByro
o4epesib, ’TO OTHOCUTCS K BBIHYKJICHHBIM KOJICOAHHSIM ITPH OUTapMOHH-
YeCKOM BO30YKICHUU U U3ydeHUIO dPQeKTa MOoIaBIeHHIs TapMOHHK. 3a-
TeM, BIEepBhIe, 3a10ro 10 M. Deiirendbayma (M.I. Feigenbaum, 1980),
ObLT 00HapYXKeH d(hdeKT yaBoeHus neprnoaoB Koebannii (1965 1) B cu-
CcTeMaxX ¢ ABYMS MOTCHIMATLHBIMH SMaMH ( B CHCTEMax C IEPECKOKOM)
TIPU TIEPEXOZC OT «MaJbIX» KoeOaHWH K «OoNbIuM». beuTo mokazaHo
CYIIIECTBOBAHNE HAPSAY C MEPHOAMYCCKUMH IIPOIECCAMH Ha OCHOBHOM
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4acToTe BO30YKACHUS U ¢ KOMOMHAIIMOHHBIMH TOHAMU (yJIbTpa- U Cy0-
TapMOHHKaMH) HEMEPUOTUIECKUX TIPOIECCOB, MOTYUYUBIINX BIIOCIEI-
CTBUM Ha3BaHHE «Xa0C», KAK HEIPEICKa3yeMOCTb.

Hecxkompko et crrycts (1972 1) 6v11a chopMyaupoBaHa HEAOCTATOU-
HOCTB «IPEABICTOPHH CHCTEMBIY) — UCTOPUH HATPYKEHHS TUHAMHYECKOM
cucrembl. Aprop Benen 3a T. Xascu (1961 1) oOparnin BHUMaHHE Ha TOT
¢dusnuecknit (axT, 4TO «IPEIBICTOPUSD HE 00NagaeT J0CTaTOYHOH 00y-
CJIOBJIEHHOCTBIO YCTOWYHMBBIX COCTOSSHUW HEJIMHEWHBIX JTHUHAMUYECKUX
cucreM. bputa jokazaHa MCKITIOUYMTENBbHAST POJIb HAYaJIbHBIX YCIOBUH B
BO3HHKHOBEHHH MPEACKA3yEeMbIX M HENpEICKa3yeMbIX («CTPaHHBIX» —
strange) aTTpakTOpOB U COOTBETCTBYIOLIMX UM 00JacTel MpPUTSKEHHUS
HayaJIbHBIX yCJIOBUH. YIUBHUTEIBHO, YTO 3TH PE3YJbTaThl B Ty MOPY HE
obutn onenensl HU S1.I. TlanoBko, Hu B.A. Jlazapstaom, Hu H.I. Bonna-
peM, 03HAaKOMHUBIIIAMUCS ¢ HUIMH K MOMEHTY 3aIlliThl aBTOPOM KaH/IUaT-
ckoil aucceprauud. Ilo-BuIuMoMy, pe3yibTaThl onepexann Bpems. Tem
He MeHee ux 3ameTiii FO.A. Murpononsckuii 1 A.Il. @unwmmos, ore-
HWIH 1 orryOnukoBanu (1973 1), 0 uem ObLTO YK€ YITOMSIHYTO BBIIIIE.

IToznHee B cBoelt kuure «Ilopsnok u xaoc. HoBblil aualior yeiaoseka
¢ puponoit» (1984 r.) U. Ipuroxun (1. Prigogine) 3amMeTw, 4To Hava b-
HBIC YCJIOBHSI U IMHAMHKA TIEPECTAIOT ObITh HE3aBUCUMBIMH U KOHCYHBIC
COCTOSTHUSI 3aBHCAT OT «IPEABICTOPHM cUCTeMbl». OJHAKO MOcieqHee
YTBEPKACHUE CIPABEIMBO TOJIBKO JUISI TPOCTEHIINX THHAMUYECKHUX CH-
CTEM C «OMCTaOMIBHBIMI» PEKUMAaMHU.

B 1990-2007 rogsl uHTEpEeC aBTOpa K MNPOIOJIKEHUIO UCCIEIOBAHUMI
10 TEOPHH HEMHEHHBIX KoeOaHwii ObLT BBI3BAH PEIICHUEM Psijia aKTy-
AIBHBIX MPOOJIEM a’POYIpPYToi HEYCTOMYUBOCTH TMOKUX KOHCTPYKITHHA
B BETPOBOM MOTOKe. PaboThI B ATOI 00NacTH aBTOp MOMECTHI BO BTO-
poit vactu COopHHKa M30paHHBIX TPyHoB. K 3TOMYy ke mepuomxy OTHO-
csaTcst aucKkyccun U oecensl ¢ O. Cummy (E. Simiu) Bo Bpems ieximii
B HammonansHoMm mHCTHTYTE cTaHmapToB u TexHonormii CIIA (NIST,
Gaithersburg, MD, USA), npountanHbix aBTOpoM B 1996 u 1997 romax
no uaunuatuee P. Ckannana (R. Scanlan). B ator nepuon aBTop coBmecT-
HO ¢ C.®. Penpko u B.B. KynsiOko uzyyain noBejieHue TUHAMHYECKUX CH-
CTEM, B T.4. HCCHMMETPHYHBIX, C IBYMsI HOTEHIHAILHBIMU siMamu. [Tpu
3TOM OBLIa TOAPOOHO HccienoBana, coBMecTHO ¢ B.E. BonkoBoi, 3¢-
(eKTUBHOCTH MHOTO0Opa3usi (a3oBBIX TPACKTOPHH HEJIMHEHHBIX IUHA-
MUYECKUX CUCTEM Pa3IIUIHOTO THIA. bpiTn yOenuTenbHO IMOKa3aHbl YHU-
KallbHBbIE CBOMCTBA (ha30BBIX TPACKTOPHIA Ha TWIOCKOCTAX (Y, ¥) u (¥, ¥).
Hapsiny ¢ aHanuTHYeCKUMHU MCCIIEAOBAHUSMH TTPUMEHSIINCH BBIYUCIIH-
TeNbHBIE METOIBI ¥ THOPUAHO-BRIUMCIUTENbHBIe KoMIiekesl (I'BK) ma
0a3e aHaJOrOBOTO MOJEIIMPOBAHUSI.

Bo Bropoii paznen CoopHrKa N30paHHBIX TPYIOB BKJIIOYEHBI KaK TE€O-



peTruecKkne padoThI IO APOTUHAMHKE U adPOYIIPYTOCTH THOKHUX 31aHUI
Y COOpPYKEHHH, TaK M PE3yIbTaThl SKCIIEPUMEHTAIBHBIX NCCIICIOBAHUH B
aspomuHammueckux Tpyoax AI'Y u HAI'M nm. npod. H.E. XKykosckoro.
Kpome toro, crofa BOIIIM HECKOIBKO CTaTel MO CMEXHBIM MPOOIeMaM:
CTaOMIM3AITUs MOPCKUX TUIaThopM; HHGPAHN3KOUACTOTHBIC KOJIeOaHus,
BBI3BAaHHBIC BETPOM.

uka craTeii o a3poAMHAMUKE U a3pOYTIPYTOCTH COAEPIKUT PSIZ OpH-
THHAJIBHBIX PE3y/lbTaToB U, B TIEPBYIO O4epe/b, MO (HU3MYECKUM MOJIe-
JIIM U aHAJIMTUYECKUM PELIEHUSAM MPHU U3yUYEHUH a’pOyNpyrux aBTOKO-
nebaHuii BUXPEBOTO BO30Y)KICHHUS, TaJONUPOBAHUsI, MapaMETPUIECKUX
PE30HAHCOB; NPU MCCICAOBAHUU SIBICHUH CyOrapMOHHYECKOTO 3axBaTa
B PEeXHMMaxX BUXPEBOTO BO30YKACHHUS; IO UACHTH(DHUKAIINN adpOyHpyTrux
CUCTEM U TI0 XaOTUYECKUM TIPOIIeCCaM B adPOYIPYTHUX CUCTEMAX.

Haxe Oermoro aHanmm3a pa0oOT, MPENCTABICHHBIX BO BTOPOW YacTH
COopHUKa, TOCTATOYHO, YTOOBI YOSAUTHCS B OPTaHUYHOM CBSA3H MEXIY
MaTeMaTHYeCKIMH MOJCIISIMH TEOPHH HETMHEHHBIX KoleOaHnid u pu3u-
YECKUMHU MOJICTISIMH ad3POYIPYTUX CUCTEM — TMOKMX MOCTOB, MEMOpaH-
HBIX ¥ BUCSYMX TOKPBITUH, IUHUH JIEKTPOIIepeay, BRICOTHBIX 31aHUI
0alIeHHOTO TUTIA U IPYTUX THOKUX KOHCTPYKLHUI B BETPOBOM ITOTOKE.

JluHaMuka coopy>kKeHHi, B T.4. MOCTOB, TUHAMHWYECKasi HHTErpajibHas
JMarHOCTHKA, MOHUTOPHHT HH)KEHEPHBIX COOPYKEHUH 1 BHOPOIKOIOTHS
3IaHUI U COOPY?KEHHUU BOLUIA B TPETUH pasled.

B cOopHUK BKITIOUEHBI HEKOTOpBIE (hparMenTsl U3 15 MoHorpaduii as-
TOpa, OTBEYAIOIINE B MAaKCUMAIIbHOW Mepe OCHOBHOMY KPHUTEPHIO IpPH-
HSATOTO 0TOOpA.

Oco0ast TpU3HATENBHOCTDh M OJarofapHOCTh MOMM HEMHOTOYHCIICH-
HBIM y4eHHKaM, KOJJIeraM, ¢ KOTOPBIMU s paboTall, oropyajcs Heyadam,
pamoBaics ycrnexam, n00 He TOJNBKO MX yYWII, HACTaBIISII, TOMOTAJ, HO U
YUHIICS C HUMH M Y HUX. Hac cBS3bIBaIM B3aMMOYBaKUTEIbHEIE, 100PO-
JKeJaTelibHble OTHOWICHUS, TOBEPHE, YIIOBIETBOPEHHE OT Oece]] U JIUC-
KyCCHI{, a TakXXe pe3yJabTaThl, KOTOPBIMH MOXXHO TopauThcs. KauecTa
paboThI M YAOBIETBOPEHUS OT Oece U TUCKYCCHH, a TAK)KE PEe3yJbTaToB,
KOTOPBIMH MOKHO TOpuThCs. MIX ”MeHa He3aBUCUMO OT BO3pacTa, Hayd-
HOTO aBTOPHUTETA U «BECa» B HAYKE MOKHO BCTPETUTH B OTOOPAHHBIX IS
JAaHHOTO COOpHHKA PaboTax U sl UX ¢ OCOOBIM YAOBOJIBCTBUEM HA3bIBAIO:
WN.IO. I'padckuii, A.I. Bacunenko, B.B. Kymsab6ko, A.C. Pacnormos,
B.E. Bonkogsa, JI.0. bannukoB 1 B.H. Kocsk.

Asmop cepoeuno brazooaper
Banepuio Hkosnesuuy []vicanenxo
30 NOOOEPIAHCKY 8 U30AHUU IMOU KHUSU



PA3/IE] 1 }
TEOPWSI HEJIMHEHBIX KOJIEBAHMIA.
MATEMATUYECKASI ®U3UKA

«Bo ecsaxoti HAayKe CmoJlbKO HaAy4HOco,
CKOJIbKO 8 Hell MamemMamuyeckozo ...»

Hwm. Kanm



K BOITPOCY O BUTAPMOHHUYECKOM BO3SMYIIEHUHA
HEJMHEUWHBIX CUCTEM*

PaccmoTpuM BEIHY)XIIEHHBIE KOJICOAHHS CHCTEMBI, OIMCHIBAEMBIC
muddepeHInaIbLHBIM YpaBHCHHUEM BUIA
¥+ R(x) = B sinmf + P, sinm,. 1)
B ciydyae xyOu4eckoit XxapaKTepUCTHKH BOCCTAaHABJIMBAIOIICH (DyHK-
LMY cUCTeMBI R (Xx) MOCIeTHsS 3aHILIeTCs TaK:

R(x) =ou+ B’ @

YTO COOTBETCTBYET JKECTKOW CUMMETPUYHOIN YIIPYroil XapaKTepHUCTHKE.
HuddepenuuanbHoe ypaBHEHHE TPUMET BUJL

i +ox+Bx’ = Bsinwt+ P, sinw,t. 3)

Coobpasysick ¢ runote3oit M.I. Mankuna [1] 0 TOM, 9TO B BEIHYXICH-
HOM KOJIeOaHUU ¢ OMTapMOHMYECKUM BO3MYIIICHHEM MPE0OIaIaroT rap-
MOHHKH C 4aCTOTaMH ®, M , WJIH XOTs ObI O/IHA M3 HUX, U HE NPUHUMAs
BO BHMMaHWE KOMOWHAIMM T'apMOHUK («KOMOHMHAIMOHHBIE TOHa» [4]),
pelleHHe UILEM B BUJIC

_ . . 4)
X = A, sinw,f + A, sin,?.

*OmnyOsnukoBano B Tpynax JJUUT, Bemt. 53, 1964, Xapbkos.



[ToncraBuB pemenne (4) B nuddepernuaipbaoe ypaBHeHue (3), mo-
JIy9uM

o4, sin ¢ + 0, sin ,f + B(A1 sin ¢ + 4, sin (thy =
= (Aloal2 + B)sinwf + (A2m§ + P,)sin . (5)

Jlns onpenenenus aMIuTy A, 1 A, IpupaBHUBaEM KOS (PUIMEHTHI
IIPU OJMHAKOBBIX FAPMOHUKAX

3 3
Aol + P, =04, +ZBA13 +EBA22A1; ©
3

3

2 3 2
A,5 + P, =0, + BA2 +5|3»A1 4,.

3/1ech MCIOJIb30BaHbI PABEHCTBA
sin’ @ = 3 sin@ ! sin 3@;
4 4 ’
) 2
sin“@ =1-cos” Q.
Kpowme Toro, uneHs
2 2 2 : .
347 A, sin” @1 SIn M,1; 7
2 : : 2
3454, sin oZsin” w5z,
MOJTYYarOIMECs TIPH PACKPBITHH CKOOKH B JIEBOW 4acTh BoipaxkeHus (5),
ocpeaneHbl. [IpHHATO, 9TO
sin? Wt =

.2
) [0<sin” ot<1]. (8)
sin” @,f =

o= N

B camom gene, cpeanee o abCOMIOTHOM BelMYMHE 3HaUeHHE (PyHK-
MM f{2) = Sin © f MEHBIE EMHUILIBI, KBAIPAT €10 TeM 00JI€€ MEHBILE €11~
HUIIBI, & cpeHss apudMeTHuecKasi BeIMYMHA paBHA 2.

Ocpennenne xkod(Gpuunento npu A, uis 60j1€€ CIOKHBIX CIy4acB
npuBeieHO B padote [3]. Takum oOpa3om, dieHsl (7) yIpoCTITCS:

5 Ale2 Sinm,1;
)

%AzzA1 sino,z.

10



ITpu Mmonorapmonuveckom BosmyeHuu (P, =0 u A =0) nmeem

2 p_ 30,3
Ao + B _aA1+ZBA > OTKyna (10)

mf=oc+iBA12—i. (1)
4 4
Bripaxkenwue (11) B momHo# Mepe coBriagaet ¢ BoipaxkenueM Jydhdun-
ra Jjis aHAJTOTHYHON CUCTEMBI [2].
[TogoOHOE BBIpaKCHHE UMEEM U MIPU OTCYTCTBUH IEPBOH BO30YKIa-
FOLIEN TAPMOHUKHU
P2

y (12)

®: =0 +%[3A22 -
2

By,Z[GM CYNUTAaTh, YTO APMOHUKU UMCHOT KpPATHBIC 3HAYCHUS YaCTOT,
X OTHOIICHUEC

D2y, mep=123,..... . (13)

Wckmrouas o?, u3 BbIpaxkenuit (6) [Bo Bropom ypaBHenuu (6) BoC-
HOJb3yeMCs 171 , oTHOWeHUeM (13)], HaliieM CBA3b MEXKy aMILIUTY-
nam U A W A,, HE3aBUCUMYIO OT YaCTOT, HO 3aBUCSAIYIO OT UX COOTHO-
LICHUS L

P
o =0 +£3‘BA]2 +§|3A22 —j;

1

3 3 P, 1
o =(o+>BAT+=BA> — -2 ),
1 ( 413 2 2B 1 A2 l’L2
OTKyZa
2 o AR 2 ) 4P 4’ -Da
Q-pH)4 +——L—@u" -4y +—2+ .14
3B4, 3p4, 3

WHTepec npencTaBiser pacCMOTPEHUE Cilydasi, KOI/la XapaKTepUCTH-
Ka BOCCTaHaBJIMBAIOLICH CHIIBI R (X) ONTUCHIBACTCS M0 IMHEHHOMY 3aKOHY.
[IycTh

R(x)=ox,1.e. p=0. (15)

Torna B BbIpaxeHnsAx (6) OTCYTCTBYIOT BTOPBIE U TPETHU WIICHBI Ipa-
11



BBIX YacTeH U

A
AI_OC—O)Z,
! (16)
P
4, = 22’
o -,

YTO yKa3bIBaeT Ha HE3aBUCHUMOCTH aMIUIUTYJ, BO30YXKICHHBIX pa3iiHy-
HBIMU TApMOHHUKAaMHU. JTO MO3BOJISIET IPUMEHSITH METOJI HATIOXKEHHUS J1eH-
CTBHS TaPMOHUK, T. €. IPUHLMI CyNepHO3ULNH [5].

Pemenus (6) cTporM B Takoii mocienoBarenbHOCTH. O003HAUNM Jie-
BYI0 4acTh BeIpaxkenus (14) uepes F(A ), a mpaByro — uepes O(A,), Torna
BeIpakerne (14) mpumMer BUA

F(A)=D(A)), (17)

rne 4u’p
F(A1)=(2—u2)Af+ﬁ; (18)

1

2
F(4y)=u>-142 + 4F AW —Da (19)

384, 3B

Crpoum rpaduku ypasuenuit (18) u (19).

U3 rpadukoB Ha puc. 1, ncnonb3ys paBeHcTBo (17), onpenensieM 3Ha-
yeHus A, U A, yIOBIETBOpsIONUIME Bhipaxenuto (14). 3arem u3 ypas-
HeHUull (6) HaXOAWM 3aBHUCHMOCThH aMILTUTYl A1 u A2 OT YacCTOThI M,
(0,=u)), TIE | — 3a[aHHOE OTHOIICHHME YaCTOT BO3MYINAIOMIUX TapMO-
HUWK) WJIK HA000poT *.

Ha puc. 2a u 26 mu300pakeHbl aMIUTUTYTHO-9aCTOTHBIE XapaKTepH-
CTUKH IIPU Pa3[EeJIbHOM DEIIEHUH Ul KaXIOW U3 BO3MYLIAIOLIUX Tap-
MOHUK.

[peamonoxuM, 9TO B Ccly4yae HEIUHEUWHBIX TU(PQepeHIUATBLHBIX
YpaBHEHHUI CIIpaBeyIMB METOJA CYIEPIO3ULMH, TOT[a AaMIUIUTYIHO-
YaCTOTHAsl KpUBasl MPEICTaBIsuIa Obl COOOM KapTHHY, U300paKCHHYIO Ha
puc. 3. B nelicTBUTENbHOCTH, 11 HEMTUHEHHBIX CUCTEM METOJI CIIOKECHUS
JBIKEHUH HENPUMEHUM, OO TIPU COBMECTHOM JICHCTBUU FApMOHHK CKa-
3BIBAETCS] X B3aMMHOE BIMSTHHE Ha XapakTep KoneOaHui, a CrpaBeInB
cBOEOOPa3HbI dPQEKT «IOJaBICHHUS TAPMOHHMK» *, HAIVISIIHO MpEeA-
CTaBJICHHBIN Ha puc. 4a u 40.

*C 1eTIbIO MOy YeHUS TPABIJIBHBIX PE3YIIETaTOB HEOOXOINMO MOTB30BATHCS Me-
toaukoit JIx. Crokepa [2].
* DTOT BOMPOC ¢ OOITBIIOH SCHOCTHIO M HATTITHOCTHIO M3JIOXKEH B CTaThe [3].

12



Pesynbrare! pemenus (6), n3o0pakeHHbIe Ha puc. 4a u 40, oTBeva-
IOT KaK YCTOMYMBBIM, TaK M HEyCTOMYMBBIM IBIKEeHHAM. [lepexon ot
YCTOMUYUBBIX K HEYCTOMYMBBIM ABUKECHHSIM, Kak oTmedaeT A.M. Yekma-
peB [3], HamedaeTcs B TOUKax KPUBBIX (CM. pHC. 4), Te KacaTeIbHbIC BEP-
TUKaIbHEL. JKUpHOU TMHAUEH Ha puC. 3 N300pakeHbl YCTONYNBBIC ydacT-
KH KPUBBIX aMIUIMTYJHO-YaCTOTHBIX XapaKTePUCTUK, & TOHKOW JIMHUEH
— HEyCTOWYMBBIE y4acTKU. [IyHKTUpHBIE TMHUM COOTBETCTBYIOT KPUBBIM,
n300paXeHHBIM Ha pUC. 2.

| FuNP0,)

\,
A
Puc. 1
B _
e
- .
s
-~
o o2
V= Puc. 2a
. P
y 4
77
i
/
L —_—
" = ‘ Puc. 26

13



[Ipu nanekux coorHomeHusX yactoT (13), korma p > 1,5%*** p3anm-
HOE BJIMSIHUE TAPMOHUK BEChMa Majio, OCOOCHHO B 30HE Pa3BUTHS 0OIb-
IIMX aMILTATY/. DTO 00CTOSATENBCTBO MO3BOJISIET BBECTH THITOTE3Y 00 HC-
KJTFOUCHUN OIHOBPEMEHHOTO Pa3BUTHS OOJBITHAX aMILUIUTYI KoJeOaHWiH
HECKOJIbKUX TApMOHUK [3]: pa3BUBAIOMIASCS aMIUTATY/Ia OMHON TapMOHU-
KM COMBAeT pa3BUTHUE JPYTUX TAPMOHUK, BO3MOYKHOE IIPU UX Pa3ICIbHOM
neiictBun. K TakuMm ke BbIBOJAM MPUBOJIAT MaTEMAaTHUYECKHE UCCIICI0BA-
Hust M.I. Mankwuna [1].

*H*l":'

— Puc. 3

Puc. 4a

Puc. 40

-

*#%%Cwm. B.I1. Tepckux. PacueTsl KpyTHIBHBIX KOJIEOAHHI CHUIIOBBIX YCTaHO-
Bok. T. 2, Mamrus, 1951.

14



DKCIepUMEHTAIbHBIE UCCIICIOBaHMS, OIMMCaHHBIE B padore [3], ¢ mo-
CTaTOYHOW TOYHOCTHIO OTBEYAIOT KPUBBIM, H300paXEeHHBIM Ha puC. 4.

2. OnpenencHABI HHTEPEC MPEICTABIET aHATUTHICCKOS PEIICHIC
ypaBaenus (1). Meron nepemeHHOro Maciradba BpeMeHH, Uiesi KOTOPO-
ro u3jioxkeHa B paborax [6, 7, 8, 10], mo3BossieT HenuHeitHOe nudde-
peHnmanpHOE ypaBHeHHe (1) mpuBecTH K JIuHEHHOMY quddepeHInas-
HOMY YpaBHEHHIO, JJIsl KOTOPOro OyIeT CIpaBeAUB METOA HAJIOKCHHS
JEHCTBUS TApMOHUK [5] — METOJ Cyneprno3uiuy.

[IpeacraBum ¢ynkuumio R (x) xax

R(x)= f(x)f"(x), (20)
e f (x) — HekoTopasi QyHKIUS apryMeHTa X.
Pemenne ypaBaenus (20), yautsiBas rpannanoe ycnosue f(0)=0, BbI-
Tekaroree u3 ¢puzndeckoro yciaosus R (0)=0, umeeT Bu

f(x)= 2'([R(x)dx. 1)

BBomaum cnenyrommue 3amensi [6], [7], [8], [10]:

2€)= /(). =0 (1), ¢ = ['(x). 22)
Torna HenuueliHoe nuddeperunansHoe ypasuenue (1) npeodpasyer-
csi B IuHeliHoe quddepeHnnanbHoe ypaBHeHNE

()4 2(e) =~ F (1), 23)
rue ()

F(t)=Fsinw ¢t + P, sin®,t. (24)
Cuntas MrHOBEHHYIO YacTOTYy KOJeOaHHWM NMOCTOSHHOW, ypaBHEHHE

(23) mpuMeT HECKOJIBKO UHOM BH/I:
Z+vz=vF(t), (25)

racv — COOCTBEHHAS YaCTOTA CUCTEMBI.

Pemenne ypasHenus (25) umiem B (hopMe paBoii 4acTu:
z(€) = f(x) =C;sint + C, sinm,t. (26)

JBotinHoe muddepennmpoBanue pemeHus (26) macT BO3MOXKHOCTH
onpenenuth noctosiabie C, u C,.

VPl VPZ (27)

Ci=—7 73 Cr=7 5=
v —O v W

15



Pemenne (26) COOTBETCTBEHHO MTPUMET BUJT

. P, .
J‘(X):;}—R2 sin o, + ; 2 sin o, (28)

v~ v —®

Onpenenum MakCUMallbHOE 3HaueHHe (YHKIWHU f(X), TpUpaBHUBAS
HYJIIO TIEPBYIO MTPOM3BOIHYIO OT 3TOW (DYHKIIMU TIO TIEPEMEHHOH £

. v, P
f(x)=— ! 12 cos O, + v2(02P22 Ccos 1. (29)
v~ v~
OTKy/1a
COSM,¢ o, P, (V2 —(022)
=— (30)

cos eyt ,P, (V 2 ~0? )

[Tooxxus B (30)

2 2
® Vv -
D2y, Loy, =0 (31)
® P, v O
U IIpUHUMas [L = 2, TIOIY4IUM

cos2m,t

Sk L ¥S" (32)

cos,? 2

WM 1OCJIC TPUTOHOMETPHUYCCKUX U aﬂre6pquCCKI/IX Hpeo6pa30Ba—
HUH v 1
cos’ ot ++-Qcosw,t ——=0, (33)
4 2

2
cos u)ltz—xQJ_r Y2l (34)
8 64 2

Kopnu (34) kBanparHoro ypaBHeHHs (33) COOTBETCTBYIOT JIByM JKC-
TpeMalbHBIM 3HAYCHUsIM (QYHKOMH f (X) B 3aMKHYTOM HPOMEXKYTKE

[0<w,t<m], korma
2
cos wlt=—1Q+ Y—Qerl. (35a)
8 64 2

1 2
1
cos (x)lt=—l S R o Ly (350)
8 64 2

OTKyza

16



npuicm HGOGXOILI/IMO

| (36)
YawuteiBas, 9To
(37)
MBI MOXKEM 3aIUCaTh
0<w,t <X npu (35a); (38)
2
T
T <o <7 npn (356). (386)
2

Omnpenennm, KakoMy U3 3THX 3Ha4eHUA ot — (38a) i (380) — coot-
BETCTBYET MaKCUMalIbHOE 3HadueHne GpyHKm f(x). s aToro uccnexyem
BTOPYIO TIPOU3BOIHYIO OT TOH (DYHKITUH TIO TIEPEMEHHOM £:

vo P .
fx)=——""Lsinoy —%sm o,t. (39)
v v —0,

Jlns 3Ha4eHuii o t, HaXoAAKUXCs B MHTEpBae (38a),

sin o, > 0;}
sin o, > 0, (40)

W, CIIeNIOBATENbHO, f (x) <0, 3HAUMT, f{x) = S (). ist 3HadeHnii o t
HaxoasImuxcsi B mHTEepBaje (380)

sin o7 > 0;}
sin @,¢ < 0. 41
Heo6xomumo £ (x) > (), Tak Kak B 3TOM clydae f{x) = f...(x). Ha camom
Jenie, sIBISSICh pelieHrneM quddepeHnnansHoro ypapaenus (25) npu cra-
MOHAapHOM pexume, GyHKus f(x) (28) B mpomexyTke (37) onpenene-
Ha M UMEET MPOM3BOJHBIC B TOYKAX 3TOTO MPOMEXKYTKA, TAKKE HENpe-

PBIBHBIC, U ITPUHUMACT ABA SKCTPEMAJIbHBIX 3HAYCHUS. CHCHOB&TGJ’ILHO,
B OTOM IIPOMEIKYTKE OHa UMCET MAKCUMYM U MUHUMYM, IPpUIEM

s > | (0 )
TaK Kak B BeIpaxkeHHHU Juis f(X) (28) mepBoe ciaraemoe Bcera 00ib-

17



we 0, moromy 4To sin ot B npomexyTke (37) Bcerna Gompuie 0. Takum
o0Opaszom, QyHKIMA f(xX) MakCMMajbHa NPH 3HAYECHUAX O, JEKAIIUX B
npomexxyTke (38a) m ompenensieMbix u3 ypaBHeHUs (35a). O003HAYNM
BBIDAKEHUE JUIS cos ©,t u3 (35a) uepes A:

2
A =cos u)lt——lQ+ Y—Qz+l. (43)
8 64 2

U3 (39), yuntsiBas (41), MO)KHO COCTaBUTH HEPABEHCTBO

2
V. P v P
# sino,t> 1" 1 sinot. (44)
2 2 2
v -0, v~

Nwmes B Buay (31) u cunras p=2, u3 (44) momyanm

> K2 (45)
8
IToncranoBka (43) B (45) maer

e <4\/§. (46)

Wrak, yautsiBas o6o3HaueHue (43), a takxke (31), momyanm

Fonn () = £y =P 1232 14 22, @7)
\Y _031 YQ

OTKyZa

w2 v _ vP /3
o — =N (48)
AC)
[Tonyuennoe BoipaxkeHue (48) CBA3BIBAET 4aCTOTY @, CIIEIOBATENBLHO,
U O,, C aMIUTUTYI0H A.
Cuuras 3HaUYeHUS (,01 JIC)KAIIMMU B IMTPOMEIKYTKE

\
0<w <—, (49)
2
4TO I , NA€T Mana3oH
0<wm, <v, (50)
mmapameTp A (31) OkKaxeTcs B IPOMEKYTKE
51
00, 1)

[Tapametp A (31) momyckaeT mpou3BoIIL.
18



Benmuunna A (43) HaxomuTCs B 3aBUCHUMOCTH OT OIPEIEISIONIUX €€
MapaMeTpoB B IPOMEKYTKE \F
2

03%37. (52)

CoOCTBEHHYIO 9acTOTY HEITWHEHHOW CHUCTEMBI, 3aBHUCSIIYIO OT aM-
IUTATYBI A, B TPOTHBOIIOI0XKHOCTh JIMHEHHON TOCTAHOBKE 33134 MOXK-
HO .BBIYUCIISITH 1O MPUOIMKEHHON Gopmyie [9]

_ 3B 4
v_J&1+8aA , (53)

JUISL CiTydasi KyOU4ecKol XapaKTepUCTUKU BOCCTaHABIHMBAMOIICH (yHK-
uu cucteMsl R (x) (2).

PazButne amromTyz, oTBevarolee ypaBHeHHIO (48), mokazaHo Ha puc. 5.
Tak kak BcrencTBue (pU3NIECKUX NpescTaBneHnii Gyrkmus f{x) (21) npen-
roJylaraeTcsi HedeTHON (COOTBETCTBEHHO [ (A) — Takke HedeTHas (PpyHK-
1nst), BeTBU [ 11 /1] aMITTATYTHO-9aCTOTHON KPUBOH COOTBETCTBYIOT 3HA-
yeHustM A > 0, a BetBu /] u IV — 3HaueHusm A < 0.

[Ipoananu3upyem XOJ pa3BUTHSI aMIUIUTYJ 110 KPUBOU, M300pakeH-
Hoil Ha puc. 5. [Ipu Bo3pacTaHuM 4acTOTHI ®, OT HyJIA 10 V/2 BIUSHHE
MEepPBOM FapMOHUKH HE CKa3bIBACTCs HA KOJIeOaHusx cuctemsl (1) u pas-
BHUBAETCS aMIUTUTYA TOJIBKO OT JEHCTBUS BTOPOU TapMOHUKU (BETBb /).
B nanbheiiniem, ¢ BO3pacTaHMEM YacTOThI ,, aMILIUTY/A OT JEHCTBHA
BTOPOU TAPMOHUKHN YMEHbIIIaeTcs (BeTBb //); HAYMHAsI C HEKOTOPOTO 3Ha-
YEHHs1 YaCTOTHI (0, AMILTMTY/IA YXKE BO3PACTAET OT ICHCTBUS NIEPBOM rap-
MOHHKH (BeTBb //]), TOrJa KaK JeicTBHE BTOPOW TapMOHUKH ITOYTH HE
ckaspiBaeTCs. M HaumHas co 3HaYEHWsA ®,= V, aMILTMTYyJa OT JCHCTBUS
MepBOi TapMOHMKH yObIBaeT. Takum oOpa3oM, BeTBb /—// OTBedaeT pas-
BUTHIO aMIUIUTY]l OT BTOPOM TapMOHUKH, a BETBb [[/-IV — oT nepBoii rap-
MOHUKH.

[Ipumenenne MeToma MepeMEeHHOro MaciiTaba BPEMEHH TO3BOJIHIIO
OIIPEICNUTD MOJHYIO aMIUTUTYIy KojieOanuii cructemsl (1) kak QyHKINIO
4acToT (puc. 5).

LAl
|

Puc. 5
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10. H.I'. Bonpaps. [IpuMenenne MeToa mepeMeHHOro Macitada Bpe-
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nMmmynbcamu. McenenoBanus o reopun coopysxkenui, Boin. XIII, 1964.
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YACTOTHI CBOBOJIHBIX KOJIEBAHUI
CHUCTEM C IEPECKOKOM*

HexoToprle MexaHWYECKHE CHUCTEMBI OOJIaIal0OT WHTEPECHOH 0co-
OCHHOCTBPIO — HaJUYMEM HECMEKHBIX (OpM paBHOBECHS. DTa 0CO-
OCHHOCTH, €CTECTBEHHO, HAKJIAIBIBACT CBOW OTIEYATOK Ha IUHAMU-
YECKHE CBOMCTBA YKa3aHHBIX cUcTeM. [[0CKOJIbKY B «HMX ITEPEXO/1 OT OJTHOM
yCTONUMBO# (hOPMBI K IPYTOH MPOUCXOAUT CKAYKOOOPa3HO, OHU IOy UH-
JIM Ha3BAHUE CUCTEM C TIEPECKOKOM. Takue CUCTEMBI HAIILTH OUYEHb IIIUPO-
KO€ MPUMEHEHHUE B TEXHHUKE. DTO MPYKUHHBIE MEXaHU3MBI U XJIOMAIOIIHE
MEMOpaHBI, )KeJI00UaThie MOJIOCHI U THOKKE TIOJIOTHEe 000JI0uKH, 00par-
HBIM MasiTHUK CO CIMPAIbHOMN MPYKUHOM.

benu BoccTanaBnuBaroas cuiia CUCTEM € MEPECKOKOM OIUCHIBACTCS
CUMMETPUYHOHN (yHKIIMEH 0T 0000IIEHHON KOOPIMHATHI, TO, OTPAHUYH-
BasICh JIByMsI TIEPBBIMU YJICHAMH PA3JIOKEHUS STOW (YHKIIUU B CTETICH-
HOM psij, ypaBHEHHE IBW)KEHUS TPUOIIKEHHO OyAeT UMETh BH/I:

qg—29+84°=0, (1)

e —a g + B ¢’ =R (gq) — HenuHelHAas BOCCTAaHABIMBAOIIAS CUJIA.
TouyHoe pemieHue 3TOTo ypaBHEHHS B KBaJparypax NMpUBEAeHO B pado-
Tax [1, 4]. [Ipu 3TOM NOITYYarOTCS BBRIPAXKEHUS JJIsl IEPUOJIOB CBOOOTHBIX
KoJie0aHMi B M THYECKUX QyHKIuMIX Skoowu [3].

B Hacrosmei cratbe ykazaHa BO3MOXXHOCTD JIMHEapH3aluuu (ha3zoBoi
(YHKIMH 110 METOAY IEpEMEHH OT MaclITada ¥ Ha ’TOM OCHOBaHHH OIIpe-
JIeJICHa 4aCcTOTa CBOOOAHBIX KOJIEOAHUH CHCTEM C TIEPECKOKOM.

3aMeHOl mepeMeHHBIX z(g) = f(q); € = & (t) HenuHeWHOEe aH(]-
(epennmanpaOe ypaBHenue (1) mpuBogutes [2] K TUHEHHOMY

dzz
2==0,
de? _l—
[pu HavanbHBIX yCnoBUSX ¢ = (), q=A; dg/dt = (0 nocnennee umeer
peleHue
(@) =T (A)cosn(t); =(t)=c(t)—e(0). 2)

Jlyis IpUHSITOTO Cllydyasi BOCCTaHaBIUBArOIIel Ccuitbl, koraa R(q) = —a
(q) + B q°, ammmurynnas GyHkiwms f(g) umeer Bu [3]:

f(Q)Zi(—;%—iq“ ; (3)
\ /QI

*OmnyOsnmkoBano B Tpynax JJUUT, Bemt. 73, Mocksa: «Tpancnopt», 1968.
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3HaK IUTIoC puHUMaeM Juts uHTepBana 0 <q’<o/f, a 3HaK MUHYC IS
uHTepBana ¢° > o/f. J1nsa HaxoxneHus Gpa3oBoi GyHKIHHU £(t) BOCHIONB3Y-
eMCsT COOTHOIIIeHnEM [2]

d d

i [g) = ——=1),
13 KOTOPOTO TIOIy4UM P

dt =———.
LA
7 (@)
Buecs Boipaxenue (3) B pemienue (2), HaiizeM
q:l/—g—]/ 14+ (x—1)cosy(?). 4)

3nech BBeeHo oOo3HaueHue T = f /o A?. B cuny paBeHcTB (3) u

(4) nmeem d T
1) = V2 V14— 1) cosq(d).

ClietoBaTeIbHO,

dz(_: 1 dB
Vor Vit (z—1)cos ()

dn de
=== nony4yum
dt t

OTKyZla BBUJLY IPUHATHIX 0003HaueHUN (2)

i

Vo t— 21 .

5 V14 (x—1)ycosq(t)

PSSP I8 18

mi

5

L
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OtoT nHTerpan onu1 BerauciieH Ha OBM «YPAJI-3» mist paznuyHbIx
3HaueHMUH Oe3pa3MepHOro napamerpa T. Pe3ynasrarel BBIYMCICHUH NpuBe-
JIeHBI B BUJIE TPapUKOB HA pUCYHKaxX | u 2. AHanmu3upyi rpaduku, mpu-
XOIOUM K BBIBOAY, YTO B IIEPBOM NPUOIMKEHUN MOYKHO NPHUHATH JTUHEH-
HYTO 3aBUCUMOCTH (ha30BOH (DYHKIIUU € OT BpEMEHH t

s(O)=k) 2t )

¢ toyHocThio 0 moctostHHOM  €(0) (2). Koaddumument mpomoprm-
OHAJIBHOCTU k 3aBHCHT OT NapameTpa HeJMHEHHOCTH T. B mpaBoit ya-
CTH ypaBHeHUs (5) MOCTOSHHBIN (BO BPDEMEHH) MHOXHTENb €CTh HE YTO
WHOE, KaK 4yacToTa CBOOOJHBIX KOJICOAHUI CUCTEMBI.

Ha camom nene

de e N .
v="t=k) % u k—v’ia— (6)

HE 30 18

it}

5 ot Puc. 2

Ha puc. 3 kpecTukamMun OTMeUeHa 3aBHCUMOCTH k = k (T) , B3sTas U3
rpaMKoB Ha pUCYyHKax 1 ¥ 2, a CIUIOIIHON TOJICTOM JIMHUEH — k (T), BBI-
YucIeHHas 10 TOYHBIM hopmyram [1, 3]. 3aBHCUMOCTH k (T) MOXKET OBIThH
anmpOKCUMUPOBaHa KPHBBIMU:

hy=12—1; 0<5<2;
2

<
125:0,77]3/ T—2: t>2,

JUISL MJIBIX ¥ OOJBIINX KOJE€OaHWI COOTBETCTBEHHO.
OTcrofia IeTKO MOMYYUTh YPABHEHUS «CKEIETHBIX» KPUBBIX — YaCTOT
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CBOOOIHBIX KoteOaHuii cucTemsr (1):

w=V 2 32— 0<<2 (7

ve=0,77 ]/27 ]3/1—2; > 9. ®)

25 I f |

)

/
/
Ly A_’a:iﬁ}

5 0

fr .
¢ a v:}'a Puc. 3

Masplie kKoneOaHus CHCTEM C NIEPECKOKOM aHaJIOTHYHBI KOJICOaHHSIM
HEJIMHEUHBIX CUCTEM C MATKOM XapaKTEPUCTHUKON BOCCTaHABIMBAIOIIEH
cuiIbl R(q), a Oonpre KoneOaHus — ¢ JKeCTKON XapaKTepUCTUKON R(q).
IIpu t© = 2 cucrema HaxXOAWUTCS B HEYCTOMYMBOM cocTOsTHHUH. [Ipn sTOM
repuoy KonebaHuii paBeH OSCKOHEYHOCTH (WYacToTa paBHA HYJIO). DTO
COCTOAHUC ABJIACTCA MCPEXOAHBIM MCKIAY MaJIbIMU U 6OJ'II)HH/IMI/I KOJIe-
OaHUSMU.
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nuTeparypa», 1961.
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4. Mises R. Uber die Stabilitatsprobleme der Elastizitatstheo rie, Zeit-
schflfte fur angewandte Mathematlk und Mechanik. Ne 4, 1923.
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T'APMOHHNYECKOE BO3BYXJIEHUE
CUCTEM C IEPECKOKOM*

3amada 0 BEIHYKJIEHHBIX KOJIEOaHUSIX MEXaHUIECKIX CHCTEM C OJTHOM
CTETIEHbI0 CBOOOBI, MMEIOMINX HECMEXHbIE (HOPMBI PaBHOBECHS TPH
TapMOHUYECKOM BO30Y>KICHWN paccMaTpuBajach psiaoM aBTopos [1, 2,
3]. B HacTosimmelt ctarbe MpUBEACHBI PE3YIIBTAThl HCCIEIOBAHNS C TIOMO-
b0 METO/Ia MIEPEMEHHOTO MaciiTada [4] cTalMOHApHBIX KOJeOaHMii Ta-
KHX cucTeM. PaccmoTpeHo B030yXkIeHHEe KOHCEpBAaTUBHOW CHCTEMBI C
BA3KUM TpeHueM. JlaHbl MpocThle OLEHKH U MpPUEMBbl ONpeaeseHHs Xa-
pakrtepa koneOaHuit. [l0CTpOCHBI aMIUIMTYJIHO-YACTOTHBIC XapaKTepH-
CTHKH CTallMOHAPHBIX KojeOaHuid. [IpoBeaeHo cpaBHEHHE MOMTYyUEHHBIX
pe3yJbTaToB ¢ peueHueM 3anaun Ha O1[BM u mammnax-ananorax.

CucremMbl 0e3 CONPOTUBJICHHS.
PaccmoTpum cranmoHapHbIe KoJieOaHUs HEJTMHEHHOW CHCTEMBI, OITH-
ceiBacMoit mudepeHInaIbHbIM YpaBHEHHEM

1+ R(q) = F(0) 0

3. . .
R(q) = —aq + Bq*; a > 0; ﬁ'?—}ﬂ,}
F(t) = F, cos wt.
3aMeHOl epeMeHHbBIX
z(e)=fl@une=¢e(®)
9TO JINHEHHOE YpaBHEHUE MOKHO CBECTH [4] K THHEHHOMY
7+ v?z = vF(t) 3)
B MIEPBOM MPUOIIDKEHUH [S].
CoOcTBeHHAsT YaCTOTa CHCTEMBI V OTpENesieTcsl 10 OgHOW u3 dop-
MyJI, TTIOJIYICHHBIX B padote [5]. [lepBoe yciaoBHe SKBUBAJICHTHOCTH He-
nuHeHoro (1) n auHelHoTO (3) ypaBHEHHH COTIIACHO MTEPBOMY MTPHOIH-

JKEHHIO ITpeodpasyercs .
fllQ=¢=v “)

Pemast aTo quddepeniranbHoe ypaBHEHUE, HAXOUM
flgd=z=vqg+C,

rae C — NOCTOSTHHAsI HUHTETPUPOBAHUSL.
CnenosarensHo, Z = 4.
[MoncraBmsis ABa MOCIEIHUX BBIPAKCHUS B ypaBHeHHUE (3), HOIydaeM

e

2

* OnyonukoBano coBMmecTHo ¢ Yysaeswim JI.I1. B CO6. Tp. JJUUT, Bbim. 83
«Bormpocs! npukIagHOW MEXaHUKH U MOCTOBY». Kues: byniensHuk, 1968.
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JIUHEAPU30BAHHOE YPABHEHHUE
G+v(vg+C) =F(,)
B KOTOPOM BOCCTaHABIMBAIOIIAs CHIIA IMHEAPH30BAHA H UMEET BUJT
R(q) = v(vg + 0), (5)
st HaxoxkaeHus mocTosTHHOM C OyzieM PYKOBOJICTBOBATHCS CIICTYTO-
IUMH COOOPaKSHUSIMU. .
Jliist ieHTpa Masbix Konebauu g, = [— onpexensem [5]
R(gy) =0 ’
(g2) =0.
[losToMy U3 paBeHcTBa (5) HAXOAUM ([ —-p7 |Z -

R(q) = v* (q— %) :

Jns nentpa Gonpmmx konebanuii g, = () ompenensem [5]
R(g)=0;C =0,
R(q) =v?q. (6)

Takum oOpazom, auddepenuansaoe ypasHenue (1) npu nuHeapu-
3aluM 0 METOAY MEPEMEHHOro MaciTada pacnanaercs Ha JBa ypaBHe-

HUSL:
g+ v: ( — ||—'I) = F,coswt;
JUTSA OOJIBIINX KOJICOaHUI

IUTSL MAJIBIX KOJIeOaHuil
4 + viq= F,cos wt. (8)

EctecTBenHO, 4TO COOCTBEHHASI HaCTOTa CUCTEMBI V B 3TUX ypaBHEHH-
X pa3lIndHa M ONPEJeNseTcsl M0 METOAy NepeMeHHOro Macmrabda ¢op-

MyJlaMU U3 paboTHI [5]
v, =V2av2 —1; ©)
v =0,77V2ay2 —1. (10)

Ypasuenus (7) u (8) sIBISIOTCS TMHEHHBIMY, a 9 (EKT HETMHEWHOCTH
camoii kojebaTeNbHOW CHCTEMBbI 3aKITIOUEH B OMPEACICHUN COOCTBEHHON
YacTOTHI V.

Uccnenyem BHauane manbie koneOanus. Pemenue ypaBHerus (7)
uiieM B hopme

g=~C,+( coswt; C,,C, =const.

H, CJICAOBATCIIHLHO,
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[loncraBinss 3T0 BeIpakeHUe B ypaBHeHue (7), HAXOAUM
Fa
C, = JE =5
Torma penrenne MPUHAMAET BUT
T4 E
g = |-+—5——<coswt. (11)
5 UM_f‘-’z
Hepexolm B 3TOM pe]_HeHI/II/I K aMHJII/ITyﬂHI)IM 3Ha‘IeHI/I$[M, HOJ'[y‘IaeM
YPAaBHEHUE AMILINTYAHO-4YACTOTHON XaPAKTEPUCTUKU

@ F
R (12)
g v —w?
Wiy, pemast OTHOCUTCIIBHO YaCTOThL BO36y>KZ[CHI/I$I M,
2 _ .2
w* =vs+

(13)

—.
a- |2
A F
B 3aBucHMMOCTH OT aMIUIUTY/IBI BO3MYILAOLIEH CHIIbI F) OyyT pasBu-
BaThCs MO0 Maibie, 1100 Oombinre Konedanus. Onpenenum aMIuIATyLy
YCTaHOBUBIIMXCSl KOJICOAHUH MpU HYJIEBOW YacToTe BO3OYKICHUS ), T.
€. pH JICHCTBUHU MOCTOSIHHOM CUiIbl £, B 3TOM cityuae amrutyaa 4 co-
IJJaCHO YpaBHEHUIO aMIUIMTYIHO-4aCTOTHOM KpuBoi (12) onpenenuThbes
13 BBIpaXKEHUs -
2 —
%@e-anL (14)
B
3nech COOCTBEHHAs 4aCcTOTa CHCTEMBI V_ olpenensercs no Gpopmysie
M
(9). O6o3Haunm neByro vacTh Bbipaxkenus (14) gepes @, (A). Ypasne-

HHUE D, (A) =12 (ﬂ - J%) (15)
@, (4) = |Fol

TPaHCUEHJICHTHOE U €T JIETKO PEIIUTh IPpadUuecKuM IyTeM.

Ha puc. 1 nana cxema pemenuns ypasuenus (15); gynkuus @, (4) —
KpHBas | — MMeeT /1Ba KOpHS mpw RRITIONHEHUH YCIIOBHS

F, = F (16)

3TO k€ HEPaBEHCTBO SIBIISIETCS ycnosneM CYIIECTBOBAaHUS MaJIbIX KO-
nebaHui.

Paccmotpum Oonbliine koneOaHus. PelieHue ypaBHEHHS TBUKCHUS
(8) Oymem uckath B Bune g = (5 cos wt.

[MocrosiHuyI0 A, HalIeM, OICTABUB MOCIEIHEE BHIPAKCHHE B ypaB-
Henue (8) F,
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PlA)

L=

Puc. 1. I'pagpux @ (4)

CJ'ICI[OBaTeJH)HO, PCIICHUEC ITDUHUMACT BUI

__bF 17
q —v%_wzcc-smt, (17)
OTKy/Ia MOJYyYHM YPaBHEHHME aMIUTUTYIHO-4aCTOTHOW XapaKTepPHCTH-
K1 F,
A=t

Wiy, peiasi OTHOCUTCIbHO YaCTOThI BO36V)KI[€HI/IH w,
— FD
w? =viF -2 (18)
A

AMIUIMTYY yCTaHOBUBIIMXCA KOJIEOAHUM MPpHU AEHCTBUM MOCTOSHHON
CuItbl F| onpesiesiuM, penrasi TPaHCIEHICHTHOE YPaBHCHHE

I?ﬁzA= IFDIJ

B KOTOPOM 4acTOTa CBOOOIHBIX KOJIEOAHMUH v, OTIUCHIBAETCS yPABHEHUEM
(10). Kpupoii 2 (cm. puc. 1) nokasana pyukuus @, (4), paBHas

®,(4) =viA (19)

Kak BumHO 13 prcyHKa, ypaBHEHHE
@, (4) = |Fy| (20)
MeEeT JIUIIb OJJUH KOPEHb.

Taxum 06pazom, 3Has aMIDIUTYLy BO3MYyIIatomei cuisl F (), rpadu-
YeCKM HAXOIWM CMENICHHE IICHTpa KoJcOaHWid, BRI3BAHHOE ICHCTBHEM
HOCTOSIHHOW CHJIBI D .

Bepuemcst k popmynam (9) u (10) coocTBenHO# yacToThl v. [Tpu 1=2
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&
(cootserctBenno A = [2—)

g v, = vg = 0. 21)

OTO COOTBETCTBYET IEPEXOJHOMY COCTOSHHIO MEXKAY MaJbIMU U

Oompmumu KosebanusMu. HaiieM COOTBETCTBYIONIYIO 3TOMY COCTOSI-

HUIO 3HAYEHHSI YaCTOThI BO30YKICHHS . Tak mpH MaJIbIX KOJICOaHUAX U3
ypaBHeHus (14), yaurtbiBast paBeHCTBO (21), momydaem

2 Fy B
=—=——=242 I F,.
—(«2 1) (22)
[Ipu Gonbimx KOJ'IC6aHI/I$IX u3 ypaBHeHI/ISI (18) Haxogum
w? = =0 ?UTJEF (23)
|2§

CpaBauBas 3HaueHUs (22) u (23), ¥ BUAUM, YTO JacTOTa MAJIbIX KO-
JiebaHuit TOYTH B Ba pa3a OOJIBIE YaCTOTHl OOBIMX KOJIeOaHUH. DTOT
pe3yiIbTaT COOTBETCTBYET (DU3MUCCKOMY ITPOIIECCY, MPOUCKOAIIEMY MTPH
[IEPEX0JIC OT MaJIbIX KOJICOAHUH K OOJIBIIMM WIIA OT OOJIBIINX K MaJbIM,
MTOCKOJIbKY BPEMSI OJTHOTO IIMKJIA (TIepexo1a) 00X KoJIeOaHui MouTH
B JIBa pa3a OOJIbIIIE MEPHO/Ia MAJIBIX KOJICOAHHIA U TIPU TMIEPEX0Ie U3MEHSI-
€TCsl CKAYKOOOPa3Ho.

A
Ml

Sy

=R

(W
Puc. 2. Amnﬂumybno-uacmomnaﬂ Puc. 3. Amnaumyono-uacmomuas
K]
xapakmepucmuxa ons Fy < F, P xapaxkmepucmuxa ons Fy > F, P
npu omcymcmeuu conpamusﬂenuu npu omcymcmeuu conpomuwzenuu

Ha puc. 2 u 3 nocTpoeHsl aMINIUTyAHO-4aCTOTHbBIE XapaKTEPUCTHKH
o ypasaHeHusM (13) 1t MabIx KoebGanwii (HIKe MyHKTUPHON JIMHUN)
u (18) s Gonpmux KonmeGaHwii (BhIIe MyHKTHPHOW JuHNN). KprBas Ha
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puc. 2 TOCTPOEHA NPH 3HAYEHUHM aMIUIMTY/bl BO3MYIIAIOIIEH CUItbl F,
yaoBJIeTBOpsitomiel yciosuto (16), a kpuBas Ha puc. 3 — IpH 3HAYEHUU
aMILTUTY/Bl BO3OYKIEHUS Fy > FKP CrpenkaMu U300pakeH XOJl pa3BU-
THSI aMITIUTYT CO CKa‘IKOO6pa3HBIMI/I HepexofaMu OT MaJIbIX KojJeOaHUH K
OO0JIBIINM U OT OOJIBIINX K MaJIbIM.

Bausinue BSI3KOT0 CONPOTUBJIEHMSI.
Brenewm B cuctemy (1) nuHEHOE HEYTIPYTOE COMPOTUBICHHE

4 +2ng +R(q) = F(0). (24)

3aMeHa NEPEMCHHBIX
_ t. _
z(e) = f(q)e™; € = &(t) (25)
MTO3BOJISIET CBECTH ITO HEJIMHEHHOE YpaBHCHHUC K HHHeﬁHOMy BUJ1a

7+ 027 = ve™F(t)

(26)
B ITIEPBOM MPUOIKEHUH [2], KOTAa BBITOHSIETCS YCIOBHE (4).
IToncraBum pemienue ypaBaeHus (4)
flg) =vg + C;C = const
B BBIpakeHue (25)
et (T?q + C) (27)

Herpynno ybenurtscsi, 9to mocrosiHHast MHTErpupoBanusi C 3aBHUCHT,
KaK U BBIIIE, OT THIA KOJIEOAHUH: TIPH MAJIBIX KONEOAHUAX  _ _,, |€ 2
npu 6onbimx — C=0. g’

[loncrasnsas Bepaxenue (27) B ypaBHeHuUe (26), OIy4aeM JHHEAPH-
30BaHHbIC YPABHEHUS

ej+2nq+(v§+n2)(q—\/§)=,¢[t) (28)
JUTSL MAJIBIX KOJIeOaHUN U

z - 2 2

q+2nq—|—(vﬁ+n )q=F[t} 29)
U1 OONBIINX KOIeOaHMiA.
Bynem cuwrtarh, 4TO BO3MYINAMOIIAs CHJIa 3aJaHa cO CABUTOM (a3,

F(t) = F,cos(wt + @).
Pemenne ypaBHeHUs MaJIbIX KoNieOaHui (28) uiieM B popme
g =C_C, +(, coswt.

Jns maxoxnenus nocrosunbix C, u C,, a Taxke casura ¢as ¢ (mo-
Jlarasi, 9T0 OH HeW3BecTeH) moactaBuM perierne (30) B ypaBHeHue (28);
CpaBHUBas KO3(1)(1)I/IIII/ICHTI)I IIpU OIMHAKOBBIX 'APMOHHUKAaX, IMOJIYUYNM:

30

T.C.



C1=J§;
G = - ’

ﬂ'l{vﬁ+nz—w2}+=1-ﬂ2 w?

€2

Znw
@ = Arc tan—

vE+nt-w?’ (32)
Pemenne (30) B cuity nony4eHHbIX BeipakeHuit (31) u (32) npunHu-

MaeT BuJ
a Fpcos wt

q= [+

, .
B ﬂ'{uﬁ+n2—m2}+4n2m2

(33)

OTcrona moiy4aeM ypaBHEHHE aMIUIMTYIHO-YaCTOTHOM XapaKTepH-
CTHKH JIJISl MAJIBIX KOJIeOaHWi . 5
o

A= |2+

F ﬂ'l{uﬁ+n2—m2}+4ﬂ2m2 (34)

HJIN TTOCJIC MTPOCTBIX npeoGpasoBaHHﬁ I1OJ 3HAKOM paauKajia

A= [£+ Fo .

g ﬂl{uﬁ—nz—m2}2+4n2uﬁ (35)

PemmB 510 ypaBHEHHE OTHOCUTEIFHO YacTOTHI BO30OYKICHUS v, Hali-
nemM

24,2
(36)

IIpu n=0 (oTCyTCTBHE CHJI TUCCUNALNN) U3 TOCIEIHEr0 BhIPAXKEHUS
noiy4uM Beipaxenue (13).

Pe30HaHCHOE 3HAYCHHE AMILTHTY/IBI A OTPE/ICTMM, IPUPABHSB HYITIO
[pOU3BOIHYKO 44

de  da
—=0;v2—n*—w?=0, (37)
dew
OTKyZa
2 _ ., 2
Wy, =Ty — N
ITosToMy
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BI/I,I[OPI3M6HI/IM 3allUCh 3TOT'O BBIPAKCHUA

o Fy
v, (Ap ﬁ) = (38)
[ToydenHoe TpaHCIEHIEHTHOE ypaBHEHHE** OTHOCHTENHHO PE30-
HAHCHOW aMIUTHTYIIBI A pemaercs rpadgudeckuM myteM. J{is atoro Je-
BYIO YacCTh ypaBHEHUS (%8) o0o3naunm 4epes L (4). Ha puc. 4 sta dynxk-
Ul M300paskeHa KPUBOH 1; Ha 9TOM e PHCYHKE TpE/ICTaBlIeHa cXema
pewenus ypasHeHus (38). 13 ypaBHenus (36)MOKHO yOeAUTHCS B TOM,
YTO HE MOXKET CYILIECTBOBATH CTAIIMOHAPHBIX KOJEOAHUH C aMITUTYI0H
OospLIeH, yem Ap. B camowm nierne, u3 ypaBHenus (36) co Bcelt 0ueBUIHO-

CTBIO BBITEKACT HEPABEHCTBO Fy
A- I'E
A B

OTKyZa

v, (A— %) < j—;= L,(4).

= 2nv,,

LiA)

X .@J_ﬂ
2n

an

'ﬂ'
Puc. 4. I'paghux L (4) V;

[Ipu n=0 u3 ypaBuenus (38) Haiinem Ap:oo. Paccmotpum 6onbirue ko-

nebanus. Pemenne ypaBHeHHs OonbIInX KoneOanui (29) nmeer BUI
Fpcosowt

ﬂ'l{ug +n®—w? }+4n2m2.

AMHHI/ITy,Z[HO—‘IaCTOTHaSI XapaKTEPUCTHUKA OIMMUCBHIBACTCS YPABHCHUCM

A=+ i =+ fo | (39)

|
ﬂl{ug—ﬂz—w2}2+4n2w2 ﬂl{ug—nz—w2}2+4ﬂ2v§

**YpaBHeHue (38) TpaHCIEHACHTHOE, TOCKOJIBKY YacTOTa CBOOOIHBIX KOJIe-
OaHuil v TaKxke 3aBUCUT OT aMILTUTY/IBI (9).
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OTKy,Z[a, peaiasgs OTHOCUTCIIBHO (v, HAXOAUM

(40)

[Ipu n=0 moryaaem otcroma popmyiy (18).

Pe3onancHoe 3HaueHWe aMIUTUTYABl HAaXoAUTCs u3 ycioBus (37) u
paBHO _ F

Ap o 2111)5’

58105 R
2n’ (41)

IlepByro 4acTh HOCJIEIHEr0 ypaBHEHHs 00o3HauaeM uepes L, (A).
TpaHCLEHJCHTHOE ypaBHeHHUE (41) OTHOCHUTEIBEHO Ap pemaercst rpadu-
geckuM mytem. Ha puc. 4 Gynkuus L, (4) nsobpaxkeHa KpUBOH 2; TaM ke
JlaHa cxeMma perieHus ypaBHeHus (41).

W3 Beipaxenns (40) momydaem ycioBre " = vaﬁ ,

'I-?ﬁxq.p =

Fo
A====1L,(4).
omiyna VsA < o = L,(A)

CrenoBarenbHO, aMILTHTYIIBI KOJIEOaHUH (CTAllMOHAPHBIX) HE MTPEBOC-
XOZST PE30HAHCHOM.

[Tpu cnabom 3atyxaHuu (1 << 1) aMIUITHTYIBI yCTAHOBUBIIMXCS KOJIe-
OaHuil IpU HYJIEBOW YacTOTE BO3MYILAIOIICH CHIIBI (ICHCTBUE MTOCTOSH-
HOW CHJIBI) OYCHBb OJM3KM K aMIUIMTyJaM HEJWCCHIIATHBHBIX cucTeM. U3
ypaBHeHus (34) npu =0 1151 MaJIbIX KoJieOaHHU ToTydaem

2 2 __F
ve+nc = &
- I3
a 1 OONBIIMX KoJieOaHwmil 3 ypaBHeHHS (39) HaxomuMm
F
1]
vi+n? =—,
A

OTH BBIpaKEHUS OTIMYAIOTCS OT AHAJIOTHYHBIX UM BhIpaxeHuit (18) u
(20) Ha BeMIMUMHY BTOPOTO MOPSIIKA MAJIOCTH 7.
st gacToT BO30YKCHHUS (0, COOTBETCTBYIOLINX NIEPEXOIHOMY COCTO-

"H“‘O(A = [25iv= o),

TaK)Ke TIOJTYYaroTCsI BRIPQXKEHUS, OTIIMYAIOIINECS OT 3HaueHuH (22) u (23)
Ha BEJIMYUHY BTOPOTO MOPSIIKA MAJIOCTH 712,

Ha puc. 5, 6 1 7 mocTpoeHbl aMIDIUTYIHO-9aCTOTHBIE KPUBBIE (HUKE
ITYHKTAPHOW JIMHUW) TI0 YPOBHIO (36) U (BBIIIEC MyHKTUPHON JTMHUHN) 10
yposHIo (40); mpudeM Ha prc. 5 u 6 IpH pa3IMIHBIX K03 PuImeHTax 3a-
TyXaHHMS 71, U 71, COOTBETCTBEHHO (7,> 71,), HO IPH OJIMHAKOBOM aMILIUTY-
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ne Bo30yxnenus Fy < F ,

a Ha puc. 7 —npu aMHJ‘II/ITy,Z[C B030yxknenns Fo = F

CrpenkaMu Ha pUCYHKaX IMOKa3aH XOJ[ Pa3BUTHSI aMnnHTyz[ U CPBIBBI KO-
nebanuit Ha OOJBIITHE U HA00OPOT.

|A|l /

VﬁE' Voa @

Puc. 5. Amnaumyono-uacmomuas Puc. 6. A.znnﬂumyt)no-lmcmommm
xapaxmepucmuka ons F < FOKP xapaxmepucmura ona Fy < F
HpU HATUYUL CONPOMUGTICHUA 1, npU HANUYUU CORPOMUENEHUA n

Puc. 7. Amnaumyono-

yacmomnas

XapaxKmepucmuka
ona Fy > F*°

npu HanuuUU conpomusﬂeuuﬂ

Ipumep. [l KOTMYECTBEHHON OLICHKH IOJIYYEHHBIX BBILIE PE3Yilb-
TaTOB PacCMOTPUM HEJIMHEWHYIO cucteMy (24) ¢ BoccTaHaBIMBAIOMICH
cuioi R (q) Buna (2). Ha puc. 8 mocTpoeHbl aMILTUTYTHO-9aCTOTHBIE Xa-
PAKTEPUCTUKH MPH PA3TUYHBIX 3HAYCHUSX aMILTUTY Il BO3OYKIeHus F.

BeTBu aMIUIUTYAHO-4aCTOTHON KPUBOU, PACIIOJIOKEHHBIE HUXKE ITyH-

KTUPHOM JINHUHU ( A= fzg) noctpoensl o Gopmyne (36), a BeTBH,
'g »
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pacroioKeHHbIE BBIIIE MYHKTUPHOH JMHUH, 110 dopmyre (40). Hagab-
HbI€ U pE30HAHCHBIE 3HAYCHUS aMIUTUTYI B3STHI B 3aBHCHMOCTH OT aM-
IUIATY B BO3OYKIEHUs ) 1 Koo dumenTa 3aryxanus n u3 rpa(bI/gKa Ha
puc. 1 u 4. IIpuHATHI CIeTyIONINe 3HAYCHUS IMapaMeTpoB: a=1 cex?; /=3
cex?; n=0,05 cex; F|=0,2 cex? u F=0,5 cex™.

Wi

40 Puc. 8. Amnaumyono-
e
ﬂ"'h: yacmommuule
47 Xapakmepucmuxu
43775

ona F=0,2 u F,=0,5

CkeneTHble KpuBbIe IOCTpoeHHI 1o Gopmynam (9) u (10). Betrsu, uzo-
paKEHHBIC KUPHOW JIMHUEH, COOTBETCTBYIOT YCTOMUMBBIM KOJIECOAHHUSM,
a TOHKOH JINHUEH — HeyCTOMYUBBIM KoJieOaHusM [6].

OTa cucTteMa TakKe MOJAEIUPOBAIach Ha AJIEKTPOHHOU HEIUMHEHHOU
ycraHoBke MH-7 npu Tex ke 3HaueHUsAX mapaMeTpoB. Pesynprarsl Moze-
JINPOBAHMSI IOKA3aHbl HA PHUC. 8§ TOUKAMH.

MopenupoBaHHe CHUCTEM C TMEPECKOKOM HE BBI3BIBAET OCOOBIX 3a-
TpyaHeHui. OHAKO B CBSI3M CO CPAaBHUTENBHO OOJIBINION MOTPEITHOCTHIO
yctanoBku MH-7 (10%) pe3ynbTarsl MOICIHPOBAHUS MOTYT OKa3aThCs
JIOCTaTOMHBIMH [T 9acTOT BO30ykaeHus o < 0,5 o, korna F) 6musko
(|E® —F, |« D.
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BUTAPMOHHWYECKOE BO3BYXKJIEHUE
CHUCTEM C IIEPECKOKOM*

HecMotps Ha pakTHYECKYIO0 BaKHOCTD, 33/[ada O OUTapMOHUYECKOM
BO30Y)KJICHUHM CHUCTEM C TIEPECKOKOM CTABHTCS BIIEPBBIC. DTO OOBSICHS-
€TCA MPEKAC BCEro TPYAHOCTAMU, CBIA3AHHBIMU C IMOCTPOCHUEM aHaJIN-
THYECKUX PELICHHM, XOTs Obl IPUOIMKEHHBIX. OCO0YI0 POJIb IIPH ITOM
UrparoT GU3NYECKUe 0COOCHHOCTH YKa3aHHBIX CUCTeM. Tak, BOcCcTaHaB-
JIUBAIOIIAS CUJIA MOXKET OBITh M MSITKOM W JKECTKOM ISl Pa3JINYHBIX JIH-
ama3oHOB MepeMeleHui oo u Toi xe cuctemsl [1]. Kpome Toro, B
TaKUX CHCTEMaX BO3MOXKHBI JIBE Pa3lIU4HbIC (DOPMBI KOJICOAHUIT: MaJibie
KOJIcOaHUsI OTHOCHTEIBHO OJHOTO W3 YCTOMYMBBHIX IIEHTPOB M OOJBIINE
KOJIeOaHUs C OXBATOM TPEX BO3MOXKHBIX MOJIOKESHUN PABHOBECHSI.

1. CucTeMsl ¢ IepecKOKOM OIHCHIBAIOTCS HEMTMHEHHBIM qH(epeHITH-
AITBHBIM YpaBHEHUEM

i+R@)=FQ). (1)
e R (q) — BoCcCTaHABIMBAOMIAs CHJIA, KOTOPYIO MOJKHO NIPHUHSTE B BUZIE
3
R(q):—ocq+[3q ,o>0,>0, )
a F'(t) — Bo3My1Iaomas cuia, COCTOAIIAs U3 IBYX TapMOHHK
F(t) = F cosot + Fcospwt ; u> 1, 3)

(® — OCHOBHAsI 4YaCcTOTa BO30YK/ICHHSI.

C momoInip0 METOo/Ia MEePEeMEHHOTO MaciiTabda HEeJIMHEWHOE ypaBHE-
Hue (1) MOXXHO NTMHEapu30BaTh. [Ipu 3TOM B CBSI3U ¢ (U3UISCKUMU OCO-
OCHHOCTSIMH CUCTEM C TIEPECKOKOM OHO pacrajiaeTcs Ha JBa [2]: as Ma-
JIBIX KOJIEOAHHMI

. 2
Q+VM(q—\/W):Flcoscot+cmosuoat (4)

1 JUTSI OOJTBIITUX KOJICOAHUH
q+y,q=F,cosot+p,cospmt. (5)

CoOcTBeHHasl yacToTa CHUCTEMbl V B CIydae BOCCTaHABIMBAOLICH
cwIbl ThMa (2) B IEPBOM NMPUOIIKEHUH onpeaenseTcs Gpopmynamu [1]

v,=+y2a-2-1,0<1<2,
v, =07 20 t-2,1>2. (7)

Paccmorpum masbie kosieOaHus, OMUChIBaeMbIe ypaBHeHUEM (4). Pe-
IICHHE ero OyJIeM HCKaTh B (popMe

q=Ci1+Cacoswt+(Czcospot.

*OnyOnMKoBaHO B XKypHase «J/[MHamMKMKa ¥ MPOYHOCTH MAlIMHY», BB 11,
Xapbkos, 1970.
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[Tocrostrnbie ko3ppuumenter C , C, n C, Hax0m1uM OOBIYHBIM Iy TEM,
MOZICTABIISAS 3TO PEIICHUE B ypaBHEHHE (4) M IPUPABHUBAS MHOKHUTEIH
IIPY OAMHAKOBBIX FAPMOHHKAX:

Ci= %’ ®)

F F 9

C2= 2_1 5 C3= 2 22 2’ ©)
Vi~ O V.~ H ®

Taxum oOpazom, pelieHue ypaBHeHUs (4) UMeeT BUJ

_ e Fi ) 10

q= E"Fﬁcos(ﬂl‘"‘ﬁcosu(ﬂt' ( )
V.~ O V. H ®

HOHO)KHM, YTO aprymeHTbl T'apMOHUK KpAaTHbBI MEXKIY CO60ﬁ, T.C.

KO:)(I)(I)I/IHI/IQHT L OPpUHUMACT TOJIBKO HEJIOYHCJIICHHBIC 3HAYCHHUSA: WL = 1,

2,3, .... Torma nyist aMIUIMTYITHO-4aCTOTHOM XapaKTEPUCTUKU MOIy4aeM
ypaBHEHHE, nepexoas B pemeHnH (10) K aMIDTUTYIHBIM 3HAYSHHSIM
a Fi F2
A=_|—+ 7+ T (11)

B vi-o vi-l e

MTOCKOJIBKY COS®t M COSL®t TPUHUMAIOT OJHOBPEMEHHO HauOoJbIIIee
3HaueHHe (EAMHUILY) B TEUCHHE KaXKA0TO nepuoaa konebanuii 7 = 21/o.

3aMeTHM, 4TO ACHUCTBHE MOCTOSHHON CHJIBI paBHO3HAYHO JACHCTBHIO
OUrapMOHHYECKOH BO3MYIIAIONIEH cuilbl F () ¢ 4acTOTOl BO30YKICHHUS
® = 0. CMeleHre CUCTEMBI IIPH 9TOM ONPEAEIAETCS IEHCTBUEM CHITBI F,
=F, +F,[2]

Uccnenyem Gombime xonebanus cucteMsl (1), omuceiBaeMble ypaB-
HeHueM (5). Omyckas MpOMEKYTOUHBIE BBIKJIAAKH, 3allUCHIBAEM pelle-
HHUE 3TOTO ypaBHEHUSL:

q=%cosmt+%cosp@t. (12)
Ve~ ® Ve UL ®
JlJis aMIUIMTY/IHO-4aCTOTHOM KpUBOM OOJBIINX KOJICOAHUN HMEeM
ypaBHEHHE A= 2F 1 S+ F 22 ,
Vs~ @ v2 —U 032 (13)

U3 KOTOPOTO 3aKIII0YAEM, YTO TIPH PE3OHAHCE IO OJTHOM M3 TAPMOHUK C
4acTOTOH M WITU [L®, KOTJIa V=00 WJIH V=L COOTBETCTBCHHO, PE30HAHCHAS
aMIUTHTYy/a IPUHIMACT OECKOHEIHO OOIIBIIOE 3HAYCHHE A = 0.

2. PaccMOTpHM BITUSTHHE BSI3KOTO COMPOTHBIICHUS HA CTaLII/IOHaprle
KOJICOAHHUsI CHCTEM C MEPECKOKOM, BO30YKIaeMbIX OUrapMOHUYECKOMN CH-
o (3). JIBmKeHne TaKuX CUCTEM OIHCHIBACTCS ypaBHEHHUSIMH [2]

i+ 2ng+(v:+n?)| 4 - % 40 (14)
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u
éj+2nq+(V§+n2)q=F(t) (15)

JUTSI MAJTBIX M OOJIBIIMX KOJICOaHWM COOTBETCTBEHHO. bynem monarars,
YTO BO3MYIIAOIIAS CHJIA 3a7]aHa CO CIBUTOM (a3, KOTOPBIN, OMHAKO, ITOJI-
JIC)KHUT ONPEICICHUIO:

F(t) = Ficos(ot+ @) + Frcos(Lot+@,) . (16)

Pemrenust ypaBuennii (14) u (15) Oymem mckarp, 6e3 casura ¢as. B

YaCTHOCTH, PEIICHHUE JUIS MAJIbIX KOJIcOaHUM
g= C, + Ccoswt + C cospot.
Kosdppuunents C,, C,, C,, HaliieHHbIE OOBIMHBIM ITyTEM, PABHbI

C1:\/§’ 17)
F F

C.= , G= . s (18)
\/Q/,2u+n2—0)2)2+4n2c02 \/Qi+n2—u2mz) 4 2H2 2’
CrenoBarenbpHO, penieHne ypaBHeHu (14) nMeeT BU
[0} Ficosm? Fcosmt
9=t 19
\fB \/Q/i+n2—m2)z+4n2 \/Q/2+n _ 2)z+4 2 2 (19)

a casury a3 @, ¥ @, ONpeensroTes hopmyaamMu

2n® 2npo
pacig 55 Qa5 5. (20)
Vatn —o Vatn —H
[Mepexonst B pemrennu (19) kK aMIUTUTYIHBIM 3HAYEHHSM, TOJIy4aeM
YpaBHCHUC aMHHHTyHHO-qaCTOTHOﬁ XapaKTCPUCTUKU:

A= OL+ il I
\/(v‘,+n —o) o \/(v o)+l o
F 1)

\f \/(vﬁn —(0) +4n° V] \/(vﬁn ~1l @) +4n? v

VYcnoBust pe3oHaHCa TapMOHUK C YACTOTAMHU O M [® OMHCHIBAIOTCS
paBeHcTBaMH [2]

vi-n?—e*=0, (22)
vf, —n? —uzo)z =0, (23)

[ToouepenHasi MOJCTaHOBKA ATHX YCIIOBHHM B ypaBHeHHe (21) maer
pe30HaHCHBIE 3HAYCHHSI aMIUTATY. Tak, Py BBITIOTHEHUH YCIOBUS (22)
HACTyIaeT PE30HAHC 10 YacTOTE ®, PE30HAHCHAS aMIUIUTY/IA OMPEISIINT-
CA U3 BBIPAXKCHUA
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A\/a'i' Fl F2 —
B 2nv, \/(1 W) 22 - n2) 2 42

(24)
:\/3+F1+ 1+£ ! = |
B 2nv, \/ (- 22 —n?)

an? v2

[Ipu BeImomHeHNH ycioBus (23), T. €. IpH PE30HAHCE 0 YaCTOTE LM,
PE30HAHCHOE 3HAYCHHUE aMILIUTYIbI

p n2-n? 2nv,

2 2\2 2.2
u4 (V,w_n ) +4l’l V.M

(25)

F
\/E B R W | !
1+ i, 3.2
widnT vy
Bripaxkenust, cTosmue B CKOOKax JIeBbIX YacTell paBeHCTB (24) u (25),

YKa3bIBAIOT Ha BIMSHUE TAPMOHKK NIPU PE30HAHCAX U HA3BIBAIOTCS KOI(-
(bUIIMeHTaMu BITUSHUS P; (BMsiHME i-1 TADMOHUKY Ha j-10 TAPMOHUKY ):

B,=1+ h 2”7“ (26)
B v, -1’
F,
P, =1+ 27” 27)
F v, (1-p )

Hccnenyem Oomnblne koiaeOaHus. PemeHHe ypaBHeHwus (15) ¢ yaetom
BeIpakeHus i1 kodddurmenTos (17) u (18) umeer Bua

Fcosot cmosuoat

- e o) Al

5 (28)

Cnsuru ¢a3 cuitel BO30YXAeHUS F(7) HaXOAATCS 10 MPEKHUM (hopMy-
nam (20).
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AMHHI/ITy,Z[HO—‘IaCTOTHaSI XapaKTepUuCTUKa pu OOIBIINX KOJIEOAHUSIX
OIpeACIACTCS BIPAKCHUEM

4 F1 F»

= + > (29)
\/(vg—nz—(oz)2+4n2\’§ \/(vg—nz—uzcoz)2+4n2\’§
a pGSOHaHCHHe 3HAYCHU A aMHHI/ITyI[
F
A =—1_P.
" 2nv, 21 30)
" F
4="2p 31)
P 2nv,

rae K03 GUUUEHTbI BIUSAHUSL p; MMCIOT PEXKHMUIL BU]I (26) u (27).

Hpumep. I[poumtiocTpupyeM NpUMeHEHHE MOTYYEHHBIX BBIIIE pe-
3yJBTaTOB Il MCCIICAOBaHMS KOJICOAHUI yNPYrMX CHUCTEM, MMEIOIINX
HecMexHble (opmbl paBHOBecHs. [lycts dpepma Museca (puc. 1) nme-
€T CJEYIOUIME AaHHbIE: JJMHA IPYXKHUH B HEHANPSKEHHOM COCTOSHUU
L=30 cm,; HAYambHBIA YTOJI HAKJIOHA WX K TOPM3OHTAIN B HEHANPSKEH-
HOM COCTOSIHMH ¢, = 33°30'; )KECTKOCTD IMHEWHBIX MIPYkHUH ¢ — 1,251 /m;
Macca rpysa, IpUKpPEIruIeHHoro B mapuupe A, m = 0,5 kI cex’/cm’, k0ad-
¢unment conpotusieHus 6 = 0,05 xe cex/cm.

Puc. 1. ®epma Muszeca: m — macca zpysa,
npuKpeniennozo ¢ wapnupe A; ¢, — Ha4aibHbLil Y207
HAK0HA RPOOOILHOIL OCU RPYICUH 6 HEHANPAICEHHOM COCHIOAHUU

[Tpunumas 3a 0000IIEHHYI0 KOOPAWHATY TAHTEHC yTiIa HAKJIOHA TIPY-
JKUHBI K TOPH3OHTAIU ( = tg(, MOJIy4aeM MPUOIMKEHHOE YpaBHEHUE
JIBHDKCHUST TOW CUCTEMBI [3]

G+2ng—ag+Bqg’ =F(1), (32)
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e
2n:§=0,lce1<_l; otzzc[ ! —IJZICGK_Z; B=7C =3cex .

m cosQ, mcos @

Bynem cumtarh, 4YTO AaMIUTUTYABl BO3MYINAIONINX TapMOHHYE-
CKUX CHMJI PaBHbl MEXIy Co0oii: F, = F, a KpaTHOCTb TapMOHHK
u=2. Jlanee ¢ momoInp0 rpaduKoB, MPHUBEICHHBIX HA puc. 1 B pabo-
Te [2], ompenenyM, Kakue HAYMHAIOT Pa3BHBAThCs KoleOaHHs C yBe-
JIMYEHUEM dYacToT, HaunHas ¢ ®=0, B 3aBUCUMOCTH OT BEJIMYMHBI
F=F, +F, AMIUIUTYIHO-4aCTOTHBIE KPHMBBIE CTPOATCA IO (hOpMynaam
(21) u (29), a «ckeneTHbIe» KpHBbIe — 10 Gopmynam (6), (7). Pezonanc-
HBIC 3HAYCHUS aMIIUTY HAXOIATCS caeqytommmM oopazoM. C IOMOIIbI0
rpadvKoB, MPUBENIEHHBIX HA pHc. 4 B padoTe [2], ompenemnstoTcs pe3o-
HAHCHBIEC 3HAYCHMS MPU MOHOXPOMAaTHYECKUX JIBIKCHHSX (pa3zesnbHoe
JeliCTBUE TAPMOHHUK), a 3aTeM YMHOKQIOTCS Ha COOTBETCTBYIONIHE K03~
(bUIIMEHTHI BIUSHUS FapMOHI/IK p,-» HANICHHBIE IO dhopmymam (26) u (27).
Taxk, Hpn F=F,= 0,1 cex™ Haxoz[HM JUTSL MaJTBIX KOJIeOaHMit

- 0 69 pl moHOXp - Ap2 MOHOXp 0’975’ p12 1’09’ p21 0’978
CiieioBaTebHO,
Apl = Apl MOHOXP ) pl2: 1’06’ Ap2 = Ap2 MOHOX]P ’ p21 = 0’953
Wie —
: /.
z // ir 7
v /| // //2 a=/
YV Ne // i
w . -
~
A f:;—"/f
st ==l V00 : 2
gj’ e el — — _f\j&:"_ cmiiaimhrs
7 __.4-""‘> I f)\ 5 L‘\_\ .
. \ Lﬂ’-._l
y *a

45 \
VST @ w v 2 4 & £ X

Puc. 2. Amnaumyono-uacmommnsle Xapakmepucmuku, HOCmMpoeHHvle Ol
06yX 3Hauenuil amniumyo eo3mywalouiux 2apmonuyeckux cun F;:
F,=F,=0,1ufF =F,=0,2. O6osnauenus: ® — «Ypan-3», |- MH =7.
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VYBeNWYHMB aMIUTATYLY BO30YKICHHS: F ; =F L= 0,2cex?; momy4uMm Jist

OopIIMX KoJeOaHui
A4,= 0,867, Apl vonoxp Ap2 —— 1,3; p,, = 1,067; p,, = 0,983.
IToatomy,
A pl - Apl MOHOXP p12_ 1 38 A P2 MOHOXP p21 = 1 28

Ha puc. 2 HOCTpOGHLI aAMITTUTYIHO- TACTOTHEIC XapaKTePUCTUKH IS
ABYX 3HAYECHUH aMIIMTYabl Bo3Oy)aenus F. = 0,1 u F, =0,2.

[Ipoananmu3upyem  XoA  pa3BUTHS  aMIUIATYyd TPH  H3MEHE-
HMM YacTOT B cuCTeMe ¢ mnepeckokoMm (32) Korma F=0,1, wma-
JIpIe  KOJeOaHWS TMPOUCXOMAT TPH 3HAYCHUSAX YACTOT BO30YXK-
JeHus ), JexXamux B craeayromux auana3zoHax: 0<0<0,43 wu
®>1,075, a Gonbine konebanus — B auanaszone yactor 0,6<w<1,0. 3a-
METHUM, 4TO B [uara3oHe 4acToT 0,6<m< ,0 Taxxe BO3MOKHBI MaJIble KO-
nebaHus. ITO 3aBUCHUT OT IIPEIBICTOPUIY CHUCTEMBI (YMEHBIIICHUE HITH
YBEMUYEHHE YacTOTHI BO30YKAeHUA ®). MlHyI0 KapTHHY HaOmronaeM mnpu
F,=0,2. B stom ciyyae Gonbuine KoneOaHus pasBUBAOTCS BILIOTH 10
4acTOTHI BO3OYXIeHUs ® = 1,6, a 3aTeM MPOUCXOANT CPHIB aMILTUTYIHO-
JaCTOTHOW KPWBOW HAa HIDKHIOIO BETBb. JTO YKa3bIBACT HA TO, UYTO MPH
yacToTax Bo30yxaeHus ® > 1,6 pa3BUBalOTCS TONBKO Majible KoJeOaHusl.
C 1emnpio MPOBEPKH PE3yIbTATOB AHATUTHUCCKUX PEIICHUI, B TOM YHCIIC
XapakTepa pa3BUTHs KojeOaHui, cucteMa (32) Obula MOJIEIMPOBaHA HA
HeJIMHEHOW yctaHoBke MH-7, a Takyke 4MCIIEeHHO MHTErpUpOBaJIach Ha
OBM «VYpai-3». Pe3yasraTsl MOIEIMPOBAHNS M YUCIEHHOTO HHTETPUPO-
BaHMUsI IPUBEJCHBI HA PUC. 2.

3aMeTHM, 9To c/eNlaHHbIe B padoTe [2] 3aMeuaHusi 0 MOACITUPOBAHHIH
CHUCTEM C TIEPECKOKOM OCTAIOTCS B CHJIE M IIPU OUTapMOHUYECKOM BO30YXK-
neHuu. CrnenyeT Takxke OTMETUTh, UTO Ipu perieHur Ha O9BM «VYpan-3»
ypaBueHus (32) ¢ mpaBoii yacTrio Buaa (16) 0s11 00HApYX)EH CyOTapmMo-
HUYECKHUI PEe30HAHC BTOPOTO POAA, T. €. PH YaCTOTE BO30OYKACHHS, KparT-
HOM COOCTBEHHOU "yacToTe: ® = 2V MPH 3aJaHHOW KPAaTHOCTH TapMOHHK
pU=2. AMIUIUTYy/Aa CTallHOHAPHBIX KoJeOaHuil Ipy cyOrapMOHUYECKOM pe-
30HaHCE MCHBIIIE, YeM IIPH PE30HAHCE IT0 OCHOBHOM YacTOTE.

Jlumepamypa

1. M.. KazakeBr4. YacToThl CBOOOIHBIX KOJICOAHUH CUCTEM C Iepe-
ckokoM. Tpynel JINNTa, Bein. 73. U3a-Bo «Tpancnopt», 1967.

2. M.N. KazakeBuy, /[.I1. UyBaes. ['apmonnueckoe Bo30yx/IeHUE CH-
cteMm ¢ nepeckokoM. Tpyner JIUWNTa, Bem. 83. U3n-Bo «bymiBembsHUKY,
Kues, 1968.

3. I Kaymepep. Hemuneiinas mexanwka. W3m-Bo MHOCTp. JUT-PHI,
1961.
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BBIHYKJAEHHBIE KOJIEBAHUSA XJIOMMAIOINUX MEMBPAH*

Paccmotpens! cranoHapHble KoJleOaHus! XJIONA0MMX MeMOpaH, Bbl-
3BaHHBIC TAPMOHUYECKON M OUTapMOHUYECKON BHEITHEH HArpy3KoH, MpH
HaJMYUU SKBUBAJICHTHOTO BSI3KOTO compoTtuBieHus. [IpuBenen xpure-
puil BOBHUKHOBEHHS YCTAHOBHMBIIMXCS KojeOaHWi ¢ xjomkamu. [lomy-
YeHbl MPUONIDKEHHBIC aHATMTUYECKHE BBIPAXKCHUS ISl aMIUTUTYIHO-
YaCTOTHBIX XapaKTEPUCTHK U PE30HAHCHBIX 3HAYCHUH aMIUTUTY/I.

Ha KoHKpeTHBIX NMpuMepax AaHO COMOCTAaBJIEHUE PE3YNILTaToOB IMPH-
OJMKEHHBIX aHAIUTHYECKUX PELICHUH U SIIEKTPOHHOTO MOJEINPOBAHNUS
Ha ycraHoBke MH-7.

Paccmorpum konebanust ToHkocteHHOTO (0/R << 1) cepuueckoro
KymoJja, Wid MeMOpaHbl, C HadalbHBIM POTHOOM / (puc. 1, a).

WzBectHO [1, 2], 9TO cOCTOSHHUS paBHOBECHS MeMOpaH C HadallbHBIM
MIPOTHOOM OTIPEIEIISIOTCS HEMMHEHHOW 3aBICHMOCTBIO MEXKTy BHEIITHEH
Harpy3Koi u nedopmarisamMu, BEI3BAHHBEIME 3TOH HArpy3KOH.

-y

Phttdetbibbiatveadtitvre)
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B ~A (3
A 7 .
o
1 ;
& M Wy
) g
Puc. 1

* OnyonukoBano B Tpynax VII BeecorozHoll koH(epeHIn 1mo Teopun 000-
JIOYEK M IUIaCTUHOK, Mocksa, 1970.
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CBsi3b M@Ky JTaBJICHHEM Ha MTOBEPXHOCTh MEMOpaHBI p U IPOTHOOM
LEHTPa MEMOPAHbI W, XapaKTEPHU3YET COCTOSHHS PABHOBECHS CUCTEMBI U
umeet Buf [1]:

L

3necy £ U | — ynpyrue mocTOsHHbIE MaTepuaia MeOpaHbl, & — TOJ-
IMHA MEMOpaHbl, R — pajinyC OMOPHOTO KOHTYPa, 4, — K03 PUIHenTsI,
3aBUCSIINE OT YCIOBUH 3aKperuieHHst KOHTYpa MEMOpaHbI.
Beenem 0003HaueHUS
Py = Po — PAe . Wy = Wy — W4, )
e w, p,— abcumcca M, COOTBETCTBEHHO, OPJIMHATA TOYKH Nepernda
A KpYBOH paBHOBECHBIX COCTOSIHHI CUCTEeMEI (puc. 1, 0), onpenenseMbie

W3 yCIIOBHS
d*py [ dw,> = 0. G

Taxoe mpeoOpazoBaHHE CHUCTEMBI KOOPAWHAT IMO3BOJSET YIPOCTHTH
MCCIIEIOBAHNE KoJleOaHnii MeMOpaH B CHITy CHMMETPH3allul KPUBOH (p,,
w, /d). Pemienne ypaBuenus (3) naer

0 ) yp (3) n Wy 1 4d4a R

=8 T 3 A; &
Brimonnss npeo6pa3OBaHI/Ie, HaXoouM
L _'1_ Aa _ii__ Al;r 2 At L2

N R

3m1ech

dn =12+ (4 — ) (F) 8=

[Tonyuyennas ympyrast XapakTepUCTUKa CUCTEMBI (4) OTHOCUTCS K JIIO-
OOMYy CITy4aro 3aKperIeHUs KOHTypa MEeMOpPaHBI.

OrpaHnuuMcsi paCCMOTPEHHEM CIIy4ast 3alleMIICHHOW MeMOpaHbI CO
CBOOOTHO CMETIAOIINMCS KOHTYPOM. 3HaueHus ko3 uineHToB 4. npu-
BeJIeHbI B padote [1].

AHanu3 ynpyrov XapakTepUCTHUKH p, TIOKA3bIBAET, YTO SIBIIEHUE XJIOTI-
Ka B TakoH MeMOpaHe BO3MOXHO TIpH ycioBuH o, < 0, 0TKy/1a HaXOauM

RS > V(T —p?) .
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Huddepenimanbaoe ypaBHEeHHE KOJICOaHHH MEMOpaHBI C YYeTOM
9KBHBAJIEHTHOTO BS3KOTO CONPOTHBICHUS UMEET BU]T

- W aw a e
ToAW o+ m—zz—+ ho == = F (1) ( =a_='i'"§y_“)°

T i

3neck W (x, y, t) — nMHaMUYIECKUH TPOrM0 MeMOpaHsbl, 7, — HATSIKEHHUE
10 KOHTYPY MEMOPAHBI, 771 — Macca eMHUIIbI IUTOIAIH, /i, — SKBUBAJICHT-
HBIH KO3 QUIIUEHT CONIPOTUBIICHHSL.

[onaras, yro Harpy3ka F (¢) u auHamMu4yeckue nporudsl W (x, y, t)
pacnperneneHbl paBHOMEPHO O OKPY)KHOCTH pamuyca r (12 = x> + y?),
MOYKHO 3aIicaTh ypaBHEHUE BBIHYKACHHBIX KOJIeOaHUH IIeHTpa MeMOpa-
HBL W,

d'ﬂw.,-. rfw.,

g S - R () = £ (2)
R(wu]:[g’* Lo ‘|‘B*rw*) ‘f—PA]E('%:Id'

3neck f (1) — Bo3Mymaromas cuna, R (w,) — ynpyras XapakTepucTuKa
MeMOpaHBI.

[punumas w./0 = ¢, 6 cuily o0003HadeHUH (2) mMOMyYUM
muddepeHnmansHoe ypaBHeHHE KoeOaHui IIEHTpa MeMOpaHbl OTHOCH-
TEJNBHO CUCTEMBI KOOpIUHAT (W,, p,)

G 4 280 +ag 4 Pg* = @ (D). (6)
a, E& . R B8 ot . H
= m Perws e =00, e )

[Tomyuennoe HenuHeitHOe AuQQepeHIaIbHOoe ypaBHEHHE BTOPOTO
nopsiJika B mpearonoxkennd o < 0 (THMUYHAas CUCTeMa C MePeCcKOKaMu)
MOKHO MPHUOIMKEHHO PELIUTh, MOJIb3YsICh METOJIOM, U3JI0)KEHHBIM B pa-
6orax [3a, 0, B].

Bynem paznnuath aBa THIa KojeOaHHN XJyiomaronield MeMOpaHbl: Ma-
nble KoneOaHWs OTHOCHUTENBHO OIHOTO W3 YCTOWYMBBIX TTOJIOKECHHUH
(trouku B u C Ha puc. 1, 0) u OonpIKe KOJICOAHUS C OXBAaTOM BCEX TPEX
MOJIOKEHUI paBHOBECHS KaK yCTOHUMBBIX (Touku B u C), Tak U HEYCTOM-
9UBOTO (TOYKA A).

CoOcTBeHHast 4acTOTa CUCTEMBI B 3TUX JABYX CIIydasiX OIpeAessieTcs
10 MPUOIIKEHHBIM Qopmyram [4]:

JUTS MaJIBIX KOJIEOaHUIt

=V (2—)h (0<r<2), (v = a*Bfer).
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JUTISA OOJIBIIINX KOJICOaHUI

v, =0TTV2a(z—2)" (x>2).

3mech T — mapaMeTp HEMMHEWHOCTH, @ — aMIUTUTyAa Kojebanuii. 3a-

METHUM, 4TO .
gp = —doc= Va/p .

1. F'apMonnyeckoe Bo30yxaAeHHe. byneM cuutars, 4T0 BO3MYIIAIO-
1ias cuiia 3aJiaHa co CIBUTOM (a3, T. €. _ .
@ () = g, cos (o2 +1).

B sTom ciyuae, kak nmokasaHno B pabore [5], ypaBHEHHE aMIUTUTYIHO-
YaCTOTHOHM XapaKTEPUCTUKH Ul MaJIbIX KOJeOaHUH UMEET BUA

o | ":Pﬂ
a = V---—- -T= —— S . ()
B Pr{v_“ e £ )2 = el
Pe3oHaHCHOE 3HAYEHUE aMILTUTYIBI PABHO
= ValB + Yapolev.,
AHaOTUYHBIE BBIPAKECHUS ISl aMIUIUTYAHO-9aCTOTHOW KPUBOU H

pe3OHaHCHOFO 3HAQUYCHUA aMHHI/ITyI[I)I MOXXHO 3arnucarb AJist 6OJ]I)IHI/IX KO-
J1e0anui

—_— ] wﬁ — ':Fu .
& = - Vv + e — o) + defw® ? Ty = 2ev, 9)
[Monaras B pemennu (8) @ = 0, MOMyYUM TPAHCLEHIEHTHOE YPaBHE-
HHUC

DA =2+ @—VaB)=[nl. (o

VYcnoBueM CyIIecTBOBAaHMS JAOPE30HAHCHBIX MasbIX KoJeOaHWH NpH
3aJJaHHOM YPOBHE BO3MYIIAIONIEH CHIIBI @ ,, ABJIACTCA HAJIUYHME BEIIE-
CTBEHHBIX KopHeﬁ ypaBuenus (10). Kpurtndeckoe 3Ha4eHNE aMITTUTYIbI
BO3MYIIAIOLICH CHIIBL CP, , TIPH KOTOPOM ypaBHeHue (10) nmeer kparHbie
KOpHHU, OTIpesiesieTcs rpa(bnquKHM myTeM. Bo3myImaromniye Cuitbl BoIlie
9TOTO 3HAYCHHUS BBI3BIBAIOT OOJBbIINE KOJICOAHHS CHCTEMBI.

B kavecTBe mpumepa paccMOTpeHa CHCTEMa CO CIeAYIOLUIMMHU 3Haue-
HUAMU napameTpoB: o = 1 cex’', =3 cex?, £ = 0.05 cex’, ¢, = 0.2 cex?,
¢, = 0.5 cex”. Pe3ynbrarsl NpuOIUKEHHOTO AHAJTUTHYECKOTO PENICHHS
(8), (9) m MmogenmupoBaHus Ha IEKTPOHHON ycTaHoBKe MH-7 mpencras-
JICHBI Ha pUC. 2.

2. burapmonuyeckoe Bo30yxaenue. [Iycts Bo3My1iaromas cuia co-
CTOMT U3 JIByX FapMOHUK

P () = @y cos (wf - y) + @y cos (pot + 1p,) . (11)
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TOI‘ILa, AHAJIOTUYHO IPEABIAYHICMY, aAMIUIMTYAHO-YAaCTOTHAA Xapak-
TEPUCTUKA JI MaJIBIX KOJIcOaHMI

a == 'I/E AL 1 n

A Vi re—w) aew )

=L e B

Viv_? e —pe ol 1 defpfus

17151 OOJIBIINX KoJeOaHuit
Q= ¥ N
Vvt e—o) - i 03
T

UV v et — ptet o defutet
B nmocnexHnx nByX ypaBHEHUSX 1, MOJKET HUMETh TOJIBKO IIETOYHCIICH-
HbIE 3HaUeHus: L =1, 2, ...
YcnoBue CyIecTBOBaHUS JOPE30HAHCHBIX MaIBIX KOJeOaHWid orpe-
nensiercst ypasuenueM (10), B KOTOPOM CIEYET CUUTATE () = @, + @,

15 "
"
13 | °j
i MHT-
3-%’&5
09) p~02
08155 - . ]
L - =~ T
a7 > \ =7
45773
)] 2 1)

Puc. 2

Ha puc. 3 npecTaBieHbl aMIUTUTYTHO-9ACTOTHBIC KPUBBIC IS ITPEHK-
HEro mpumepa, Ho ¢ Bo3Mmymiaromei cumoit suna (11), m1st KoTopoit mpu-
HATO =2, _ _
¢ =G =01 cen® m ¢, =@, = 0.2 cen™®

Ha ocHoBe IMMOJTYYCHHBIX aHAJIUTHYCCKUX ypaBHeHI/Iﬁ AMIIIUTYIHO-
YaCTOTHBIX XapaKTEPUCTUK CUCTEMBI TIPH (PUKCHPOBAHHOM BEJIMUNHE aM-
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IUIUTY/Ibl BO3MYILAKOIIEH CHIIBI @, (@, U @,) MOKHO YCTaHOBHTH IHAIa30-
HBI YaCTOT BO30YXKJICHHS, B KOTOPBIX CYNIECTBYIOT OONBIIKME WA MaJbIe
konreOanus (puc. 2, 3).

I 'l /|

2 /Y
(Mm%

; MH-T

y o e i 74 B W

asies = o el N N S B N

ﬂl ‘ ~b1l."".\ Fa 1 \ ‘?’%

REE TN
06 | :
(5773 g (14 a8 2 16 S W

Puc. 3

S

Crnenyer OTMETUTb, YTO BETBH AMIUIMTYJHO-YaCTOTHBIX KpPHBBIX,
n300paKeHHBIE Ha pHUC. 2 U 3 KUPHBIMH JIMHUSMH, COOTBETCTBYIOT
YCTOMUYMBBIM KOJIEOAHUSAM CHUCTEMBI, a U300pa’keHHbIE TOHKMMU JIMHUS-
MU — HEYCTOMYHUBBIM.

Jlumepamypa

1. ®eonocres B.1., 1946.

2. [Manoeko f1.I", I'ybanosa M.U., 1967.
3a. boumap M.I",, 1961.

36. bormap M., 1962.

3B. bongap M.I",, 1963.

4. Kazakesuu M.U., 1968.

5. Kazakesnu M.U., Uysaes /I.I1., 1968.
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BJIMSTHUE HAYAJIBHBIX YCJIOBUI .
HA XAPAKTEP YCTAHOBUBIIUXCA KOJIEBAHUU CUCTEM
C HEJIMHEUMHOU BOCCTAHABJIMBAIOLIEN CHJIOU*

Ha mpumepe nHenmuueitHoro muddepeHIInaaIsHOTO YpaBHEHUS THIIA
HNyddunra nccnexyem BIUsSHNAE HaYaTBHBIX YCIOBHA HAa XapakTep ycTa-
HOBUBIIUXCS KOJIEOAHWU B 30HE MHOTO3HAYHOCTH aMIuTUTyd. Paccmo-
TPUM HelMHelHHoe audepeHnatbHoe ypaBHEHUE

jc'+2nx+0cx+Bx3=focosoot. (1)

Pemenne 3Toro ypaBHEHUs] MOXKET OBITH MOJNYYEHO OJHUM M3 TPH-
OJMKEHHBIX METOOB (TapMOHMYECKOTO OanaHca, YHEPTeTHYECKUM WIIN
PSMOM JIMHEapu3aLuny, IepeMeHHoro Macmrada u T. 1.). TounocTts pe-
nieHuil ypaBHeHus (1) 3aBUCHUT OT CTENEHH €ro HeTMHEHHOCTH, T. €. OT
oTHOIIeHUs f/a.

[IpeanonoxuM, 4TO MOJTy4YeHHOE perieHue ypaBHeHus (1) mo3Bos-
€T MOCTPOUTh aMIUIMTYIHO-YACTOTHYIO XapaKTepUCTHKY a=a(w). Tou-
HOCTh TIOJYYECHHBIX PEHICHHUH MPOBEPSETCs, KaK MPaBUIIO, YHCICHHBIM
WHTETPUPOBaHUEM HelnHeHHoro auddepeHmansHoro ypasuenus (1)
Ha DOLIBM. Ilpu uucieHHOM MHTErpupoOBaHUM pemieHus 3agadu Komm
MOYKET BO3HUKHYTbH BOIIPOC O BIMSHUM HadaJIbHBIX YCIOBUI Ha XapakTep
YCTaHOBUBIINXCS KOJICOaHMH

B nuHelHbIX cucTeMax ¢ JuccHuanueil SHeprui HayajabHblE YCIOBHSA
BIIMSIIOT TOJIBKO Ha XapakKTep MEepEeXOJHOro Mpolecca U HE OTPaXKaroTcs
Ha BEJINUMHE aMIUIUTYJ YCTaHOBHUBLIMXCS KoJeOaHUM, B 4eM Jierko yOe-
JUTHCSI, MPUMEHNB IPUHLIUI CYNEPIIO3ULINH, CIIPABEIUBBIN TOJIBKO IS
JTUHEHHBIX cucTeM. C TeueHreM BpeMEHHM CBOOOIHBIC KoseOaHus, onpe-
JeJIIeMBbIe JINIIb HAadaJIbHBIMH YCIOBHSIMH, 3aTyXalOT; YCTAHOBUBIINECS
Koj1e0aHUs SBJISIFOTCS BBIHYKACHHBIMHU KOJICOAHUSIMH, ONPEesieMbIMU
BO3MYIIAIOLIEH CUIION [ (1) = f, cos wt.

[Ipu uccnenoBaHNM HEMTUHEWHBIX CUCTEM, B YacTHOCTH (1), Ha4aIbHbI-
MU YCIIOBUSIMH OTIPENEISIOTCS HEe TOJILKO CBOOOHBIE KOJIeOaHusl, HO U BBI-
HY/IEHHbIE KOJIeOaHUsI B MEPEXOJHOM M YCTAHOBHBIIEMCS pexumax. B
JMaria30He M3MEHEHHsI YaCTOThI ¢ BO3MYIIAIOIIEH CHIIBI f{?), XapaKTepHu3y-
€MOM CYIIECTBOBAHHEM HECKOJBKHX MEPUOJUUECKUX PEIIEHUH OfNHAKO-
BOM 4aCTOThI, IMEHHO HadaJIbHBIE YCIOBUS ONPEEIIOT Pean3alliio TOro
WJIM HHOTO YCTOWYHMBOTO MEPUOJUUECKOTO PEIIEHHSI IIPH YHCIIEHHOM UHTe-
IPUPOBaHUH HEMHEHHOrO qudhepeHInaTIbHOr0 ypaBHEHUSL.

*OmnybnukoBano coBmectHo ¢ D.H Kgameit nu C.®. Penpko B xypHase «Ma-
temarndeckas ¢pusukan, AH YCCP, Boim. 15. Kues, 1974.
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Xasicu [1], uccnenyst BIUSIHUE HauyaJbHBIX YCIOBUW Ha YCTOWYUBBIE
MEPUOANYECKHIE PELICHUS HETMHEHHbIX CUCTEM, Ha IPUMEpE YpaBHEHHUS
$+ki+x’ = Acost )
TTOCTPOMIT 00JIaCTH TIPUTSDKEHMSI PE30HAHCHBIX M HEPE30HAHCHBIX KOJICOAHHIA
TIPY SIMHITIHOM YacToTe BO30YKIeHUS (w=1), a Taxke 001acTH HadaIbHBIX
yenouid x (0) 1 x (0) mist ypaBHeHust (2), MPUBOASIINX K PE30HAHCHO-
My M HEpe30HaHCHOMY KosiebanusiM. OH TOKa3al, 4To MPH HaYaJIbHBIX
YCIIOBUSIX BU/IA
t=0, x(0)>0, x(0)=0. 3)
cymecTByeT HKHAA X, (0) u BepxHss x, (0) rpaHMIIbl HAYAIBHBIX yCIIO-
BUH, IPUBOASALINX K PE30HAHCHOMY KoseOaHuto. HaqanbHbIM yCIOBHSIM
Buga ¢t = 0, x (0)<0, x (0)=0 cooTBeTCTBYET rpaHuUIIa, PA3IEISFOIIAs Pe30-
HaHCHBIE U HEPE30HAHCHBIE KosieOanusl. HauanbHble yCloBUs U1 TPaHuLl
COOTBETCTBYIOT HEyCTOWYHBBIM KOJICOAHUSIM.
a Lﬁ;)

07
p 86
26 a7

24 a4

S S

~ N
N — et
P

\

\
@\\
[/

1A
4 Nezos 26 10 12 @
2 : | —a
\
|7 |1%2
g _0,2

_230 - ..0’4
— 2.4 %' . -05

Puc. 1 Puc. 2

st uccienoBaHusl HUOKHEN M BEpXHEH MPaHUL] HAYaJIbHBIX YCJIOBUH,
MIPUBOASIIUX K PE30HAHCHOMY W HEPE30HAHCHOMY KoJjeOaHUsIM, B 30HE
MHOT'O3HaYHOCTU aMIUIUTYI ITPU U3MEHCHUHN YaCTOThI CO BO3MYHIaIOHIeﬁ
CWIBI f (1) HAMHU BBIIIOJHEHO YMCIIEHHOE WHTETPUPOBAHNE HEJIMHEWHOTO
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muddepennuansHoro ypasuenus (1) merogom Pynre-Kyrra na SLIBM
«Ypan-3».

Ha puc. 1 (¢=1,0,=1,0,/,=1,0,n=0,1)u2 (2= 1,0; B =-1,8;
Jy = 0,025; n=0,025) nmpencrapieHbl aMIUTUTYIHO-YACTOTHBIE KPHBBIE,
MOJTy4YEeHHBIE COOTBETCTBEHHO MPH KECTKON M MSITKON XapaKTepUCTUKAX
cuctembl. Toukamu 00O3HA4YEHBI TPAHMIIBI HAYAIBHBIX YCIOBHH t =0,
x(0)=a, =z 0, X (0) =0, npUBOAAMINX K PA3TUIHBIM PEKUMaM KOJI€OaHHUI,
3alITPUXOBaHHBIE 00JaCTH COOTBETCTBYIOT HAYAJIbHBIM yCIIOBUSIM, TIPH-
BOJSIIIIMM K PE30HAHCHBIM KOJICOAHUSIM 110 BEpXHEH BETBU aMILTUTYIHO-
YaCTOTHON KPUBOH. AMITIMTYIHO-4aCTOTHBIMU KPUBBIMHU ONHCBIBAIOTCS
ycraHoBUBIIMECs koneOanus cucteMsl (1). IlepexomaHbie pexxuMBbl Kosie-
Oanwuii ¢ sxectroi (B > 0) u msirkoit (B < 0) xapakTepuCTUKaAMHU ITPOCIIEKH-
BAIOTCSI TP TIOMOIIX OTMOAIOLINX aMITIUTY/ KoJieOaH, H300paKeHHBIX
COOTBETCTBEHHO Ha puc. 3 U 4 11 GUKCUPOBAHHBIX 3HAYCHUH YaCTOTHI
0=1,7 n ©=0,805, Ilpu x (0) = @, < a wn a,> a_ ornbaromas cCTpeMUTCs
K CTalIOHAPHOMY 3HAU€HHIO, COOTBETCTBYIOIIEMY aMIUINTYIE YCTaHO-
BHBIIUXCS KOJIeOaHWH Ha HWYKHEW BETBH aMITJIUTYJHO-9aCTOTHON KPUBOI
(nepesonancueie Kosebanus). Eciu > 0, npu a, > a, orubaromas cTpe-
MUTCS K 3TOMY K€ CTaIl[MOHAPHOMY 3HaueHHI0, a eciu 3 < 0, oHa Heorpa-
HUYEHHO pacTeT. Eciii HauasbHbIe yCIIOBUS B3STh B UHTEPBANIC @ < a,<a,
WK a, < a_, T0 orubaromas CTPEMHUTCS K CTAllMOHAPHOMY 3HAYEHMIO,
OTIpEETSIOEMY aMIUIMTYy YCTaHOBHBIIMXCS PE30HAHCHBIX KoneOa-
Huil (puc. 1, 2, BepXHsisl BETBb aMIUIMTYIHO-9aCTOTHOMW KPHUBO#). AHaNO-
rUYHAas KapTHHA HAOMI0OaeTcsl ¥ IPU JPYTUX 3HAYEHUSIX YaCTOTHI BO3MY-
Aol cuibl £(2) B uaTeppane o, <o < o, (puc. 1, 2).

AHaIUTHYECKOE HCCIIEIOBAaHNE BIMSHUS Ha4aJbHbBIX YCJIOBUH Ha Xa-
paKkTep yCTAaHOBUBIIMXCS KoJeOaHWH HEIMHEHHBIX CHUCTEM CBSA3aHO C
BEChbMa CYIIECTBEHHbIMU TPYIHOCTSIMM: HEOOXOAMMO aHaJIM3HPOBAaTh
nepexoHbli mpouecc. Ero MOXXHO BBINOJIHUTH METOJIOM UTEpalUil UiIu
ACUMIITOTUYECKUM METOIOM boromo0oBa-MuUTpomoasckoro [2].

Pemenne ypaBuenus (1) mms mepexomHOTO peXuMa MOXHO TIPHUHSITH
B BUJIC

x (f) = u (¢) sin of + v (f) cosmt. 4)

[TpumeHnsist METOA MEAJICHHO M3MEHSIOMINXCS aMILTUTYA (MeToq Ban-

nep-Ilons), u3 ypasuenus (1) nomyuaem

du 1 2 3 2
E:% ((D _a_zﬁZ jv—2n0)u+f0 ,
5
ﬂ:i —(mz—a—3ﬁzzju—2nmv , )
dt 2o 4

rae
2t =u? +v2 (6)

51



Oy

=07 |

/ ]

ﬁﬂ- ?K a=10) 70T \>t 2=0377\a=047 |a=04
/ g :;{\4'.:._’__._ Nﬁ )
,; 4_./ -
N % 4= St ! 90 - T/
~ N o a=04| =077
-2 < —agﬁi-aém&ﬁ—aizaf
f 4=7.05 a- s
-3l | 8
Puc. 3 Puc. 4

B cranmonapHoM pexunme KoleOaHWH aMIUTUTYIIBL U (1) U V () IOCTO-

SHHBIMH, CJICIOBATCIIBHO, 1

du dv_y,

dt ~  dt
Ortcrona 11t aMILTMTY/Ibl YCTAHOBUBLIMXCS KojleOanuit a = z_ B He-
SIBHOM BHJI€ HAXOIUM

2
(wz—a—%Baz} +4n’0? |a? :foz. 7

Pemenne(4) 10mxHOOBITE TOYMHEHO HAYATbHBIM Y CJIOBHSIM 38, J1a41 HE-
3aBHCUMO OTTOT0, HCCIIEAYETCs IePEXOAHBIN MITH CTALlMIOHAPHBIH TPOLeCC.
Ipur=0

x(0)=v(0) | 3 ®)
%(0) = ou(0)+v(0) = 2[((»2 +o+ 4(322(0)}40) - 2nmv(0)}
()

Cucrema (8) BMecTe ¢ ypaBHEHHEM aMILIUTYJHO-4aCTOTHOW KPUBOMH
(7) onpenensier o0nacTH Ha4aJIbHBIX ycloBHM Ha miockocTh x (0), X (0),
MPUBOIAIIUX K PE30HAHCHOMY U HEpe30HaHCHOMY Konebanusim. [Ipunu-
MaeM HadallbHbIe YCIIOBHUS BUA

t=0, x(0)=a, x(0)=0.
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YpaBHEHHE aMIUIUTYIHO-YaCTOTHOM KpuBOH (7) MO3BONSET HaAWTH
KaK ycToiumBble (CM. puc. 1, 2, crutomHas KpuBasi), TaKk ¥ HEyCTONUIH-
Bble (IIyHKTHpHas KpuBasi) pewieHus. [loncTrasmusist 3Haue€HUs aMIUTUTYA,
COOTBETCTBYIOIINE HEYCTOWYHUBEIM KOJICOAHHSIM, B CHCTEMY (8), TTomyda-
€M BBIp@XEHHE ISl OTIpEeNeIeHNs 3HAYSHUH TPaHWIl HadaJbHBIX YCIIO-
Bui (9), NPUBOAAINX K PE30HAHCHOMY KOJIE€OAHHIO, B 3aBUCHMOCTH OT
3aJIaHHBIX BEJIMYMH ApaMETPOB a, B, 7, £, ® UCXOMHOH KoebaTenbHOM
cucremsl (1).

Jlumepamypa

1. Xascu T. HenuueiitHple koneOaHwWss B (PU3MYECKHX CHCTEMax.
«Mup», M., 1968.

2. boromo6os H.H., Murpomonscknii FO.A. ACHMITOTHYECKHE
METOIIBI B TCOPHH HETMHEHHBIX KoneOanuit. Mzm. 3-e. dusmarrus, M.,
1963.
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NPEACKA3YEMBIE ATTPAKTOPBI
B HEJIMHEUHbIX HECUMMETPUYHBbIX CUCTEMAX*

B o0miem cirydae arTpaktop — 3TO MO0 TOYKa (COCTOSIHHE paBHOBE-
cus), 00 3aMKHYyTast KpuBas (TIpeAeIbHBIN UKIT). Ecu cocTosHne paB-
HOBECHSI WM KoJeOaTeNbHBIA MPOIECC HEYCTONYNBEI, aTTPAKTOP UMEEeT
CIOKHYIO CTPYKTYPY W Ha3bIBaeTCS CTpaHHBIM arTpakTopoM [1]. Hmxe
HCCIIEIYIOTCSl YCTOHUUBBIE MpeeNIbHbIE IUKIIBI, 3aBUCSINNE OT HaYallb-
HBIX YCJIOBUH, IOATOMY YMECTHO Ha3bIBATh UX MPEACKA3yeMbIMHU aTTPaK-
TOpaMu

3agaya 00yCIIOBICHHOCTH MEPHOANYECCKUX PEIICHUN B HEJIMHEHHBIX
cucTeMax B 00JacTH CYLIECTBOBAHUS MHOTO3HAYHOCTH aMIUIUTY[ KOJIe-
OaHMl BHE PAMOK KOHIICTIIIUN «UCTOPHUM» U3MEHEHHSI YaCTOTHI BO3MYIIa-
IOIIETO BO3JIEHCTBHS TIa pUMEpe CHMMeTpruHOU cucteMbl [lydhdunra
BIIEPBBIC pelieHa B paborax [2, 3]. [lo3aHee 3TOT ke Bormpoc o0Ccyxaancs
B pabote [4]. IlpencraBnsier nHTEpEC M3yYeHHUE OOIACTEH MPUTSKEHUS
HayaJbHBIX YCIIOBUI B HECHMMETPHUYHBIX HEIIMHEHHBIX CHCTEMax THIIA
Hyddunra. [Ipu 5TOM IpU3HAKOM HECUMMETPHH TOJIKEH BBICTYTIaTh THI
KoJeOaHMH, a He MaTeMaTuieckuii oopa3 — nuddepeHimaibHoe ypaBHe-
Hue. B camom nerne, nBa kiacca 3aj1ad 0OHapyKMBalOT MaTeMaTHYECKOe
€IMHCTBO TPH PA3IMYHOM HX (PU3NUECKOM cMbicie. [1epBblit oTHOCHTCS
K Kkiaccuyeckoit cucreme [lyddunra, HO ipu BO30OYKIESHUH, COIEPIKa-
IeM MMOCTOSIHHBIA KOMITOHEHT [35, 6]:

y+ep+ay+PBy’ =P, + P, cosot (P, #0). (1)

Bropoii oTHOCcUTCS K cHUCTEME € HEIMHEHHOW HECUMMETPUYHOMN
XapaKTepUCTUKON

¥+ex+ux+vx +px’ = P cosot. ()

CymiecTByeT 0THO3HAYHOE COOTBETCTBUE MKy 000MMH ypaBHEHHSI-
MU B CHJTy CJEIYyIOIIEeH CBSI3U MEKIY UX apaMeTpaMu:

y=A,+x; L=a+3BA, =a+A,; v=PBA;
P():9B;,Lv—2v3. 3)
27pB°

*OnyomukoBano coBMecTHO ¢ HO.B. Kymsioko u C.®. Penpko B Joxi. AH
VYCCP, cepus A, Ne 1, Kues, 1990.
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AHanu3 konebaresbHBIX MPOLECCOB B TaKMX CHUCTEMax IMOKA3bIBAET,
YTO LEHTP KojeOaHWil (cpenHee MONOKEHNE MEXIy KpaHUMH aMILTU-
TYIHBIMH COCTOSIHUSIMH) HE COBITJIaeT HU ¢ TOUKoi y=0, HU ¢ TouKo# x=0.
DTo0 HecoBMaeHNe 00yCIIOBIICHO HeNMMHEHHOCTRIO cucTeM (1) m (2).

Cnenaem eme oxno 3amevanue. Ilocrosnnoe Bosmymenue P (1)
aJIeKBaTHO WM3MEHEHUIO COOCTBEHHON YaCTOTBHl HEJIWHEHHONH CHUCTEMBI
(puc. 1), 3aBucAIIeH OT aMIUTUTYABI KOJI€OaHUH

m§=a+3BA20+%Boc2. (4)

!

w, pad/c

Puc. 1. Bauanue nocmoannozo eosmywenua P, na coocmeennyio uacmomy
nenuneitnoi necummempuunoiu cucmemvl: 1- P =0; 2— P =0,1; 3— P,=1,0;
4-P=10,0

Casa3b MeX 1y TIapameTpamMu A U P TaKoKe 3aBUCUT OT aMILIUTYJL CTa-
LUOHAPHBIX KoeOaHui a

oA, + BA, +%BA0a2 =P, )

B uactHoM ciywae a =0 u P = aA, + BAS. dopmyna (4) omuchiBa-
€T ypaBHEHHUE CKEJIETHOW KPUBOW HEeNWHEHHON cuctemsbl (1) u ajmekBar-
HOM €H CHCTEMBI (2) C TOYHOCTBIO mapameTpa A . YpaBHEHHE CEMEHCTBA
aAMIUTATYTHO-YaCTOTHBIX XapaKTePUCTHK cucTeMbI (1) mMeeT BUA

1
\/(o)g —o’ )? +elw’
[pu Py =0, A =01 o= o + 3/4 B a* 4T0 COBMANAET C U3BECTHBIM
YaCTOTHBIM YPABHECHHEM CHMMETPHUYHON crucTeMbl Jlyddunra.
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Puc. 2. Bausanue napamempa 3amyxanus & HA AMHAUMYOHO-UACHOMHYIO
XapaKkmepucmuky HeluHeiHoil Hecummempuunou cucmemst npu a=1; f=I1;
P=10; P=1: 1—-=0,20; 2 — &=0,12; 3 — £=0,05
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Puc. 3. Bruanue amnaumyovt 2apmMoHU1eCK020 6030YxHcOeHUs HA AMPIAUMYOHO-
YACMOMHYI0 XAPAKMEPUCMUKY HETUHEIHOU HeCUMMEMPUYHON CUCHIEMbl
npu o=1; p=I; P=10; 1 - P=1,8; 2 - P =1,0; 3 - P=0,5

Biusnue napametpos 3atyxanus () u Bosmyiuenus (P ) cucremsr (1)
MOKa3aHo Ha puc. 2 u 3, cooTBeTcTBeHHO. Kak BUIHO W3 rpaduKoB Ha
puc. 2 u 3, A HECUMMETPUYHBIX CUCTEM CYILECTBYIOT HHTEpPBaJIbI Ya-
CTOT BO30YXICHUS, XapaKTEPU3YIOIIUXCSI MHOTO3HAYHOCTBIO aMILIUTYL
CTallMOHAPHBIX KoyieOaHUi. [paHULBI 3TUX MHTEPBAJIOB ONPEACISIIOTCS
napamMeTpaMM Kak CaMHX CHCTEM, Tak U BO30yxzaeHus. [Ipu HeKoTOpbIX
3HAUEHMAX HapaMeTpPOB BO3MOKHO CYLIECTBOBAHUE ISITH aTTPaKTOPOB,
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COOTBETCTBYIOIIUX TPEM YCTOWYUBBIM U JIBYM HEYCTOHYHBBIM PEKUMAM
KoJIeOaHWI Ha OTHOW U TOH K€ YaCTOTe BO3OYKICHHUS.

Panee [3], oTMeUuanoch, 9TO aHAIUTHYECKOE peleHne ypaBHeHHH (1)
u (2) u uccreoBaHNe NePUOTUIECKIX PEKUMOB B 3aBUCHMOCTH OT Ha-
YaJIbHBIX YCIHOBHH (X3 X,) 1 (Vo3 V) CONMPSHKEHO C HEPEOAOINMBIMH
MaTeMaTU4YeCcKUMH TPYIHOCTSIMHA. Ha TaHHOM dTare pa3BUTHUS HEJTHMHEH-
HOW MEXaHUKHU M3yUCHHE BIUSHUS HAa4albHBIX YCIOBHH Ha BO3MOKHBIC
yCTOWYHBBIEC PEXKUMBI KOJICOaHHIA B 30HE MHOTO3HAYHOCTH aMILITHTYJI MO-
KET OBITh CBSI3aHO TOJILKO C YUCIICHHBIM SKCIIEPUMEHTOM, YTO OATBEPXK-
naercst paboroii [4]. Kak u B ciyuae knaccuueckoid 3agauu lyddunra,
YHUCICHHBIMU METOAMH MOJIYy4EHBI 00JaCTH MPUTSHKEHHS (T. €. MHOXKe-
CTBa TOYEK, MIPUBOJSIINE K HEKOTOPOMY aTTPaKTOpy) Ha4aJbHBIX Iepe-
menieHnii (), = 0) B HecuMMeTpHuHbIX cuctemax Tuma (1) u (2) Ha
TJIOCKOCTH (), @), MPUBOJIAIINE K TPEICKa3yeMbIM aTTpakTopam (puc. 4).
Kak nerku ycranosuts, BetBu AB, EF u CJI — ycroituuBsle, a BeTBu BC
u EK — HeycroituuBeble.

Puc. 4. Oobnacmu npumsasxncenus HaA4aIbHHIX
yenosuii (Y, = 0) ycmoiiuugvix nepuoouuecKux
pewenuii cucmemsl (2) 6 30He MHO203HAUHO-
cmu amnaumyo npu o=I; f=I; & =0,05; P,=10,0;
P=1,0; 1 — na éemeu AB; 2 — na semeu EF;
3 — na éemeu C/]

57



AHalu3 NpUBEIEHHBIX Ha pHC. 4 Pe3yabTaTOB IOKAa3bIBACT, YTO MPH
BbIOpAaHHBIX 3HAUEHHUSIX IIapaMeTpoB cucTeMsbl (1) B HHTepBaie U3MeHe-
HUsI 4aCTOThI BO3OYkaeHus 2,9 < < 3,6 HadanbHble ycious (), =0) B
auanasone -3,5 <y, < 4,5 BrojHe 00yC/IOBIMBAIOT MPEICKA3yeMbIE aT-
TPaKTOPHI, OJHO3HAYHO cooTBeTcTByromue BetBsiM AB, EF u CH. On-
HAKo 3a TpeiesiaMi YKa3aHHOTO JMara3oHa HavajlbHBIX YCIOBHH yepe-
JOBaHHE O0JIaCTeH MPUTHKCHUS M UX 3HAYUTEIFHOE CY)KEHHE CO3JaroT
MPEANOCHUIKH K BO3HUKHOBEHHUIO HEMpE/ICKa3yeMbIX PEKUMOB KojieOa-
HHUI, T. €. CTPAHHBIX aTTPAKTOPOB.

Summary.

A problem on the existence of stable periodical solutions in the non-
linear non-symmetrical systems in the zone of the amplitude multival-
uedness is solved. The existence of five attractors, corresponding to three
stable and two unstable oscillation conditions with the same exciting fre-
quency is shown possible. The spheres of attraction (i. e.; multitude of
points) of the primary conditions are obtained, which cause the predicted
attractors: stable, limit cycles.
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3BOJIIOIUU OBJACTEN IIPUTSIKEHUS
B HEJIMHENHOI HECUMMETPUYHOW CUCTEME JIY®OUHIA*

Bo3HUKHOBEHME CTPaHHBIX aTTPAKTOPOB B HEJIMHEHHBIX AMHAMHYE-
CKUX CHCTEMax CBS3aHO C TpaHC(hOopMaLuel NIaAKUX IpaHul] oOnacTen
IPUTSDKEHUS, UX PAcCIOCHUEM U 00pa3oBaHUEM (PaKTaJIbHBIX CTPYK-
Typ. [IpocneanTts mepexosn ot mpeackazyeMbIX aTTPaKTOPOB K CTPAHHBIM
WK HAa000pOT BEChMa 3aTpyIHUTEIBHO. BMecTe ¢ TeM, BO MHOTHX He-
JIUHEMHBIX CHCTEMaX, 0Ty CKAIOIINX CYIIIECTBOBAHUE HECKOIBKUX PEXHU-
MOB TIEPHOINYECKUX ABMKEHUH TPH (GPUKCHUPOBAHHOM 3HAYEHUH YACTOTHI
BO30YXX/I€HHsI, OOHAPYKUBAETCS CUIIbHAS 3aBUCUMOCTD TPACKTOPUH BU-
JKEHUS OT HaualbHBIX ycsoBui [1, 2]. ObnacT NpUTSHKEHHUS HadalIbHBIX
yCIOBUH 00pa3yloT HENpepbIBHBIE MOANPOCTpaHCTBA B (a3oBOM IPO-
CTpaHCTBE, NIAAKHE TPAHULIBI KOTOPBIX MPH HEPexXo/ie OT MpeacKa3yeMbIX
aTTPakTopoB [2] K CTpaHHBIM paclafaoTcs (pacciaanBaloTcs) Ha Oecko-
HEYHOE MHOKECTBO CKJIaJI0K, 00pa3yrolmx (pakTalbHble MHOXKECTBA.

2

re

g

Puc. 1. Oouwguit 6uo amnaumyOHo-4acmomHoll XapaKmepucmuKu
necummempuunoii cucmemsl /[ygppunca

UyBCTBUTEIILHOCTh HEJIMHEHHBIX AMHAMHYECKUX CHUCTEM K HU3MEHe-
HUIO HaYaJIbHBIX YCJIOBUH SIBISIETCS. OCHOBHBIM MPU3HAKOM Xa0THUECKUX
koje6anuii [3]. DBomonuIo 00JaacTel NPUTHKEHUSI HAYAIbHBIX YCIOBHM
MOXHO MIPOCJICAUTH Ha IpUMepe HeTMHEHHONH HECUMMETPUYHOM cHcTe-
™Mbl [lydhdunra, paccmorperHoit B padoTax [2]

j+ep+ay+By’ =P +Pcosot (P, #0) (1)

*OnyomukoBano coBMecTHO ¢ C.®. Penpko B Jloxn. HAH VYkpaunsr Ne 1,
Kues, 1991.
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WU aaeKBaTHOU €Ul
i+ex+px+vx’ +Bx’ =P coswt @)
B CWJLY COOTHOILIEHUM

y=A,+x;

n=0o+3BA =a+Ay;

v =BA,: . 3)
_9Buv-2v°

o 27p?

—ese iy

, Puc. 2. Obnacmu npumsiicenus Ha4anbHyix
YCA08Ull YCMOUYUBHIX HEPUOOUYECKUX pe-
wienuii cucmemnt (1) a — 6 ouanaszone II npu

0=2,95; £=0,05, o= 1, =1, P =10, P =I:
1 —6emev a; 2 — eéemen c; 60 — 6 ouanaszone I11
npu 0=3,15; £=0,05, o= 1, p=1, P=10, P =I:
1—6emenb a; 2 — éemew c; 3 — 6emenv b; ¢ — 6
ouanazone IV npu w=3,4; £=0,05, o= 1, p=1I,
P=10, P=1:1-6emen c; 2 — ¢emeb b




Pesynmbratel wccienoBaHus BiMSHWS TapamerpoB P, P, & Ha
aAMIUIUTYIHO-4aCTOTHbIE XapaKTEPUCTUKH U CKEJIETHBIE KPHUBBIE CHUCTE-
MBI, 00JIaCTH MPUTSKEHHS HAYaNIbHBIX YCiIoBuid y, (1, = 0), a Takke 3a-
BHCHMOCTH ® = o, (a, B, A, a); A, = A (a, B, P, o) mpuBenensr B pado-
Te [2].

Ecnu napameTp o npuHUMAaET OTpHLIATEIbHbIEC 3HAYECHHSI, CUCTEMa 00-
JIaZiaeT MOTEHINAIOM C JBYMs sIMaMH. XapaKTepHbIMU MIPUMEpaMH Ta-
KHX CHUCTEM (CHUCTEMBI C «IIEPECKOKOMY) SIBIISIIOTCS: (hepma Museca, rubd-
Kasl TIoJjtorast apka, XJiornaromas MeMOpaHa u T. 1. B 9Toi# cucteme Oblia
BIIEpBBIC OOHAPYKEHA W TOAPOOHO ommcaHa [5] Oudypkamus yaIBOSHUS
riepuonoB konebanuii. [Tozgaee >TOT A3hpexT ObLT omucan B padote [6].
BriocieacTBum ObLIO yCTaHOBICHO, YTO OM(YpKAIUsS YIBOCHHS [1EPHO-
JIOB, TIOJyYUBINAsl Ha3BaHUe «3akoH DeiireHOayma, UTPAET KITIOYEBYIO
POJIb B BOSHUKHOBEHUH CTPAHHBIX aTTPakTopos [3].

Ha puc. 1 nzo0paxkeHa aMIUIMTYJHO-4aCTOTHAsI 3aBUCIMOCTb CHCTe-
™Mbl (1), 3aumMcTBOBaHHast U3 PaOOTHI [2]. B cOOTBETCTBHUM € MPUHATHIMH
3HAaYEHUSAMHU apaMeTpoB o, B, €, P u P, ycroiiuuseie Beteu AB, CD u EF
00pasyioT MATh AMANa30HOB 4acToT BOo30yxaeHus (I-V) ¢ pasnuunbiM
KOJIMYE€CTBOM YCTOMYMBBIX MpeesbHbIX UKI0B [lyankape. He npunu-
Masl BO BHUMaHNE TPUBUAJbHbIE JUana3oHsl [ 1 V, uccienyem sBOIOIUN
oOacTeil MPUTSDKEHUS HAYalIbHBIX YCIOBUH aust auana3zonoB Il u IV ¢
OJHMM HEYCTOWYMBBIM U IByMsl YCTOMYMBBIMY NPEIEIBHBIMU LUKIIAMH,
a Tarke Juist auanasona III ¢ nBymsi HEYCTOMYMBBHIMU U TPEMS YCTOM-
YUBBIMU MPEIEIbHBIMH IUKJIAMU. JIErKo 3aMeTHTb, YTO MOBEICHUE 1aH-
HOU cucTeMbl B quamna3oHax Il u IV aHajmoruyHnl IOBEIEHUIO MITKOU U
KECTKOH CUMMETpUYHBIX cucteM [yddunra, coorBercTBenHo [1]. [una-
na3oH III xapakTepeH TOJIBKO JJIi HECUMMETPUYHBIX CUCTEM M CHUCTEM,
001a1al0IMX MOTEHIIMAIOM C JIByMsl M 0oJiee TOTCHIUATBHBIME SIMaMU
[5]. Hamuume Touek Oudypkaumu tpaexktopuil apwxenuit B, C, D u E
JUIs1 HeJIMHEHHOW HECUMMETPUYHOM cucTeMsl (1) CBUIETENbCTBYET O BO3-
MOXXHOCTH BO3HHUKHOBCHHS Xa0THUECKHUX KOJICOAHUH B OKPECTHOCTH CO-
OTBETCTBYIOIIMX 3HAYEHUH YaCTOT BO3OYKACHUS: O: M, © ., O, ©,, TYB-
CTBUTEIILHBIX K HAYAJIbHBIM BO3MYILIEHHUAM MTapaMeTpa .

Opomonuy  00nacTed  NPUTSKEHHMA  HA4YajbHBIX  YCJIOBHMM
Vo> Vo (XO, XO) HaIIITHO IIPOCIIECKUBAIOTCS IIPA CONOCTAaBUTEIIEHOM
aHanmmze ux (puc. 2, a, 6, B). O0nacTi NPUTSHKEHUS] HAYAIBHBIX YCIIO-
BUH OOHApPYKUBAIOT CIIEAYIONIME TIPU3HAKK: HEMPEPHIBHOCTD; CIIUPAIIh-
HYIO 3BOJIOIUIO; CYy)KUBAHHE 110 MEPE YBEINYECHHSI HAYAIbHOW dHEPTUU
E(¥,,),) HENIPEPbIBHOE YePEIOBAHUE B CTPOTON MEPapXUYECKOil Mmo-
caenoBarenbHOCTH Juis quanasonos I, 11T u TV, B wactHOCTH, BO 11 Ama-
naszone — (¢) — (a) — (¢c) — (a) — ...; B III- (b) — (a) — (¢) — (b) — (a)
—(¢) —..,;BIV—(b) > (¢c)— (b) —(¢c) — ....
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OtmeTum, uto muoxkectsa (¥, Vy) 1 (X,,X,) aIeKBaTHBI C TOUHO-
CTBIO KOHCTAHThI A | B Cily 0003Hadenus (3) y = x + A , mpuyem y =x, +2,
nockosbKy A =2 nipu P = 10 [2].
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OBJIACTHU ITPUTSIZKEHUSI YCTOMYUBLIX PEXKUMOB KO-
JJEBAHUU CUMMETPUYHBIX CUCTEM C IEPECKOKOM*

W3rubHast xKecTKOCTh OOJIBIIMX KOCMUYECKUX aHTEHHBIX CUCTEM 3Ha-
YUTEJIBHO HMXKE JKECTKOCTH HA3EMHBIX KOHCTPYKLHMH. DTO JIErKO 00BsiC-
HUMO B CBSI3H C TIPAKTHYECKUM OTCYTCTBHEM I'paBUTAIlMH B Kocmoce. Of-
HAKO 3TO 0OCTOSTENLCTBO HE CHIKAET TPeOOBaHMi K MX poyHocTH. OHa,
KaK MPaBUJIO, JOCTUTAETCA MPEeABAPUTEIbHBIM HATsDKEHUEM (Harpsbke-
HUEM) METAITIOKOHCTPYKIUH OONBIINX KOCMUYECKUX AHTCHHBIX CHCTEM.
Takne xKoHCTpyKIMH 001a1aI0T HHTEPECHONH 0COOCHHOCTBIO — BO3MOXK-
HOCTBIO CYIIECTBOBAHUSI HECKOJBKHX PEKHMMOB JIBM)KEHUsI MPH (PUKCH-
POBAHHOI YacTOTE BO3MYIIEHHUs, KOTOPBIE BECbMA YYBCTBUTENIBHBI K U3-
MEHEHHUIO HadallbHBIX ycsioBuid. [lepexon oT onHON ycToW4YMBOM (HOPMBI
KoJIe0aHMH K APYroi 0OBIYHO MPOUCXOAUT CKauKooOpazHo. [ToaTomy oHm
OTHOCSTCS K KJIACCy CHCTEM C MEPECKOKOM HIIU CHCTEM C IByMsI «IIOTEH-
LUAIBHBIMH IMaMny.

B nmanHO# cTaTthe MpHUBENEHBI PE3yAbTAThl aHAIN3a 00JacTe MPUTS-
YKEHHS YCTONYMBBIX PEKMMOB KOJIeOaHWH B PE30HAHCHOW U 3ape30HaHC-
HOM 30HAX IS (PU3UYECKON MOIETH dJIEMEHTA OOJBIMNX KOCMUYECKHUX
AHTEHH.

[Tonoxxum, uTO pacueTHas cxema UcciaeayeMon cucteMsl (puc. 1) mMo-
eT ObITh IpeJICTaBlIeHa B BUJIE OJIHOPOJHOIO CTEPKHS, MOPKATOTO CH-
J0i N 1O LeHTpaM KpaliHUX MONepeuHbIX ceueHni. Onmupannue CTepixHs
HIapHUPHOE.

BrinysxaeHHble kojeOaHus cpeiHel TOUYKH TaKOTO CTEPKHSI ONUCHIBA-
10TCs HennHeHbIM nuddepernnanpHpM ypaBHeHneM Trna lyddunra

y

Puc. 1

*OnyomukoBaro copMecTHO ¢ C.®D. Penpko u B.E. BonkoBoii B xk-11e « TexHu-
yeckas Mexanuka» HAH Ykpaunsl, Boin. 8, 1993, Kues.
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j+ey—ay+By® =P coswt, (1)

rae y — 0000IeHHas KOOpANHATA IONEePeUHbIX MePEeMELCHUH cpenHel
0 JUTMHE CTEePXKHS TOYKH; € — Kod(puiuenT nemndupoBanus; o, f —
K03 PHUIIUEHTBI, ONPECIIAIONIME XapaKTep BOCCTAHABIMBAOLICH CHIIBI
R(y) = — ay + By’, rpadux kotopoii mpusesnem Ha puc.2,a; P, ® — napa-
METPbI BHEIITHETO BO3MYIIICHHSI.

HUccnenyem koneOaHus CTEPKHS ITTHHOIO /=3 M, C TPSIMOYTOIBHBIM I10-
nepednbiM ceuenueM b x 7 = 0,3 x 0,004 m. Moayns ynpyrocti Marepuaa
E=2+10° MIla , rutotHocTb p = 7,85 m « . Cuna nomxarus N = 720H.

B cootBerctBuu c [1], koo duuuenTs! o 1 3 MOTYT OBITH BBIYHCIICHBI

o popmynam . '

1 (=

o= -—-[—] (N—Nf]; f= E(EJ , )

mil dm
IJie m — Macca MOTOHHOTO MeTpa CTepKHs; F' — TIomais monepeyHoro
CedeHHs CTEPKHSA; EI — n3rubHas KeCTKOCTh CTEPKHSA; N* — KpuTHde-
CKasi cujla n-oi hopMbI MOTEPH yCTONUMBOCTH OCH CTEPKHS, paBHas N
=EI (n w/l)*.

Jiist BEIOpaHHBIX 3HAYCHUH apaMeTpoOB CTEPKHS U MEePBOH (cUMMe-
TpU4HOM ) GpopMbl noTepu ycroiunBocTr o =40,8 ¢!, f =7660000 1 ec.
HccnenoBanusi mpoOBOIWINCH MPH aMIUIMTYZE BHEIIHETO BO3MYILEHHS
P = 1,5 m ¢’ n xospunuente nemnpupopanus € = 4 ¢,

JlanHas cucTeMa UMEET TPH IOJIOKEHHUS PABHOBECHS, 1BA U3 KOTOPBIX
ycroitaussle (y, = +0,0023 m), a Tperse (y, = 0) — HeycroituuBo. bud-
(ypxanuonnbie Toukk y, , = + 0,0032 m pasnensroT 30HbI CYIIECTBOBA-
HUS «OONBIIAX» U «MAJBIX» KOJIeOaHwi [2].

B 3aBucuMocTH OT ypOBHS NOTEHIIMATILHON SHEPTUU

2 B 4
U =-24L 28 3)
2 4
BO3MOXKHO [ 1] cymiecTBOBaHHE OAHOTO U3 TpeX (CM. puc.2,0,B) yCTOHUH-
BBIX PEIKUMOB KoJieOaHuid; 1) «OombIine» KoieOaHus BOKPYT BCEX TPEX
TIOJIOKCHHUW paBHOBECHS (TOYKH ¢, b U C); 2) «Majbley KoJleOaHUus OTHO-
CUTEIILHO JICBOTO TOJIOXKEHHUsI paBHOBeCHs (ToUka b); 3) «Malbiey» Koje-
0aHMs OTHOCUTENHFHO MIPABOTO MOJIOKEHHS paBHOBECHS (TOUKA C).
Konebarenpnas cuctema, ommcbiBaemas ypaBHeHueM (I), oOmamaer
JIBOMCTBEHHBIMH CBOMCTBaMHU. Tak, NpH «OONBIINX» KOJICOAHHUSIX OHA
MMeeT CBOWCTBA JKECTKOMW, a TIPU «MaJIbIX» KOJIEOaHHUIX — CBOMCTBA MST-
KON CHUCTEMBI.
Ha puc. 2, T mpuBeneH oONIMi BUJl aMIUTUTYIHO-9aCTOTHON Xapak-
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TEPUCTUKU TaKOH cucTeMbl. M3 3TOr0o prcyHKa BUAHO, YTO YCTOHYHBHIE
BETBU aMILUTUTYJHO-9aCTOTHBIX XapaKTEPUCTHK 00pasyroT (CM. puc. 2,T)
MSITh JUana3oHoB 4yacToT. Jluanazon [ — qope3oHaHcHas 30Ha, B KOTOPOH
B 3aBHUCHMOCTH OT HAuyaJbHBIX YCIOBUH MOXET YCTaHABIMBATHCSA OIUH
W3 TpeX YCTOWYHMBBIX PEKMMOB KOJIEOAHMI: «MaJible» KoleOaHHsl OTHO-
CUTENFHO TOYKH b M TaKue k€ OTHOCHUTENBHO TOYKH C, a TaKKe «00ib-
ey KojeOaHHs BOKPYT BCEX TPEX IOJIOKESHUI paBHOBECHSI (TOUKH a, b
u ¢ ). [lnanason Il — pe3oHaHCHas 30HA «MaJIbIX» KOJIeOaHU, B KOTOPOH
BO3MOJKHA peau3alys OAHOTO U3 MATH YCTOMYMBBIX PEKUMOB KojeOa-
HUI: «Maibley pe30HaHCHBIC U HEPEe30HAHCHBIEC KOIeOaHusi OTHOCUTEIb-
HO TOYKH b M TaKue e — OTHOCUTEILHO TOUYKH ¢, a TaKKe «OOJIbIINE)
Kojie0aHusl BOKPYT Touek a, b u ¢. Inanazon III — 3ape3oHancHast 30Ha
«MaJbIX» KOJIeOaHWH, B KOTOPOW YCTaHABIMUBACTCS OJIUH U3 TPEX yCTOM-
YUBBIX PEKUMOB KOIIEOAHUMN: «Mallbie» KojIeOaHUsI OTHOCHTEIHHO TOYKH
b m Takue ke — OTHOCUTEIHFHO TOYKHU C, a TaKKe «OOJIbIINe» Pe30HaHC-
HBIC U HEPE30HAHCHBIC KOJNIeOaHUs BOKPYT To4ueK @, b u ¢. Jlnamazon IV
— pe30oHaHCHas 30Ha «OOJBIINX» KOIIEOaHWH, B KOTOPOH MOXKET YyCTaHO-
BHUTBHCS OJUH M3 YETHIPEX YCTOWUMBBIX PEKMMOB KOJEOAHWH: «MajIbIe»
KoJIeOaHNsl OTHOCUTEIBLHO TOYKH b U TaKHUe e — OTHOCHUTEIHHO TOUYKH
C, @ TaKkXKe «OoJbIIHe» KoJeOaHus BOKPYT BCEX TPEX MOJOKEHHH paBHO-
Becus (Touku ¢, b u ¢). Jluanazon V — 3ape30HaHCHAsE 30Ha «OOJIBIITNX)
KoJie0aHMi, B KOTOPOH BO3MOMKHA peau3alys OJHOTO U3 TPEX YCTONUH-
BBIX PEKHMOB: «MaJble» KOJICOaHUSI OTHOCUTEIBHO TOUKU b M TaKHe Ke
— OTHOCHUTEJIBHO TOUYKH ¢, a TAKXKE «00JbIINE» KOJIeOaHUsI BOKPYT TOYEK
a buc.

Crnemyer OTMETHTh, YTO TOAOOHAS aMIUIMTYAHO-4aCTOTHAs 3aBH-
CUMOCTh XapaKTepHa JUIA CHCTEM C JByMs M OoJiee «IIOTECHITHAIbHBI-
MU sIMamny». Pe3ynbraTel HCCIIEN0BAHKS BIUSHUS NIAPAMETPOB P, U € Ha
aAMIUTATYITHO-YaCTOTHBIE XapaKTEPUCTHUKH CHCTEMBI TIOAPOOHO OTHCAHBI
B pabore [3].

OO0nacTy MPUTSHKEHUST YCTOWYHMBBIX PEKUMOB KOJICOAHUH CTPOHIIHCH
C HCTIOJIb30BaHUEM IPOLEAYPbl YUCIEHHOTO MHTETPUPOBAHUS ypaBHe-
nus (I) metomom Pynre-Kyrra 4-ro mopsiaka. [{7st BeIAEICHUS OCHOBHO-
ro ToHa KojeOaHWi ObLT MCIIONB30BaH anroputm lepuens. HauanbHble
YCIIOBUS NIEPeOUPAUCh Ha IOCKOCTH (), V,) B IPAMOYTOIBHUKE

. u |- L. ,
b/OHall > yom,, J b/OHaq s yOKM J

KOTOPBIH MOKPBIBAJICS CETKOM € IIAroM Ay, = 0,01[_y

} J o ocu y,
n AyO = 0501 -OHaq;)'}OKaH J 10 OCH y0~

Onay ® yO,m
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gyom/e fpaa e

Puc. 3

Ha puc.3,a B xauecTBe nmpumMepa, NpuUBEAEHb! 00JIACTH MPUTSHKECHUS
YCTaHOBMBIIMXCS PEKUMOB KOJICOaHHI HUCCIIelyeMON CUCTEMBbI, TOCTPO-
ennble Ui [V nuamasona yactor npu ©=28 pan/c. 3mech OenbM 1iBe-
TOM OTMEUYEHBI 001aCTH HAYAIBHBIX YCIOBHH, IIPU KOTOPBIX PEATU3YIOT-
Csl «MaJbIe» KoJeOaHUsI OTHOCHUTENBHO TOYKHU b, @ YUEPHBIM — «OOJIBIINE
KoJIeOaHusl BOKPYT BCEX TPEX MOJIOKEHHUI paBHOBECHS.

Ha puc. 3,6 npuBeneHsl aHaJOTHYHBIE TaHHBIE U V TUarna3oHa 4a-
crot pu =40 paj/c, ¢ TOi TN Pa3HULEH, YTO YEPHBIM [IBETOM OTME-
YeHbI 00J1aCTH HAaYaJIbHBIX YCIOBHM, TPUBOISIINE K «MaJIbIM» KOJIeOaHu-
SIM OTHOCHUTEIEHO TOYKH C.

I'paduku 30H NPUTSHKEHUS YCTOHUUBBIX PEKUMOB KOJICOAHUI UMEIOT
CJIOKHYI0 KOH(UTYpaIMIO B BUE pacKpyUYHBatoLIencs criupany. 13 ana-
JIM3a MOJyYeHHBIX IPaUKOB CIIEIYyeT, YTO 10 MEepe yBETUUCHHsI Hadallb-
HOM SHEPI'UU CUCTEMBI YAaCTOTA YEPEIOBAHMS 30H YBEINUNBAETCS, & CAMU
OHU cyxatorcsi. Hanmune rpadukoB Takux 30H MO3BOJIAET IPEACKA3bl-
BaTh MOBCJCHNUE aHAJIU3UPYEMBIX CUCTEM U OI€CHUBATH YPOBHU aMIIJIUTY/]
YCTAaHOBUBIITUXCS KOJICOAHUI.
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MODELLING OF THE FORCED OSCILLATIONS
ON THE HYBRID COMPUTING COMPLEXES*

Abstract.

The analysis of the results of the hybrid modelling of the forced
oscillations of the systems with buckling is presented in this paper.
The dynamic behaviour of such systems is described by the non-linear
differential equation of the Duffing type. The amplitude — frequency
dependencies for the three values of the damping coefficient and three
values harmonic disturbance amplitude are given here. The stable branches
of the amplitude — frequency characteristics form four frequency ranges,
for which the graphic of the time process, Poincare map and spectral
characteristics are received. The results of the modelling on the hybrid
computing complexes are compared with the results of the numerical
modelling and the analytical solutions of the authors.

1. Introduction.

The possibility of the non-adjacent stable oscillations at the fixed
frequency of excitation is the peculiarity of the investigated systems.
The realization of one of the stable regimes of oscillations depends on
the initial conditions in a complicated manner (Kazakevitch, Kwasha &
Redko 1974). The analytical solution of the Duffing type equation for
the autonomous system is given in (Kazakevitch & Volkova 1997). Here
the results of the investigations of the forced oscillation stable periodical
solutions of the mechanical systems with buckling are presented.

2. The methods of modelling.

The hybrid computing complexes (HCC) present the synthesis of ana-
log and numerical computers. They possess the fastness of the analog and
the precision of the numerical computers at the large volume of memory.
HCC gives the posibility to observe visually the computing process dur-
ing the investigations by means of oscillographs, self-recorders, etc. Be-
sides, it is possible to change the parameters of the investigated system in
the process of computing.

The investigation of the forced oscillation systems with buckling was
carried out on the HCC produced on the base of the IBM PC and analog
computer ACC-31 with the signal generator of special shape. The maxi-
mum output signal constitutes 10 V at the frequency range 0.001-10 KHz.
The double-trace oscillograph C1-99 was used for visual observation of

* OmyonkoBaHo coBMecTHO ¢ B.E. Bonokosoii B kaure «Structural Dynamics
- EURODYN 99, Rotterdam.

68



the computing process — electric signals from the major amplifier outputs.
The results of the non-linear differential equation system integration were
transmitted by means of the interface devices on IBM PC.

The standard mathematical securing is used for the analog — to — digital
converter functioning. The information, input into IBM PC, is stored on
the hard disk in the form of the text file. The spectral characteristics of the
oscillating processes are obtained by means of the standard programme
of the fast Fourier transformation. The standard graphic programme com-
plex is used for the graphic formation of the dynamic processes.

The usage of HCC is described further after the definite example.

3. The differential equation of the forced oscillation.

Suppose the bar of the length / has the constant cross-section and is
pre-stressed by the tie. The forced oscillations of such a bar are described
by the non-linear differential equation of the type (Kazakevitch, Volkova
& Redko 1997) ) ) 3
ytey+oay—-yy +By = p,+ pcoswt, (1)

where y = is the generalized coordinate or the cross displacement of
the midpoint of the bar length; € = the coefficient of the system damping;
a, vy and = the parameters characterizing the elastic qualities of the sys-
tem «bar — tie» (Kazakevitch, Volkova & Redko 1997); P, P,  — the pa-
rameters of outer excitement.

To solve the equation (1) we transform it, introducing new variables:

2)

In the result we obtain: y=y1; yl =), .

yl = 3)

. 2 3

To solvd the S}gs)(ém T tﬁeye)ﬁu-gtpo%s _'(_36300-}_1 RES P tlS necessary to
introduce the time scale N, and the displacement scale N, so that all the
variables (the tensions at the amplifier outputs) would bé in the permis-
sible limits £ 10V (Gorbatsevitch & Levinzon 1984). Suppose we form
up the analog model after the example of pre-stressed bar of / = 3 m,
with cross-section b x 2 = 0.004 x 0,300 m. The material elastic mod-
ulus is £ = 2 - 105 MPa, the density p = 7850 kg/m?. The tie tension is
N * =720 N. In correspondence with (Kazakevitch & Volkova 1997) the
coefficients of equation (1) take the following values:

o— 754s2; vy = 597000 m"'s?;

B = 49800000 m's?; P, =—-0,326 ms;

e=1.0s" P =15 ms=.

Proceeding from the above-described condition, take N =0,25;
N =100V/m . In the result the system (3) takes the following form:
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N =0
v, ==8y, —12064 y(1-7,29y + 6,6)/2)—0,005-105 +0,24-10° COS(x)t.(4)
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Figurel. Amplitude — frequency characteristics of asymmetric system (1).
The frequency ranges are indicated by I-1V numbers

AMPLITUDE, M

To solve the obtained system of equations (4) on HCC the scheme of
its solution is formed up.

4. The analysis of the forced oscillation.

The existence of one from three stable oscillation regimes (Kazake-
vitch, Kwasha & Redko, 1974) is possible depending on the potential en-
ergy value in system (1):

— «large» oscillations relative to all three equilibrium conditions
(points @ , b, ¢ in Figure 1);

— «small» oscillations relative to the equilibrium condition in point b,

—«small» oscillations relative to the equilibrium condition in point c.

The general view of amplitude - frequency characteristics of system
(1) and also the «skeleton» curves of the initial system which reflect the
qualities of this asymmetric system free oscillations, are given in Figure 1. At
P,=0andy = 0 system (1) becomes symmetric. The analysis of the «ske-
leton» curves disclosed the double qualities of system (1). Thus, «large»
oscillations posses the peculiarities of the rigid system behaviour, and
«small» oscillations possess the qualities of soft systems. The character
of the oscillation amplitude changing with the increase or decrease of the
excitation frequencies is followed in Figure 1. The stalls of the forced
oscillation regimes from one branch to another is accompanied not only
by the transition from «large» oscillations to «small», or vice-versa, but
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also by the appearance of the combination tones (2w, 3o, So,..., ®/2, ®/3,
3w/2, 50/3...) . The use of HCC makes it possible to follow these evolu-
tions of the forced oscillations in particular.

The stable branches of amplitude - frequency characteristics make up
four frequency ranges (Szemplincka - Stupnicka W. & Rudowski J. 1993),
where the system (1) behaviour differs considerably (see Figure 1).

The time processes y (t) phase trajectories (¥, y) and spec-
tral densities of the forced oscillation energy distribution at differ-
ent frequencies are shown in Figure 2. As it is seen from the re-
sults, presented in Figure 2, range I (0 = 0 + 37 rad/s) - is the
area of the laying -on of ultra-harmonic «small» oscillations of
no (n = 2,3,4,5...)order on the «large» oscillations of the fundamental
tone both at increasing and decreasing of the excitement frequencies. In
the border of ranges I and II in the stall area the chaotic oscillations ap-
pear.

w=20 rad/s ®=20 rad/s
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Figure 2. Time processes, phase trajectories and spectral densities of oscillation
energy distribution: to the left — at the increase of the excitation frequency;
to the right — at the decrease of the excitation frequency
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Range Il (o = 37 = 97 rad/s) is the area of the «large» oscillations of
fundamental tone at the increase of excitation frequencies and the combi-
nation with the «small» ultra- and subharmonic oscillations of 2m,3® and
/2 order at the excitation frequency decrease. The appearance of chaotic
oscillations is also observed in this range.

Range III (o = 97 + 145 rad/s) is the area of «large» subharmonic os-
cillations of ®/2 and ®/3 order both at increase and decrease of excitation
frequencies.

Range IV (w > 145 rad/s) - is the superresonance area where only
«small» oscillations of fundamental tone exist. In this area the forced os-
cillations are possible relative to one equilibrium condition (point b ) as
well as to another, non-adjacent to it (point ¢ ).
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......... ; ) 3@ ; :.
+4,19¢+2 +0,00e+0 +4.19e+2

-7 16e-3 +].70e-2 -T6le-3 1.70e-2

Figure 2. Continuation
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5. Conclusions.

The non-linear Duffing systems with to «potential gaps» demand
the investigation of the forced oscillations simultaneously in the area of
the positive and negative values of the amplitudes, especially if they are
asymmetric. The range of the multivalentness of the forced oscillation
amplitudes of fundamental tone increases at the increase of the outer
excitation P, amplitude and decreases at the increase of the damping
coefficient €. The use of HCC permits to determine the excitation
frequency ranges, corresponding to the chaotic oscillations.
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THE APPLICATION OF HYBRID MODELLING
TO INVESTIGATION OF NON-LINEAR OSCILLATIONS*

A broad number of the determined mechanical systems shows a
surprising peculiarity — possibility of several non-adjacent oscillation
behaviours existence, including chaotic regimes, on the fixed frequency
of excitation. In section of mathematical physics, theory of chaos — they
have received a title of systems with two potential wells. To these systems
concern: a slow arch, girder on elastic mountings, membrane, shell, pre-
stressed rods. The forced vibrations of systems with two potential wells
are described by the following non-linear differential equations:

b +ed +ad+yp*+B ¢’ =P, +P, coswt, (1)

where ¢ — generalized coordinate; & — damping coefficient; o, v, B, P,
— parameters determining the character of restoring force; P, @ —param-
eters of an external excitation.

The existing methods of the qualitative research of oscillation pro-
cesses [2] are grounded on research of singular points of a system (1) on
a phase plane (¢,(). They stipulate a behavior pattern of trajectories, but
do not give possibilities to find their existence and position.

In the given paper the investigation results of systems with two poten-
tial wells oscillations are shown:

— symmetrical (a <0;y = 0; P, =0);

— non-symmetrical (a>0; y <0 or a<0;y # 0).

1. Technique of hybrid modeling.

Considering the mentioned above peculiarities of dynamic behavior of
the systems with two potential wells, the most effective method of their
investigation is the hybrid simulation. It includes in itself the elements of
analogue and numerical experiments. On the basis of analogue computer
complex of'a time ACC-31 [1] the model of a system (1) was formed. The
visual observation of oscillation processes was hold with the help of the
double trace oscillograph C1-99. The external excitation was reproduced
by the generator of the special shape signals G6-26. Setting voltage on
the inputs of analogue model amplifiers, the change of initial conditions
and parameters of a oscillation system (1) was modelled. With the help
of these procedures the oscillating behaviours which can't be realized on

*OmnyOnukoBano coBmectHo ¢ B.E. BonkoBoit B Bauhaus - Universitat
Weimar, IKM, 2000, Weimar.
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the digital computer (IBM) were obtained. The results of integrating with
the help of interface units were transmitted on IBM Obtaining of spectral
characteristics and graphic processing of the results implemented with
the help of standard program complex.

In the given paper the results of investigation of resonant and nonreso-
nance oscillations fundamental and combinative tones, and also chaotic
oscillations are given. The time processes (¢,0)and (z, ¢) spectral char-
acteristics, phase trajectories (0,0), (¢,¢) and (¢,¢) were obtained.

2. Research of behavior of the figuring point in the field of dynamic
parameters.

The peculiarities of dynamic behavior of investigated systems are con-
nected with two potential wells with existence. System (1) has three sta-
ble equilibrium states, two of which one (point b, ¢) are stable, and third
(the point ¢) is unstable (see fig. 1,2). Dependently on of parameters of
an external excitation in the system (1) one of three possible(probable)
oscillating behaviours is set: «small» oscillations concerning the point
6; «small» oscillations concerning the point c¢; «large» oscillations con-
cerning the all three final equilibrium state. The bifurcation points sepa-
rate areas of existence «small» and “large” oscillations. It is necessary to
point, that the systems with two potential wells have the dual properties.
The systems show the properties of soft one at «small» oscillations, and
rigid — at «large» oscillations.

Analyzing the amplitude-frequency characteristics of the symmetrical
and non-symmetrical systems with two potential wells, it is possible to
mark four frequency ranges.

I frequency range — zone of resonances on ultraharmonics.

II frequency range — zone of a multivalence of amplitudes. In this
range the implementation of one of several oscillating behaviours is pos-
sible: for symmetrical systems (see fig. 1)

— «large» resonance oscillations of the fundamental tone (AA ‘-A1A1 °);

— «small» oscillations of the fundamental tone concerning the point b
(CC —Cl1C1%);

— «small» oscillations of the fundamental tone concerning the point ¢
(A =ALAL);

— «large» resonant subharmonic oscillation (BB ‘-~ B1B1 ©).

— chaotic oscillations;

for non-symmetrical systems (see fig. 2)

— chaotic oscillations;

— «large» resonance oscillations of the fundamental tone (AA
—A1A1);

— «smally oscillations of the fundamental tone concerning the point
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b (CC ‘—=C1Cl1 *).

1T frequency range — zone of the “large” resonant subharmonic oscil-
lation (branch B’B”

- BI’B ””) and nonresonance oscillations of the fundamental tone con-
cerning the point b (C’C”-C* C”)) and point ¢ ([I»-I"[1,”).

IV frequency range — nonresonance zone.

2.1. Symmetrical systems.

Let’s investigated dynamic behavior of the symmetrical system with
two potential wells having following parameters: € = 0.5 s7/; a = —40.8

=0; B =7660000 m~’s? P =0.15ms>.

To stable equilibrium state there correspond points ¢ he = +0.0023
m, and bifurcation points — ¢ oa—*0.0032 m . The results of hybrid mod-
elling of symmetrical systems — amplitude (frequency characteristic and
dependencies of dynamic parameters) are presented accordingly on fig.
1. and in table. 1. They indicate a possibility of existence of subharmonic
and ultraharmonic oscillations with amplitudes that that are in the level
and even higher then the amplitude of the fundamental tone.

0.012 ; T g
B I [//m v
= 0008 = :
fiﬂ‘ .*ﬁ:‘-- ‘{:I.ﬂ"ar h?._,_—---—-....:f.-s"
= e s
E—( ' T
-
o
=
T
V02 TS0 15 20 25 30
FREQUENCY,RAD/S
— = = "sgeleton" curves;
— = large" oscillations of the

fundamental tone;

—— —— . large” |ub}urmu'\njc
oscillations:

——————— = ultraharmonic oscillations;

- "small"™ escillations.

Figure 1. Amplitude-frequency characteristic of the symmetrical system
with two potential wells
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2.2. Asymmetrical systems.
Let the parameters of a system (1) take the following values: € =4 s7/;
o =754 57y = =597000 m~s; B = 49800000 m~“s?; P = —0.326 ;

P =15ms>.
0.025 : -
T |0 [ "] IV
R P N b
- . Jd' halgeye— _i_;______ _4;___‘::‘:_,_"!_1-—_-;.7.'1-:'!..:-.___
: 0.01 & L N e
g0 T ——
& 0.005 = KR :
S 00 TR e
B . f—r;:‘,'_"_‘-""-‘:?- § ikt i3 i &
E0.005 fatSRaas e
001 | [UESRS. : o
o ; e~ ; I
-0.015 : 21 e : .
25 30 75 100 125 150 175
FREQUENCY,RAD/S
— e = ECElElON” CUGVES; 000 s emmeses = ultrsharmonic oscillutians;
-“:\’.m;l;manm —_ = "zmall” oscillations.
=== . “large” subharmonle
oscillulisns;

Figure 2. Amplitude-frequency characteristic of the asymmetrical system
with two potential wells

The peculiarities of the asymmetrical systems is that the stable equi-
librium states are asymmetrical. So, a position Q) ,=0.0104m there corre-
sponds to the point 5, and @ . = —0.0003 m — point c. It is necessary to
note, that the resonant values of frequencies of «small» free oscillations
concerning these points are various (o, = 68.1 rad/s; w_=34,28 rad/s).
Thus, at definite parameters of an external excitation the implementation
only of one mode of «small» oscillations — concerning the point b is pos-
sible.
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3. Analysis of dependencies of dynamic parameters of studied sys-
tems.

Presented in the tables 1 and 2 dependencies of the dynamic param-
eters of systems with two potential wells allow to make following con-
clusions:

—the influencing of odd ultraharmonics leads to creating of the «small»
oscillations concerning points b and ¢, and even — to originating «small»
oscillations concerning one

— of final equilibrium positions. Thus, on the graphics of time pro-
cesses (¢, (])) the oscillations modulation of a figuring point is observed.
The, phase trajectories of the first frequency range on planes (¢,¢) and
(0,9) have character of closed curves: symmetrical at resonances on the
odd harmonics, and asymmetrical on even harmonics. Thus, main seg-
ment on the phase trajectories (¢,¢ ) is similar cubic parabola and the add-
ing curves are members of square parabolas. The phase trajectories (¢, )
look like ellipses on which the adding closed loops lay. They are symmet-
rical concerning an axis ¢ ;

— for the resonance oscillations of the fundamental tone the phase
trajectories (¢, (])) and (¢ q>) look like the ellipses, and time processes
(¢, q))f ramp view, the set of the phase trajectories (0, ¢) degenerates in
a negative cubic parabola;

— for the «small» oscillations of the fundamental tone the phase
trajectories (¢, q)) and %p ,0) represent circumferences, and the time
processes (z,0) have a harmonicity, but the graphic (¢,¢) represents
a straight line;

—for the resonant «large» subharmonic oscillation the influencing of
the fundamental tone harmonic invokes appearance of closed loops on the
phase trajectories (¢,¢) and (q) ), which one look like inclined ellipses.
Thus the time processes (¢,¢) represent the graphics of the periodic
polyharmonic process. The dependlcless (¢,9) look like closed curves.
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NPEANUCIOBUE*

Cucremsl ¢ AByMs NOTCHUUAJIbHBIMU IMAMH OKa3aJUCh OYEHb MOIII-
HBIM WHCTPYMEHTOM B Pa3BUTHU TCOPHH HEIWHEHHBIX KoeOaHmil. Mx
cnenduyuecKkre CBOMCTBA MO3BOIMWIN MPHOTKPHITH HOBYIO CTPAaHUILY B
coBpeMeHHOU (hm3uke. CaMOCHHXPOHH3AINS, CAaMOOPTaHU3AITUS, MEXK-
JUCHUTUTUHAPHOCTD, OM(YpKalMU 1, HAKOHEIl, XaoC KaK HempeJcKazye-
MOCTh B HEJTMHEHHBIX JETePMHHHUPOBAHHBIX cucTemax (mo Ilpuroxuny
— JUCCUNIATHUBHBIX CTPYKTYpax) ¢ JUCKPETHOCTHIO BO3ZMOYKHBIX COCTOSA-
HUH MO3BOJISAIOT HA JAHHOM UCTOPUYECKOM OTpPE3Ke Pa3BUTHs HAyKU pac-
LIMPUTH HAIIM TIO3HAHUS O )KUBOM M HEXXHMBOM, O MUKPOMHUPE M MaKpo-
MHUpE.

NMeHHO B TakMX CHCTEMAax, HE3aBUCUMO OT TOIO, SBISAIOTCS JIH
OHH MOJIETSAMH (U3NYECKUX OOBEKTOB, MIIM XUMHUYECKHX IPOIECCOB,
Wi OMOJOTHYECKOTO TOBEJCHHS JKUBBIX CTPYKTYp, WM COIHAIHHO-
MTOTUTHYECKUX, YKOHOMUYECKUX SIBICHNHN, dHEPreTHIecKnii 0OMeH HO-
CHUT HEea/IeKBaTHBIN Xapakrep. T.e. 0oJbIme 3aTpaThl HAYaIbHOM YHEPTHH
HE TapaHTUPYIOT dKCTPEMaJbHBIX cocTOsTHIM. 1, Hao0opoT, pu omnpee-
JICHHBIX YCJIOBHSIX HE3HAUUTEIbHBIC MOPIIMU YHEPTHUH CIOCOOHBI BBIBE-
CTHU CHUCTEMY Ha PE30HAHCHBIC TpaekTopuu [1].

Axaznemuk B.JI. ['un30ypr npeanoxun aMOuno3ueiii «Crucok oco-
OCHHO Ba)KHBIX M MHTEpECHBIX IpoOieM Ha mopore XXI Beka» [2], rae
nox HomepoM 11 mpuBenena npobnema «Henuneiinas ¢usuka. TypOy-
neHTHOCTh. ConutoHbl. Xaoc. CTpaHHBIE aTTPAKTOPHI».

JaHHasi KHUTa COACPKUT PE3YNbTaThl UCCICIOBAHUSL AUHAMUYECKUX
CBOMCTB HenmuHeHoro ocmmuistopa Jyddurra ¢ nByms moTeHnmnamb-
HBIMU siMaMU. Takol OCHMIIISATOP SIBISIETCS UCATIbHON MOJIEIIBIO LIEIOTr0
KJIacca MEXaHWYeCKUX cucteM. HecMOTps Ha 3lieMEHTapHYI0 IPOCTOTY €
TOYKH 3pEHUsT PU3UKH, ITH CUCTEMBI OMTUCHIBAIOT ITOBEIEHUE KKOHCTPYK-
LUM» C HECMEXHBIMH (popMaMy paBHOBECHS TaKWX, Kak THOKUH cTep-
JKeHb, THOKasl TUIaCTHHA, THOKas MeMOpaHa U T.I1.

MexaHUYECKHE CHCTEMbI, 3aHUMAFOIIUE TPOCTEHIIIYIO HUITY B OOIIICH
(usuKe, CHITPaU 3aMETHYIO POJIb B TIOZHAHUH MHPA U COCITYKUITU BEJIH-
KyI0 CITyOy B OTKPBITHH MHOTHX 3aKOHOB mpupozsl. [To B.JI. ['un30yp-
ry [2], 6buonorus Ha nmopore XXI Beka 3aHsIa MECTO JIMTUPYIOMICH Hay-
KH U €€ CBSA3b C (PU3UKOM Mo00Ha 3(hHEKTy «peayKIHOHU3Ma): MOKHO
OXKUJIaTh CBEJCHHS 3aKOHOB OMOJIOTMH K COBOKYITHOCTH 3aKOHOB (pH3H-

*[IpenucnoBue x Mmonorpapun M.W. Kazakesnua n B.E. Bonkoo#i «/luna-
MHKA CUCTEM C IBYMs [IOTEHLUAIbHBIMU siMaMuy. JlHenponeTrposck, 2000.
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ku. [loaTomMy Tak coOla3HUTENBHO M3y4arh OOIIMEe CBONCTBA OCITUILIS-
TOPOB Ha MPUMEpE TUHAMHYECKOTO MOBEJICHUS MEXaHWYECKUX CHCTEM.
[Ipu 5TOM HEOOXOAMMO BCEra MOMHUTH O TIOCTOSIHHBIX CMeIeHusX (o-
Kyca MEeXIUCIUIUTHHAPHBIX MCCIEA0BAaHUIN TpUpoabl. Benmnkoe MHOTO-
o0Opa3ue U eAMHCTBO TPUPOABI MOPOXKAAETCS KadeCTBEHHBIMH B3aWMO-
NepexoaMu U CKaYKaMH YeThIPEX OCHOBHBIX IEPBOHAYAIBHBIX MaTCPHIA
— OTHSI, BO3/IyXa, 3€MJIM U BOZBI (ABHIIEHHA).

B 60-x romax mpu ucclieoBaHUM HEJUHEHHOTo ocumuisatopa Jyd-
¢uHra c AByMsl MOTEHIMATBHBIMU SIMAMH S OOHAPY>KUII HECKOJIBKO YIH-
BUTENBHBIX 3()(heKTOB. Bo-nepBhIX, TPyIHO OBIJIO COMIACUTBCS C YTBEPK-
JICHHEM O JI0CTaTOYHOW 00YCIIOBICHHOCTH CYIIECTBOBAHUS YCTOMUMBBIX
penieHuit B 00JIacTH 4YacTOT, XapaKTepU3yeMO MHOTO3HAYHOCTBHIO aM-
Ty, 1lpyu TUCKpeTHOM 3aJaHuM YacTOTBI 3Ta OOYCIIOBIEHHOCTh HE
cpabarbiBasia. [Ipumio nmoHnMaHue JOMUHHPYIOMIEH POJM HadalbHBIX
YCIIOBHUH B Ipo0IIeMe T0CTaTOYHON 00YCIOBICHHOCTH U ATO HAIILIO TIO/I-
TIepkKy y akamemuka F0.A. Murpomnonsckoro. B aToit padoTe ObLIO BBE-
JIEHO TIOHATHE «OOJACTH MPUTSHKEHUS HA4daJIbHBIX YCJIOBHI», KOTOpPOE
BITOCJIEJICTBHH CTajJ0 MIMPOKO M3BECTHO TMOJ| HA3BAHHEM «aTTPAKTOPa».
Tenepr yke MOXKHO OBLIO MpeCKa3bIBaTh CYIIECTBOBAHNE YCTOWYHBBIX
pemennii ocumiuisitopa yddunra B 4acToTHOM obnactu ¢ TpeMs u 60-
Jiee yCTOWYMBBIMU TpefenbHbIMU nukiamu [lyankape [3]. B Hacrosiee
BpeMs SIBIISICTCS HEOCTIOPUMOM pOJIb HaYalIbHBIX YCIOBHI B BOZHUKHOBE-
HUM CTPAaHHBIX aTTPAKTOPOB B HEJIMHEMHBIX JIETCPMUHUPOBAHHBIX CHC-
TeMax Kak MpH3HaKa HelpeICcKa3yeMOCTH — Xaoca.

Bropoii addext, obHapykeHHBII B Te ke 60-e rofpl, ObII CBA3aH CO
CKauyko0Opa3HBIM M3MEHEHHEM Tepro/ia KoJeOaHuil HeMMHEHHON chucTe-
MmbI Jlyddunra c nByMs moTeHInanpHBIME SiMaMH. Takoe H3MeHEeHre MPo-
WCXOMIIO TIPU TIEPEXO0/IE OT «MAJIBIX» KOJIeOaHWH OTHOCHUTEIEHO OHOTO
HEHYJIEBOTO ITOJIOKESHHS PABHOBECHS, K «OOIBITUMY» KOJIeOaHUSIM OTHO-
CUTEIFHO OJHOBPEMEHHO TPEX IMOJI0KEHUH PaBHOBECHS: HYJIEBOTO MOJIO-
YKEHUS] HEYCTOMYMBOTO PAaBHOBECHSI M JIByX HECMEKHBIX HEHYJEBBIX I10-
JIOKEHUH yCcTOWYMBOro paBHOBecHs. CaMoe yIHBUTEIBHOE 3aKITI0YaI0Ch
B TOM, 4TO IPOMCXOJIWIIO YIBOCHHE reproja kojedanuii [4]. Brocien-
CTBHH 3TOT 3()(eKT BOLIET B HAYYHYIO JTUTEPATypy MO Ha3BaHHEM «3a-
kona Qelirendaymay». Ilo Belpaskennto akagemuka P.3. CarneeBa 3akoH
00 yIBOGHUU Tiepuojia KojaeOaHUH SBISETCS «OCHOBHBIM 3aKOHOM DBO-
mronuu BeeseHHoi.

Takum oOpa3oM, mpenaraeMyr KHHTY MOXHO pacCcMaTpHBaTh Kak
CcBOCOOpa3HBIN MPOMEKYTOTHBIH MTOT HAIIMX CKPOMHBIX YCHIIUH B pa3-
BUTHH aKTyaJbHOTO HANpaBiICHUS HeMWHEWHOU (u3ukw. [Ipn sTOM MBI
XOTENM 00paTHTh BHUMAaHHE Ha JIBa aCTIeKTa.

[lepBrIii acriekT COCTOUT B Oojiee MIMPOKOM, YEM MPHUHATO, MPUME-
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HEHMU B aHaIM3€ MOBEICHUS HeJMHelHoro ocuwmustopa Hyddunra c
JBYMsI IOTCHLIMAJIbHBIMHU SIMAMH THOPUIHBIX KOMILIEKCOB. CHHTE3 aHa-
JIOTOBOT'O MOZAETIMPOBAHMS C KOMITBIOTEPHBIM OKa3aJICsl He TOJIBKO 3 dek-
TUBHBIM, Ha U B BBICILICH CTENIEHU HANIAHBIM, 3(p)eKTHBIM.

Bropoii acnexT 3acmykuBaeT emie Oonibiiero BHUMaHus. Hapsmy c
U3BECTHBIMH U IIHPOKO MCIOJIb3yEMBIMU B IMHAMHYECKOM aHaju3e (a-
30BbIMH TpaekTopusiMu [Tyankape ¢(¢) Mbl BBEIM B pACCMOTPEHUE TaK-
e TpaekTopuu ¢ (¢) 1 ¢ (¢). Takoe MHOroo6pasue GpazoBbix TpaeKTopI/m
1o3BoJisieT Oonee 3(pPEeKTUBHO MCIOIB30BATh TUHAMHUYECKUE CBOHCTBA
HEJIMHEWHOTO OCLHMIUIATOpa JI000ro Kilacca U Ha HauyalbHOM JTare Mc-
CJICIOBAaHUH MCHTU(PHUINPOBATH H3y4aeMble OOBEKTHI.
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IMPUJIOKEHUE.
KPATKUU AHAJIN3 PABOT
o AMHAMMKE I'MBKUX SJIEMEHTOB*

B cymecTBytoeil mureparype 1o AMHAMUKE IMOKUX 3JIEMEHTOB CH-
CTEM 3HAYUTEJIIBHOE MECTO OTBEAECHO CHUCTEMaM C CUMMETPUUYHBIMH Xa-
pakrepructiukamu. OJHAKO Ha MPAaKTHKE TOpa3fA0 dYallle BCTPEYaroTCs
CHCTEMBbI C HECUMMETPHYHBIMH XapaKTePHCTHUKAMHU, CHCTEMBI «C TIepe-
CKOKOM).

B pabotax, omyOinkoBaHHBIX J10 cepennHbl 60-X TOI0B, MHOTHE aB-
TOpBI TIpeHeOperain HeCHMMETPUEH MapaMeTpoB CHCTEM, TEM CaMbIM
n30eranu TPyAHOCTEH, CONMPSHKEHHBIX C MAaTEMaTHYECKUMH BBIYHCIICHU-
smu. OJJHaKO Takoe YIpPOILEHHE UCKaXKaeT Npupoay npoiecca. B Hacto-
s[iee BpeMsi CyIIECTBYIOT IPOrPaMMHBIE KOMITJICKCHI, KOTOPbIE IO3BOJISI-
10T OBICTPO M PPEKTHUBHO B YHCICHHOH (hOpMe IMONTydaTh PEUICHHE C
TpeOyeMoil TOYHOCTBIO.

B nyOnukanusix, HOCBAIIEHHBIX BBIHYXIEHHBIM KOJICOAHUSIM OCHOB-
HOE BHMMAaHME YIEJICHO IapMOHMYECKOM COCTaBIIAIOIIECH BO3MYILEHUS,
KOTOpasi COOTBETCTBYET MEPBOMY UJICHY PAa3NIOKCHHUS MEPHOINIECKOTO
B030Yx1eHus B psig Pypbe. TakuM ynpoleHueM BO3MYIIAOIINUX CHIT Ya-
CTO TOJIB30BAIUCH ISl BEISICHEHUSI (PU3NUECKUX OCOOCHHOCTEU CHUCTEM,
HE YCJIOKHSAS B TO K€ BpeMsl IOCTaHOBKY 3a1a4u. OHAKO B PUIOKEHH-
SIX Yallle BCTPEYatoTcsi 00JIee CIIOMKHBIEC THITBI BO30YKICHHSL.

Brnepseie Bompoc 0 JUHAMHYECKOH YCTOMUMBOCTH YIPYIHMX CHUCTEM
noctasiieH H.M. benseBsim B 1924 1., KOTOpBIM paccMOTpen yCTONUH-
BOCTb MPSAMOJIMHEHHOIO MPU3MATUYECKOTO CTEPKHS, OMEPTOro MO KOH-
L[aM U CKaToro NPOAOJILHON CHHYCOMIAIbHO U3MEHSIOIIEICS BO BpeMe-
HU CUIIOH P(1) = P, cos .

HuddepennmanbHoe ypaBHEHHE ITOMEPEYHBIX KOJCOAHWA TaKOTO
CTEPIKHS JIETKO IIOJIy4aeTCs U3 COOTBETCTBYIOLIEIO YPaBHEHHs CBOOO-
HBIX KoJieOaHWi J0OaBIeHNEeM OTHECEHHOW K €IWHUIIE JUTMHBI CTEPKHS
Pa3HOCTH Tepepe3bIBAONINX CUJI, JAEHCTBYIONINX MO KOHIIAM 3JIEMEHTa
CTEPIKHSI JUIUHBI dX

4 ’ 2 2
EIé’}—Aj— + p a—g= —Fcoswt 4 lzj (D
ox ox ox

rae p — JMHEHHAs IIOTHOCTh; El — 5KEeCTKOCTh CTep KHS Ha U3rH0;

U — nepemenieHue.

*[Tpunoxenne k monorpadpuun M.U. Kazakesnua u B.E. BonkoBoit «/luna-
MHKa CUCTEM C IBYMS MNOTEHUHUAIbHBIMU siMaMuy. JlHenponeTrposck, 2000.
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Pemenne ypaBuenus (1) onpenensiioch B popme
Ux,t) = V(x)T(¥). 2)

IIpoBenena ananorust Mexay IaHHOHM 3aaueil U COOTBETCTBYHOLICH
3a/1a9eil CTaTHUECKON YCTOWIUBOCTH — BMECTO JIBYX BO3MOXKHBEIX (POpM
pPaBHOBECHSI CyIIECTBYIOT JBE pa3IMyHbIe ()OPMBI ABMKEHUS.

Onpenenenue QyHKuu 7(2) ObLIO CBEACHO K PEIICHUIO YpaBHE-
Hus tuna Marbe. H.M. BensieBbIM ObLIO TakKe MONTY4YSHO PELICHHUE JIs
CTCPIKHS, HArPY>KEHHOTO TMPOAOJIBHOM cuiioi P+ P, cos ot.

Hcnone3ys npubnmkeHHyo GOopMyIty, JIETKO NOITy4aeMyIo 10 METOILY
Xunna, HM. beisieB onpeaennn rpaHulibl IIEPBOX 30HbI AMHAMUYECKON
YCTOMUMBOCTH; OCTalbHble ykazaHbl A.A. AHIpoHOBEIM U M.A. Jleon-
TOBHYEM.

B 1935 . HM. KpsutoB u H.H. Boromo6oB obparunucek k 3amade
0 TMHAMHYECKOH YCTOHYMBOCTU CTEP)KHEH, KOTOPYIO IMOCTaBHIM B 00-
nee obwemM Buae. Pesynbrarel 3TOro McciIeqoBaHHUs COBIANAIOT C MpPU-
ommxeHHsIM permenreM H.M. bensesa. B 310t ke pabore paccmarpu-
BaeTCs 3a7a4a O JUHAMUYECKOW YCTOWUMBOCTHU CTEPIKHS MO JCHCTBUEM
MIPOM3BOJIBHOM MOJUTapMOHUYECKON CHIIBI TIPU PA3TUYHBIX YCIOBUSAX
3aKpeIUIeHns KOHLIOB. ABTOPBI MCIOJB3YIOT BapHalMOHHbIN MeTon b.I.
lanepkuna, 3anaBasU(x,t) B ¢popme U(x,t) = V(x)T(¥), tne V(x) — 3a-
naHHas QYHKIHMS, YJOBJIETBOPSIOMIAS IPAHUYHBIM YCIOBHSIM. YMHOXasI
muddepeHnuansHoe ypaBHEHHE Ha BApPHALUIO J ), OHU MOyYaroT Mocye
HWHTETpUPOBaHus 10 x AuddepeHnraIbHoe ypaBHEHUE BUIA

P(r)
QO T . O (3)

T+ 8 1-

rae 19}10 U Q) — IpHOIKEHHBIC 3HAYCHHS YaCTOThI COOCTBEHHBIX KOJIe-
0aHM ¥ CTAaTUYECKON KPUTHYECKON Harpy3ku. /laHHBIH B paboTe BHIBO
BBIPKEHUN 3THUX IapaMeTpoB uepe3 V(X) MPUroJeH TOIbKO Ui OCHOB-
HBIX CITy4aeB 3aKperyIeHHs] KOHILIOB, YTO HE OTMeyaeTcsl aBTopamu. Pas-
naras P(t) B psg @ypbe u npumensis Mmetof] ycpeauenus, H.M. KpbuioB u
H.H. boromo60B nomy4niy rpaHubl 30H YCTOHUUBOCTH.

B npunoxennu k nepeBoay kuuru Crperra A.M. D¢dpoc Bocmpons-
Ben B 1935 1. pesynsrarel H.M. benseBa. B 1936 1. I'B. bongapenko pac-
CMOTpeJT HECKOJIBKO MPOCTEHINX 3a/1a4 AUHAMUYECKOH yCTOMYMBOCTH
CTepXHeil: 1) HEeBECOMBIN CTEp)KeHb, OMEPTHIH MO KOHIAM, C MacCOi,
MIPIJIOKEHHOH TI0 Cepe/InHe MPOoJIeTa; 2) HeBECOMBI KOHCOIBHBIN CTep-
’KeHb ¢ Maccoi Ha koH1le. B 1938-1939 rr. B.H. Yenomei pemui psij 3a-
Jlad TI0 JTUHAMHYECKON YCTOWYHUBOCTH CTEp)KHEH, HEepa3pe3HbIX OalloK,
ITUT, 000JI04YeK, COOPAaHHBIX B €T0 KHUTE.

B.H. Yenomero nmpuHaJIeKUT MOCTAHOBKA 3aJlaud O JUHAMUYECKOU
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YCTOMYMBOCTH TUIHT U 00osiouek. [I[puMeHeHne sHepreTHIeCcKOro MeTo-
Jla K 3aJa4e 0 JUHAMUYECKOW YCTOMUMBOCTHU IUIUTHI, HATPYKEHHOU I10
KpOMKE MEepPeMEHHBIMHA BO BPEMEHHU CHIJIAMH, MPUBOIAUT K OECKOHEYHOI
cucteme auddepeHIMaNbHBIX ypaBHeHHHA. B mepBoM npubmmxernn B.H.
Uenomeit pemraer 3amaun 00 YCTOWYMBOCTH TUTACTHH, TOAKPETUICHHBIX
TOYEYHBIMU JTU JINHEHHBIMH JKECTKUMHU M YIPYTUMHU OMOpPaMH.

B 1938 . b.A. bonuep, HezaBucumo ot B.H. Uenmomest, pemmn psif 3a-
Jla4 1o JIMHAMUYECKOM yCTOMYUBOCTH IUTUT. J[J1s1 CBOOOIHO OTIEpTOi TITH-
Thl UM TIOJIYYEHO TOYHOE PELIEHHE, a IS APYTHX CIydaeB 3aKperieHus
KOHIIOB — MPUOIIKeHHoe, Tipu oMoty Metona b.I. anepkuna.

B 1940 r. I'1O. Ixxanennuaze u A.M. Paauur noctaBuiu 3anady o
JUHAMUYECKOM YCTOMYMBOCTH KPUBOJIMHEUHBIX CTEP>KHEH, HCCIEa0Ba-
JI MOBEACHUE KPYTOBOIO KOJIbLA, HATPY>KEHHOTO B CBOEH IJIOCKOCTHU
paauanbHON, NEPUOANYECKH U3MEHSIOIICHCS BO BPEMEHHU 10 TaApPMOHH-
YECKOMY 3aKOHY, PABHOMEPHO paclpelesieHHON Harpys3koi. Oka3anocs,
YTO KOJIBIIO MMEET J1Ba THITa IOTEPH JMHAMUYECKON YCTOWYMBOCTH (aHa-
JIOTUYHO YCTOMYMBOCTH CTAaTWYECKOMN): MEPBBIN TUI — MOTEPS YCTONYH-
BOCTH B CBOEM IJIOCKOCTH, BTOPOH — COOTBETCTBYIOIIMM BBIXOAY KOJIbIA
13 TIOCKOCTH. Pa3enenne nepeMeHHbIX B 3a/1a4€ O KOJIbIle PUBOANT K
ypaBHEHUSIM Marbe, UMEIOIINM Ty K€ CTPYKTYpY, 4TO U ypaBHeHue H.M.
beinsesa.

B pabore b.3. BpaukoBckoro nokasaHo, 4To peLieHue 3a1a4n JUHAMH-
YECKON YCTOMYHMBOCTH MPH ICUCTBUM HATPy30K Buaa P+ P cos w t Tou-
HO CBOJUTCSL K YPaBHEHUIO MaThe TONBKO ISl TAKUX YIPYTHUX CHUCTEM,
y KOTOPBIX CTaTHYeCKHe (OPMBI MOTEPH YCTOWYMBOCTH COBIIAJAIOT C
COOTBETCTBYIOIIMMHU (POpPMaMU CBOOOIHBIX KoeOaHWA. JTO TiepBasi 00-
masi TeopemMa B TEOPUM TUHAMUYECKOM YCTOMYMBOCTH YIPYTHMX CUCTEM
HE MOJIyYMJIa B JIUTEPATYPE NOJIKHOTO PAaCIPOCTPAHEHUS.

Pan 3agau quHaMuyueckol yCTOWYMBOCTH YNPYTHX CUCTEM HCCIENO-
BaH .. T'onpnen6mantom, MM Obla mocTaBiIeHa U pacCMOTPEHA 3a]1a-
4ya 0 JUHAMUYECKON YCTOMYUBOCTH IIJIOCKOH (POPMBI U3rrba TOHKOCTEH-
HbIX cTepkHeil. .M. 'onpaen0nanToM TakKe BBITIOIHEHO UCCIIEI0BaHIE
HEJIMHEMHOW 3aJlaul JAMHAMUYECKOW YCTOMYMBOCTHU IMPU3MATHUECKOTO
CTEPIKHS ¥ OBbUIM TIPOBEACHBI CIENUANbHBIC IKCIIEPUMEHTAIbHBIC UCCIIe-
JIOBaHUS.

B 1945 r B.M. MakymkuH H3y4ua JUHAMHYECKYIO YCTOWYMBOCTH
CTEPKHA IMOJ JACHCTBUEM MPUIOKEHHBIX HAa KOHLIAX MPOAOJIbHBIX CHI,
MEHSIOIIMXCS 110 KYCOYHO-IIOCTOSIHHOMY 3aKOHY, M MOKa3all, YTO 30HbI
HEYCTOHYMBOCTH B DTOW 3amade OJIM3KH K TaKOBBIM B 3amade H.M bems-
esa. [losmuee, B 1947 ., B.M. MakymkuH paccMOTpeN IMOBEIACHUE KpHU-
BOJIMHEMHBIX CTEP)KHEH IpU MOTEpe TUHAMUYECKOW YCTOMYMBOCTU H,
OTPAHWYMBIIYCH U3YYEHNEM YCTOHYMBOCTH KOJIbIIA, Pa300pai B OTIINYHE
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ot ['}O. [Ixxanenunze u M.A. Paguura HECKOJIBKO CIIy4aeB BOZMOXKHOTO
U3MEHEHUS Harpy3KU B IPOCTPAHCTBE.

B 1947 1. A.®. CMupHOB, MOJIB3YSICh METOJJAMH MaTPHUYHOTO HCUHCIIE-
HHUS, PACCMOTpEN 3aJadyy O JAMHAMHMYECKOH YCTOMUMBOCTU CTEpPXKHS,
Harpy>XeHHOTO TPOU3BOJILHO PACIIPEEICHHBIMA CHJIaMH. ABTOPOM
OBUIO pelIeHO HECKOJIIbKO YaCTHBIX 3a/]ad, B YaCTHOCTH 3a/a4a O JUHA-
MHYECKOH YCTOMYMBOCTU OAKM Ha yHPYTUX OIMOpPaxX C MPOU3BOJBHON
MPOOIbHON Harpy3koil. A.®. CMUPHOB yOeAUTENHHO MMOKa3al Heo0Xo-
JUMOCTb IIEPEX0/ia K HEJTMHEMHON IT0CTaHOBKE 3a1a4u. M mpeuiokeHo
TaKKe MOCTPOEHHUE 30H HEYCTOWYMBOCTH B Cllyyae Harpy3ku suna Py +P,
cos @ t B IIOCKOCTH IapaMeTpoB o /%, u P,/ Q..

B 1949 . AJI. MapkoB wuccienoBall AHHAMUYECKYI0 YCTOWYMBOCTD
AHU30TPOITHBIX (OPTOTPOMHBIX) HUIMHIPHUYECKUX OOOJIOYEK IOJ Jei-
CTBHEM FapMOHHYECKUX CHJI. B 3T0i paboTe paccMOTpeH TOJBKO CiTydai
CBOOOIHOTO OMHMPAHUS TOPIIOB.

Bompocy o aquHaMu4ecKkold YCTOWIUBOCTH ITMITHHAPUICCKUX 000JI0-
gek mocssmeHa padora O.J]. OHnamBmIM, NCTIOIH30BABIIETO BapHaIll-
ounsii Mmetox b.I'. ['anepkuna. m n3ydena cioxHas 3agada 06 oqHOBpe-
MEHHOM JIEWCTBUU MEPEMEHHBIX MIPOIOJIBHBIX U PaIUaTbHBIX YCUITH.

B 1950 . amHAMHYECKYIO yCTOWYMBOCTD IJIOCKOH (hOPMBI M3TH0a JBY-
TaBpa U MOJIOCKI IPH YUCTOM M3rnbde nmpudmmkenHo paccmorpen B.E. Ca-
nmnoH. JlanbHeiiee pa3BuTHe 3THX 3a1a4 AaHo B padote E.A. Beiinuna,
B KOTOPOH pacCMOTpEHa TMHAMHUUYECKas yCTOWYMBOCTD MPSMOJIMHENHOTO
CTEPKHSA C YIPYro 3aKPEIICHHBIMU KOHLIAMU U IUHAMHYECKAsl yCTOMUU-
BOCTb KPYTOBOM apKH € yIPYyro 3aKPEIVICHHbIMU MSATAMU.

CBoeoOpa3HbIii XapakTep HOCAT SBICHUS, OOYCIOBICHHBIC YIapHBI-
MH BO3ACHCTBUSIMU UJIM BHE3AITHBIM IPUIIOKEHUEM Harpy3ok. ML.A. Jlas-
peutseB U A.1O. NnummHCKM TTOKa3aad, 9TO TP BHE3AITHOM MPHIIOKE-
HUU HArpy30K, MPEBBIMAIONINX 71-F0 KPUTHYECKYI0 CTaTHYECKYIO CHILY,
OKa3bIBAETCS BO3MOXKHBIM IOSIBIIEHUE 71-0H YCTOWYHMBON (hOPMBI paBHO-
BECHSI, UMEIOILIEH M MOTYBOJH. DTOT pe3yibTar ObLI MOATBEPIKICH aBTO-
pamMu 3KCIIEpUMEHTANIBHO.

H.K. CHuTko moka3zay, 4To Npu OBICTPO NPUIOKESHHOH Harpyske
YCTOMUMBOCTB TEPAETCS NMPHU CUIIE, 3HAYUTEIBHO MEHBIIIE KPUTUYECKOM.
[TonmxeHue rpaHull yCTOMYMBOCTH TEM PE3U€, YEM BBIIIE CKOPOCTH MPH-
JIOXKCHUSI HATPY3KH, U JUIS OY€Hb THOKHMX CTEPIKHEH 3TO TIOHWKEHHUE JI0-
cturaer 60%. BcrnencrtBue BIMSHUSA TPEHUS 30HBI HEYCTOMYMBOCTH
CABUTAOTCS BIPABO U CyxkatoTcs. [1o3ToMy nmotepro ycToiuuBOCTH, CO-
OTBETCTBYIOIIYIO BTOPOi 00JIaCTH, TPYIHO OCYIIECTBHUTD JIaXKe B JJabopa-
TOPHBIX YCIOBUAX. TPEThs M BBICIIE OONACTH HEYCTOWYMUBOCTH TIPH Ha-
JIUYNN 3aTyXaHUs TPAKTHIECKH HE UMEIOT 3HAYCHHUS.

PaccmoTrpenHbIe BBIIIE UCCIIEAOBAHUS 110 TUHEHHON TEOpUHU TNHAMHU-
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YECKOH YCTOMYMBOCTHU IMO3BOJISIOT OINPENENATh TPaHUIIBl HEYCTOHYHBO-
CTH, OJTHAKO OHH OCTABJIAIOT OTKPHITHIM BOIIPOC O TIapaMeTpax IBIKCHHUS,
KOTOpO€ YCTaHABJIMBAETCS IOCIE MOTepH yCTOMUMBOCTH. COBEPIIIEHHO
SICHO, YTO IS BBIACHEHHUS XapaKTepa MpOIECCOB, MPOUCXOIAINX MPH
TUHAMHYECKON MOTepe yCTOMYMBOCTH, HEOOXOMMO MEePEHTH OT JIMHEH-
HOW K HEJIMHEWHOW TPAKTOBKE 3TOU MPOOIEMBI.

HecMmoTtps Ha TO, 4TO Takoi MEpPexo]l B MaTeMaTUYEeCKU UJIEHTUYHOU
3aj1a4e U3 00JIaCTH MEKTPUUYCCKUX KoyeOaHuil ObLT cyienan eie B 1934 1.
JLW. Mangensiiramom u H.JI. Tlamanekcu, nepeasi pabota B 3TOM Ha-
MpaBJIeHUH B 00JaCTH JUHAMHYECKOH YCTOWYMBOCTH YIPYTHX CHCTEM
nosiBIIIaCh TobKO B 1948 1.: I.W. TonpnenOnanT B MoHOTpaduu paccMo-
Tpell TUHAMHYECKYI0 YCTOMUYUBOCTD CTOMKH, TIOAJISPKUBAIOIICH YIIpyroe
MIEPEeKpHITHE.

B 1953 . 1.K. Mennep mocTaBmiI 3aqaqy O CBOOOMHBIX TOIEpEd-
HBIX KOJIeOaHUSIX MPSMOJIMHEWHOTO CTEPKHS IMOJ ACHCTBUEM IIPOIOIb-
HOM nepemeHHOM cuiibl. B omnuune ot 3ajgaun H.M. Bensiera, rae nomne-
peunsle KoebaHus ObUTM BBI3BAHBI ACHCTBUEM aKTHBHBIX CHJI, B 3a/laue
N.K. Menaepa nepeMeHHbIE TIPO0TIbHBIE CHITBI OBLITH BBI3BAHBI MTOTIEPEY-
HBIMH KOJIEOAHHUSIMH CTEP)KHS C HECMEIIAIONUMHUCS KOHIIAMU. ABTOPOM
OBLIO MOJTYYSHO BBIPAKEHHE ISl OTIPEJICIICHHS IIEPEeMEHHOMN TPOJ0IbHON
CHJIBI, TOYHOE peIlieHHE YPaBHEHHSI CBOOOTHBIX KOJIEOAHHI B DIUIMIITHYC-
ckux Qynkiusax. UK. Menjep BbITOIHWIT CpaBHUTEIBHBIN aHAIN3 MEXK-
Iy TUHAMUYECKUMH XapaKTEPUCTUKAMU HMIAPHUPHO OMEPTHIX CTEp:KHEH
CO CMEIAIONUMHUCS U HECMEIAIOITUMICS KOHIIAMHU.

B 60-e rozmber BO3poc MHTEpEC K BOIPOCAM pacueTa, KOHCTPYHPOBaHUS
W 9KCIUTyaTalyy MPeIBapUTEIhHO HANPSKEHHBIX KOHCTPYKIIMH B WHIY-
CTPUAJIHLHOM CTPOUTENHCTBE U B MalIMHOCTpoeHuu. [Ipumenenue npen-
HaNPsHKEHUSI TTO3BOJISIET MIOBBICUTH KAY€CTBO KOHCTPYKIIUNA IT0 OCHOBHBIM
MTOKa3aTessiM: a) YMEHBITUTHh COOCTBEHHBIN BEC KOHCTPYKIINA; 0) yBenu-
YHUTh KECTKOCTh KOHCTPYKINN. Cpear MHOTHUX CTIOCOO0B TIpeABAPUTEIb-
HOTO HanpshKeHUs] HauOoJblliee PaclpOCTPaHEHUE TMOJTYUHIO 00XKaTHe
0asok, epm, pam 3arsKKaMH U3 BBICOKOIIPOYHBIX MaTepuayioB. B cBs-
3M C 3TUM BO3HHKJIA HEOOXOAMMOCTH B pa3paboTKe TEOpUH KoJeOaHMi
TaKdX KOHCTPYKIHH, B YaCTHOCTH TEOPHU KOJIEOaHUH CTEP>KHEBBIX KOH-
CTPYKIIMH, MPEABAPUTEIHHO HAMPSHKCHHBIX 3aTSXKKAMH.

[To cpaBHEHUIO ¢ OOBIYHON OaNIKOW, 0COOEHHOCTD ITOBEICHUS OAJKH,
MIpeIBAPUTEBHO HAIIPSKEHHOW 3aTSHKKOM, CBSI3aHa C ACWCTBHUEM CHII pe-
aKIIMU 3aTshKeK. Briusiaue 3aTsHKKM Ha BUOPUPYIONIYIO OalKy CBOIHUTCH,
BO-TIEPBBIX, K ACHCTBUIO TIPOJIOIBHBIX CHII, CKUMAIOIINX i-i TpoJeT Oa-
KH; BO-BTOPBIX, K COCPEAOTOYEHHBIM ITOTIEPEUHBIM CHIIaM, TPHIIOKEHHBIM
B TOYKaxX KPEIUICHHUS 3aTSHKKU; B-TPETHHX, K U3THOAIONIIM MOMEHTaM,
MIPHJIOKEHHBIM B TIOTIEPEYHBIX cedeHHAxX O0anku. B mporecce konebanuit
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9TH CUJIBI HE TOJIBKO U3MEHSIOT CBOIO BEIIMYHMHY, HO TaK)Ke BPAIAOTCS
BMECTE C TeM YYaCTKOM 3aTsKKH, PEAKIHSIMA KOTOPOTO OHU SIBIISIFOTCSL.

Cpenu paboT 3TOTO IIeproAa CiIeayeT YIOMAHYTh ucciempoBanus [I.A.
IOpuenxko, 1.B. Jlakytkuna u A.H. Tep-MKpTudbsH, KOTOpBIE TEOPETH-
YECKH M DKCMEPUMEHTAIBHO M3y4Jalu KOJIcOaHWsS TOHKOCTCHHBIX TPEI-
HaIPsHKCHHBIX 0aJTOYHBIX KOHCTPYKITUH MOCTOBBIX KpaHOB. ABTOpamMu
HCCTIEIOBATUCH CBOOOTHBIC KOJICOAHMSI TOHKOCTCHHBIX IPEIHAIPSIKEH-
HBIX CTEPXHEH OTKPBITOTO M 3aKPBITOr0 CUMMETpHuHOro npoduis. [Ipu
IIOMOIIIM BapUAIIMOHHOIO METOJIa TEOPUHU YNPYTOCTH ObLI JIaH BBIBOJI
QG depeHIMaNbHBIX ypaBHEHUH KoJleOaHul cucTeM. 3ajaya perranach
B JIMHEHHOM MOCTaHOBKE.

B 1970 r. A.1. bornaHoBa paccMoTpesna 3aady yCTOHYUBOCTH OJIHO-
CUMMETPUYHOI OalIK¥ C HANPSATAIOIINM SJIEMEHTOM, PACIIONIOKEHHBIM B
mI0cKoCcTH cuMMeTpun. CoeTnHeHne 0aIKu CO CTPYHOH MTPONU3BOIUTCS B
OTAENBHBIX CeUCeHUsAX. B crarbe mpuBenens! nuddepeHnuansabe ypas-
HEHUS YCTOWYMBOCTH TTOCKOH (OPMBI M3rH0a, 3aiCaHbl JOTTOTHUTEIb-
HBIE YCJIOBHS B TOUKAX KPETUIEHHUS CTPYHBI K Oasike. ABTOPOM HCCIIEI0Ba-
Ha yCTOWIMBOCTH MPEIHANPSIKEHHON MOIOCH TIpH YUCTOM u3ruoe. Cra
HaTSHKCHUS B 3aTsDKKE MPEATonaraiach 3anantnoil. A.M. bormanosoii mpo-
BEJICH aHAJIM3 BIIMSHUS YUCIIA Y3JI0B KPEIUICHUS! CTPYHBI ¢ OaJIKOM, CHITBI
HATSDKEHUSI CTPYHBI U KCIICHTPUCUTETA Ha YCTOMYUBOCTD OAJIKH.

OTCyTCTBUE METOIOJIOTMYECKOTO €TUHCTBA M BHICOKUN MaTeMaTuyie-
CKUH YPOBEHB OOJIBIIMHCTBA MOHOTpa(Ui 3TOTO MEPHO/Ia HE MTO3BOINITH
HX HMCMONb30BaTh B pacuerax. B konme 50-x rogos IL.I. bongaps mpen-
JIOXKUIT METOJT TIEPEMEHHOTO MacIITada /I U3y4eHUs CTAllMOHAPHBIX KO-
nebaHnii HeNMMHEHHBIX cucTeM. CyIHOCTh METOJ[a COCTOUT B TOM, YTO
MIpH W3MEHEHWH MAacCIITa0OB 3aBHCHMON M HE3aBUCHMOW MEPEMEHHBIX
HenuHelHbIe nuddepeHnnansHbie YpaBHEHUS MPeoOpas3yIoTcs B IMHEH-
HBIE C TIOCTOSTHHBIMH Ko3(unmentamu. Vcronap3oBanne 3TOro MeToaa
MTO3BOJISUIO MIPEOONIETh IIABHYIO TPYAHOCTh TCOPUU HETMHEHHBIX KOJIe-
0aHuil — HEMPUMEHUMOCTh MPHHLUIA CyNeprno3uiun. J(aHHbI MeToxn
HCTIONIB30BAJICS JJIS PEIICHUS KAaK aBTOHOMHBIX, TAaK M HEaBTOHOMHBIX 3a-
nad. [peanoxennsit H.I. bornapem mMeton ObLI U3JI0KEH C MMO3UIUH,
JOCTYIHBIX JUIsl MPAKTUYECKOTO PEIICHUS] MH)KEHEPHBIX 3a]1a4.

Crnenyer OTMETUTh CIIEAYIONIHE paboThl, B KOTOPBIX JUISl PEIICHUS
MTOCTABIIEHHBIX 3aj[a4 WCIIOJIB30BAJICSI METOJl MEPEeMEHHOr0 MaciiTada.
B 1966 . H.I' bonnapem u M.. Ka3akeBuuem nenaercs monsitka 000-
CHOBaHMS METOJIa IepeMeHHoTo MacmiTada. [lomyueHo pemenne audde-
peHImansHOTO ypaBHeHus Tuna Jlypdunra (cmMMmerpudHas cHUCTeMa)
B JIUTUNTHYCCKUX (YHKIUAX W 10 MPUOIMKECHHBIM (hopMyaM METona
MEepEeMEeHHOT0 MacmTada B IpOOHO-UPPAIIMOHANBHBIX (QYHKIMAX. ABTO-
paMu OBLTO TIPOU3BEICHO CPABHEHUE PE3YIBTATOB, MOTYYEHHBIX IO TOY-
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HBIM ¥ IPUOIMKEHHBIM (GOpMyIaM, IJIsl CHCTEM C JKECTKUMH U MATKUMHU
XapaKTEPUCTHKAMU ITPU PA3IMYHbBIX 3HAYCHUSX HAYaJIBHOTO CMEILICHUS U
rapameTpa HeJTMHEHHOCTH f/0. .

B cepeaune 60-x ronos npu M3y4eHWH AWHAMHUYECKHX CBOICTB CH-
CTeM C TIEPECKOKOM (CHCTEM C ABYMS MOTEHIMAIbHBIMU SIMaMH), Ta-
KHX Kak ¢pepma Muszeca, oOpaTHbIH MasgTHUK CO CITHPAILHON NPYKUHOM
u 1p., M. KazakeBuu BBeNl TOHATHE «MAIIBIX» U «OOIBIINX» KoJeOa-
Hul. Bpl10 0OHAPYKEHO SIBIICHUE CKAYKOOOPa3HOTO YIBOCHUS MEpUOa
MIPU TIEPEXOJIEC OT «MAJBIX» KoJlebaHui K «bompiinmy». B aTuX nccneno-
BaHMSIX OBUIO TaKKe 00palleHO BHUMAaHKE Ha CYIIECTBOBAHHE HapsIy C
YCTOWYHMBBIMH «MaJIbIMU» KOJEOAHUSIMU OTHOCHTEJIEHO OHOTO M3 JIBYX
HECMEKHBIX HEHYJICBBIX TIOJIOKCHUH YCTOMYMBOTO PAaBHOBECHS U «00JIb-
LIMMU» KOJICOAHUSIMH OTHOCHTEIIBHO OIHOBPEMEHHO TPEX IOJIOKEHHUH
paBHOBecHs (HyJEBOTO HOJOKEHHSI HEYCTOHYNBOTO PAaBHOBECHS U JBYX
HECMEKHBIX HEHYJICBBIX IOJIOKEHUH yCTOWYMBOIO PaBHOBECHSI) TAKXKE
HeTIepUOINIeCKUX Kojebanwii (puc. 1). BrocmeacTBum oHM MOTYYHITH B
Hay4YHOH TUTepaType Ha3BaHUE XaOTHUECKHUX KoieOaHmi [2].

M.U KazakeBnuem u J[.I1. UyBaeBbiM B 1968 1. MeTomoM mepemeH-
HOro Macmiraba Obula perieHa 3a/ia4a O BBIHY)KJICHHBIX CTAal[HOHAPHBIX
KOJIEOaHMSIX MEXaHHMYECKMX CHCTEM C OIHOW CTENIEHBbIO CBOOOBI, HMETO-
IIMX HecMeXHbIe (hopMbl paBHOBecus. MccnenoBano Bo30yKIeHNE KOH-
CEPBATUBHOW CHUCTEMBI U CHUCTEMBI C BA3KUM TpeHHeM. JlaHbl mpocTeie
OLICHKM M TPUEMBI ONpeneNneHus xapakrepa konebanuil. [locTpoeHs
aAMIUTUTYIHO-4aCTOTHBIC XapaKTEPUCTUKH CTALMOHAPHBIX KOJCOAHHM.
ABTOpaMHU MPOBEICHO CPABHEHHE MONTYUYEHHBIX pe3yabTaToB Ha DI[BM
1 aHAJOTOBBIX MAIlIMHAX.

a)

)

Puc. 1. Bpemennvie npoueccol HeUHEUHBIX CUCHEM € 08YMA ROMEHUUATbHbL-
MU AMAMU: @) «DonbuLue KOleOanus; 6) «manvle) Konedanus;
8) Xaomuueckue Koneoanus
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B 1971 . M1 KazakeBuu u b.A. llanomoB pewmmnu 3agady o
BBIHYK/ICHHBIX ITOTIEPEUHBIX KOJICOAHUSAX OJHOIIPOJIETHOTO TpEeaBapH-
TENBHO HAMPSDKEHHOTO CTEP)KHS TOCTOSHHOTO CEYeHHs, IOCTaTOYHO
KecTKoro Ha cxarue. uddepennuansHoe ypaBHEeHHE TTOMIEPEIHBIX KO-
nebaHuit TaKOTO CTEPKHS OBUTO MmomydeHo B padore. M.M. KazakeBnu u
b.41. [TanomMoB yka3zanu ycloBUs CyIIECTBOBAHUS «IIPOIIEIKUBAHUI» B
JMaHHOM cucTeme. ABTOpaMU OBIIM TMOJY4YEHBI PEIIeHUs JUIsl TapMOHH-
YECKMX U OUTapMOHMYECKHX KOJEOaHWH CHUCTEM C «IIEPECKOKOM» H 0e3
«Tepeckokay». Pe3ynabraTsl aHATUTHYECKOTO MCCIeI0BaHMs COMOCTaBIIs-
JIUCH C pe3ysIbTaTaMy aHaJIOTOBOTO MOJIEIMPOBAHNS.

Meron mepeMeHHOro MaciuTada MCIONb3yeTcs Ul aHalu3a AWHa-
MUYECKOTO MOBEAEHHUS KOHCTPYKLMH M B HacTosIee Bpems. baeBbiM
C.B. B 1998 1. MeTo0M mepeMeHHOTo MacimTaba pelreHa 3ajada CBO-
00/HBIX KosieOaHmii OATKK C TIEpEeMEHHBIMU ITapamMmeTpamMu (’KeCTKOCTHIO)
Y BBINIOJIHEHO COTIOCTABICHHE C PE3yNbTaraMi, TONYYeHHBIMA METO-
noMm byOHoBa-I"amepknHa. ABTOp OTMEUAET, UTO YXKE MPU TIEPBOM TIPH-
OMIKEHUN pelIeHHe yYpaBHEHUS CONEP)KUT HEIHMHEWHBIE MHOKHTEIH,
YTO Ha MPAKTHKE TIO3BOJISIET OTPAHUYUTHCS MTOCTPOSHUEM TIEPBOTO MPH-
OKeHUs. YIauHbId BBIOOP HYJEBOTO MPHOIMKEHUSI TIO3BOJISET PE3KO
YCKOPUTBH CXOANMOCTb.

Haunbonee TouHo cpeam pabOT 3TOro mepuoja MOBEICHHE MpenHa-
NPSDKEHHBIX CTEPYKHEHN ONMUCHIBAIOCH YPAaBHEHUSMH, KOTOPBIE MOTy4H-
mu B.II. babwuit u H.I. Hynensman. ABropamu B 1965 . Obu1 1aH BbI-
BOJ MHTErpo-auddepeHInaTbHOr0 ypaBHEHUS TONEPEYHbIX KOeOaHU
MIPETHANPSKSHHOTO CTEPXKHS. YCTaHOBJICHO BIUSHHUE IMPEIBAPUTEIHHO-
TO HANpSHKEHUS W CTATHYECKOW CHIIBI (HAarpy3Kd) Ha aMILTUTYIbI U Tie-
puoasl cBOOOMHBIX KoseOanwmii. McciienoBana yCTOWYMBOCTE pPaBHOBEC-
HBIX COCTOSTHHH nccnenyeMbix cucteM. B 1971 r. B.I1. baowuit uccnenyer
BIUSIHUE SKCIEHTPUCUTETA TPHIOKEHUS YCWIHS TPETHANPSKEHUS Ha
MIEPHOJ ¥ aMIUTATYY CBOOOIHBIX KOJIEOaHNH BHEIIEHTPEHHO MpeTHarpsi-
KEHHOTO CTEpKHS. ABTOpP yKa3bIBae€T Ha TO, YTO BBEJACHHE SKCIECHTPH-
CUTETa MPUBOJUT K MOHMKEHUIO YaCTOThI COOCTBEHHBIX KoseOanuil. Kak
1 B OOJIBIIMHCTBE PabOT ATOTO MeprojIa, aBTOp MpeHedperaeT HecuMMe-
TPUUHOCTHIO CHCTEMBI, YTO BHOCHUT MCKa)KEHHUS B ONHCAHUM XapakTepa
KoJIcOaHUH.

OcTaHOBHMMCS Ha HEKOTOPBIX Pad0Tax 3apyOeKHbBIX aBTOPOB.

Drocszynsky J. B 1971 1. mpoBen aHaIMTHYIECKOE HCCIEAOBAaHUE T10-
TEPHU YCTOMYUBOCTH BTOPOTO POAA CTAIBHOTO CTEPXKHSI, IPEIBAPUTEIILHO
HaNpsHKEHHOTO THOKOM TSTOW ¢ TpeMs TUCKPETHBIMH KOHTAKTaMu (IBa
10 KOHIIAM CTEPKHS U OJIMH TI0 CepeInHe CTeP)KHA). ABTOp pacCMOTpeT
IBa caydas: 1) mOTepro YCTOMYWBOCTHU MPH ACHCTBUU COCPEIOTOUCHHOMN
MOTIEpEYHON CHiIbl (), TPUIIOKEHHOM 110 CEPEIHE MPOJIeTa U BBI3HIBAIO-

94



e u3rud, oOpaTHbIN N3ruly CO3IaHHOMY TIPEABAPUTEILHBIM CKaTHEM;
2) MoTepro yCTOMYUBOCTH TIPH JIEHCTBUH OCEBOM CXKUMAIOIIEH CHITBI P
OT IKCILIyaTaIlMOHHONW HArpy3KH, CO3MAIONIeH M3ru0, MOMOTHUTEIbHBIN
K CO37JaHHOMY. B OCHOBY pacdera mosioykeHa TpUOIIKEHHAsT METOIHU-
ka K. Exuka, ocHOBaHHas Ha 3aMEHE peallbHOH (HOpMBI N3rnba CHHYCO-
HUJIAJIbHOM, a TaKke HEKOTOphle pe3yibrarbl uccienoBanuid K. Exuka o
BIUSIHUM (DOPMBI TONIEPEUHOTO CEUEHUS HJCAIBHOTO YIPYroriacTHue-
CKOT'O CTEPIKHSI Ha BEJIMYMHY KPUTUYCCKOTO HAIPSHKCHUSL.

Prathap, Gangah, Vardan B 1971 r. H3JIOXWIN aHATUTHYCCKUAN TIOA-
XOJl K OTPENICICHUIO 3HAUCHUS! KPUTHUECKOW CHIIBI H (POPMBI MTOCIICKPH-
TUYECKUX YCTOWYHMBBIX COCTOSIHUH KOHCOJILHOTO cTepikHs. Crieruduka
paboThI CBsi3aHAa C PACCMOTPEHUEM JICHCTBHSI HAKJIOHHBIX 10 OTHOIIIC-
HUIO K OCH CTEPXKHS CHJI. AHAJIHM3 MPOBOAUTCS B paMKaxX JNEHCTBHA Me-
tona Penes-Putua ¢ OJHOUWIEHHON amnmpoKCUMalUEd OCH CTEpXKHS
TPUTOHOMETPHUYECKON (DYHKITHEH U C MOCIEAYIONIM YUCIIEHHBIM HHTET-
pUpOBaHHEM IIPH TMOCTPOSHUH 3aBHUCHMOCTEH «IpOTHO — Harpy3Kay.
[IpoBoauTCSt CpaBHEHHE PE3YIBTATOB TAKOTO MPUOIHKEHHOTO TTOIXO0/IA C
JAHHBIMH 0OJICE TOUYHBIX PEIICHUI Ha OCHOBE YHCIIEHHBIX METOI0B. KoH-
KPETHBIE BBIYUCIICHUSI POBEICHBI JIJIS1 OMHOPOIHOTO CTEPKHS, KOT/Ia JIn-
HUS JEUCTBUS MPUITOKEHHOM Ha KOHILIE CUJIbI TPOXOAUT YEPE3 HEKOTOPYIO
¢uxcupoBannyto Touky. RJH. Plaut u E.R. Johnson B 1980 r. mpoananu-
3WPOBAJIU BIMSHUE HAYAJILHOTO PAcIiopa U yIpyroro OCHOBAaHUS Ha CBO-
0oyHbIe KoyeOaHus apoK. J[BYKeHHE apKu ONMUCHIBATIOCH HEITHMHEWHBIM
mudepeHuanbHbIM ypaBHeHHeM. ONnpaHne KOHIIOB apKHU MIapHUPHOE.
Crarnueckas (BecoBast) Harpyska Iojiarajiach pactpeaesIeHHOH 10 3aK0-
Hy cuHyca. HaganpHas opma apku cuHycouganbHas. ABTOpaMHu OBLITH
MTOITy4EeHBI PE3YIBTATHI IS APOK C PA3IMIHOMN CTPEIION MoIbeMa IIpH pas-
JUYHBIX 3HAYEHHSX pacropa Juid )KeCTKOTO M yIPYroro oCHoBaHUsA. Pe-
3yIbTaThl TIPEICTABIICHBI B BUJE TPa(pUKOB 3aBUCUMOCTEH HArpy3KH OT
KBaJIpaTa 9acTOTEHI.

Raju K., Rao G. u W. Venkastewara B 1986 r. ucciieioBaiu cBOOOIHbIC
KoJIeOaHusl MPEABAPUTENIBHO CKATOM MIApHUPHO omnepToi OGanku. ABTO-
pamu yuuThIBajics 9pQeKT cABUra U MHEpLUs BpamieHus. B padore npu-
BEJICHBI BBIPAKCHUS! KMHETHUYECKOW U MOTCHI[UAIBHON SHEPTrUuil U CIKU-
Marolien cuibl. [lapameTp 4acToThI OTIpEAEIISETCS C TOMOIIBI0 (hOPMYITBI
Penes-Putna. /lanel 3aBUCUMOCTH MapaMeTpa 4acTOThl OT CKUMAKOLIEH
CHWJIBI ¥ pa3MepoB Oallku. ABTOpaMu OBLITO MTOKa3aHO, YTO AJIs IIIAPHUPHO
OTIEPTHIX MPETHANPSHKEHHBIX 0aJoK BIUSHHE AedopMannii cBUTa 3Ha-
YUTEBHO TOJBKO IS BRICITUX (pOpM KoneOaHWi maske Il THOKUX Oa-
JIOK, a BITUSTHUE OCEBOW CIKMMAIOIIEeH HArpy3KH (TIpeaHapsHKeHNs ) 3HAIH-
TEIHHO TSI HU3ITHX (DOPM.

W.Y. Tseng u J. Dugundji 8 1971 r. TeOpeTUYESCKHU U SKCIICPUMEHTA b~
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HO HCCJIE0OBANU KOJICOAHHS TPSIMOJMHEHHOTO M BBITyYEHHBIX CTEPIK-
HeH C 3aIIeMJICHHBIMHI KOHIIAMH TIPH MTOTIEPEYHOM BO30YKISHHH OTIOP.
[Tpu momomm Meroma byOHoBa-I"anepkuHa ocHOBHOE AU EpeHITHATE-
HOE€ ypaBHEHHE B YaCTHBIX MTPOU3BOIHBIX CBEJICHO K MOIU(UITUPOBAHHO-
My ypaBHenuio Jlyddunra, kotopoe B CBOIO 04epenb ObIIIO PEeIIeHO MPH
MOMOII METO/Ia TapMOHWYecKoro Oananca. [ToMumo pemieHus, coOT-
BETCTBYIOIIETO MTPOCTHIM FAPMOHUYECKUM KOJICOAHUSIM, HalJICHBI TAKXKe
ApyTue€ BE€TBH, COOTBETCTBYIOUINE KOM6I/IHaHI/IOHHI)IM TOHAM. DTH KoJje-
OaHusi OOHapy)KEHBI TAaKXKe U B dKcIiepuMeHTe. Ha ocHoBaHMHU perieHus
ypaBHEHUS B BapualMax THIA XWJUIa UCCIe0BaHa YCTOMUUBOCTh yCTa-
HOBMBIIMXCS TAPMOHMYECKHUX M YABTparapMOHHUECKUX KoneOanuii. Bol-
MIOJTHEHO aHAJIOTUYHOE HMCCIISIOBAaHHE YCTOMYUBOCTH C YY€TOM KojeOa-
HUH 110 BTOPO# (hopMe 1 JaHa OIIEHKA POJIH ATOM (POPMBI C TOUKH 3pEHUS
ycToiHunBOCTH. [Ipy MOMOIIHM YUCIIEHHOTO MHTETPUPOBAHUS TI0 METOIY
Pynre-Kytra nccnenosana 3ama4a o npomenkuBannd. OOHapyKeHBI KaK
SMU30JMYECKHE TAaK U CTAOMIbHBIE MPOIIEIKHUBAHNA. ABTOpaMH OTMeda-
eTCsl BO3MOXXHOCTh HAapyIIeHHS depenoBaHus (GopM KojeOaHUW MpH
OTIPENIEIICHHBIX 3HAYEHUAX HA4aJbHOTO CTaTW4ecKoro mporuda. Cuemy-
€T OTMETUTD, YTO IPU IMOCTPOCHUUN aMINIMTYJHO-4YaCTOTHBIX KPUBBLIX aB-
TOpaMu 6I)I.HO IIPUHATO, YTO YETBEPTHU «KMAJIBIX» KoJIeOaHui OJJMHAKOBBI,
BCJICACTBUEC YCTO BO3HUKIIM UCKAKCHUSA B «CKCIJICTHBIX» KPHBBIX. B pa-
00Te TakKe HE YYTCHbI KBaJPAaTUUHBIA WICH M CTaTHYeCKas Harpyska,
BbI3BaHHBIC HAYAJIBHBIMU Ae(QOpMaLnsIMU CTEPKHS, KOTOPBIE TPUBOJIAT K
TOMY, YTO «MaJjble» KOJeOaHHsi OTHOCUTEIHHO YCTONYHMBBIX TIOJIOKEHUH
PaBHOBECHSI pa3IMYHBI.

Pa3BuTHe KOCMHYECKON TEXHHKH MPHUBEIIO K HEOOXOIMMOCTH CO3/a-
HUS IPUHIMITHAIBHO HOBBIX KJIACCOB KOHCTPYKIMN. JTO BBI3BAHO CIIEII-
npukoil X pabOTBl B KOCMOCE — MPAKTHYECKHUM OTCYTCTBHEM TpaBH-
Taluu. Kocmmueckas KOHCTPYKIHA JOJIDKHA O6_Ha)laTB HHU3KHM BECOM,
HU3KOH KCCTKOCTBIO, HO I[OCTaTO‘IHOI\/lI IIPOYHOCTBIO, UTO JOCTUTACTCA UX
NIPEAHAIPSKEHUEM.

3epKaHI)HI)Ie AHTCHHBI SABJISIIOTCA OCHOBHBIMU 3JICMCHTAMH YCTpOﬁCTB
U riepegain CUrHajioB CBCpXBBICOKOﬁ YaCTOThbI, SKCIUTYaTUPYEMbIX Ha
OOpTy JieTaTeNbHBIX allapaToB U CY/I0B Pa3IMYHbIX THIIOB. B cBs31 ¢ 9THM
Oonbloe 3HaYeHUE Tprodpena pa3paboTKa METOIOB pacdyeTa U HKCIEepH-
MEHTAJIbHBIX UCCJIEOBAHUI TPOYHOCTH U YCTOMYMBOCTH OOOJOYEUHBIX
KOHCTPYKIIUH 3€pKANBbHBIX aHTeHH. VI3BeCcTHO, 4TO TeopHs 000JI0UeK B Ha-
CTosIIIIee BpeMsl MOTydniIa 3HaunTeNbHoe pa3Butre. OHAKO TIPH pacueTe
YKa3aHHBIX CHCTEM BO3ZHHKAET HEOOXOAMMOCTh PEIICHHUS BOIIPOCOB MTPOU-
HOCTH M yCTOWYHMBOCTH, CBA3aHHBIX KaK C KOHCTPYKTUBHBIMH OCOOEHHO-
CTSIMH, TaK M CO CTICIIMATHHBIMHU yCIOBUSIMH dKCIUTYyararuu. Cpeau padoT
MOCBSIIICHHBIX 3TOMY HAIPaBJICHUIO CIIE/TYET BHIJICIHUTH CIICIYIOIIHUE.
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I'ynpamosuu B.C. B 1986 r. npeaioxu1 METOAUKY U IPUBEIT pe3yJibTa-
THI IepopMUpOBaHUs 000JIOUKH, UMEIOIIEH HaYallbHOE PEryIIIPHOS HITH
HEpEeTyIIpHOE HECOBEPIIEHCTBO (OpMBI. B nmHEitHOH mocTaHOBKe pe-
IIeHa 33/1a49a TWHAMHUKH O0OJIOYKM C HadaJhbHBIMH HECOBEPIICHCTBAMHU
(hopMBI TP KPATKOBPEMEHHOM HArPy:KEHUH HEWACATbHBIM UMITYIIHCOM
Y TIpY MHOTOKPAaTHOM MMITYJIbCHOM Harpy»XeHHU.

Housner Jerold, M. Belvin, W. Keith B 1983 . npoBenu TeopeTuueckoe
MOJICIMPOBAHUE HEJIMHEHHBIX KoeOaHuit «hoop-columny kocMU4eCcKoi
aHTEHHbI. AHTEHHA MOJIETMPOBAIACh KaKk MPOCTPAHCTBEHHAs JIByMEpHas
KOHCTPYKIIMS, YCUJIEHHAs TPOCOM IPU T'apMOHHUYECKOM CHHYCOUAAIIb-
HOM BO3MylIeHUH. VccrnenoBanue nMpoBOMIIOCH C MOMOIIBIO JIMHEHHO-
IO, HETMHEHHOTO ¥ KBa3WIMHEHHOro noaxoAoB. B nuHelHo# mocTaHOBKE
WCTIOJIh30BAUCH KaK TOYHOE, TaK W MPHUOIMIKEHHOE pEelieHHe, P KO-
TOPOM KaXKJIbIii TPOC MOAETUPOBAJICS MPYKUHOU C Maccoil, COCpenoTo-
YeHHOH Ha KoHIax. C MOMOIIBbIO KBa3WIMHEWHOTO aHAIIN3a YIPOIIEHHAs
MoJIeNTb ObliIa TIepeHeceHa Ha pacdeT 0CIabIeHHOTO Tpoca MPH ero cMe-
IIEHUH U3-3a CHATHS 0CEeBOM Harpy3ku. HenmmHeiHsIH moaxos ObUT MpH-
MEHEH JIJIsl Tpoca C paclpeAesIeHHONH Maccoi B cirydae 60mpmux aedop-
MalIUil ¥ €ro €CTeCTBEHHOro U3ruda npu oclabICHHH.

OCOOEHHOCTBIO HENMHEHHBIX CHUCTEM SBJISIETCS BbICOKash UyBCTBH-
TEJIBHOCTh K N3MEHEHUIO HAaYaJIbHBIX YCIOBHM, YTO SBIISIETCS OCHOBHBIM
MPU3HAKOM BO3HUKHOBEHHUS XaOTHUYECKHX KojeOaHuil. B HenmHeHHBIX
CHCTEMax C JUCCHITALUEN SHEPTUH HAYAJIbHBIE YCIIOBUS BIUSIOT HE TOb-
KO Ha CBOOOIHBIE KOJICOAHNsI, HO ¥ Ha BBIHYK/ICHHBIE KOJICOAHHUS B TIepe-
XOJTHOM ¥ YCTaHOBHBIIIEMCS peKUMax. B muama3oHe n3aMeHeHUs 4acTOThI
BO3MYIIAIOMICH CHIIBI, XapaKTepPH3yeMOM CYIIECTBOBAHHMEM HECKOIb-
KHUX TEPHOANYECKUX PEIICHUH OAMHAKOBOW YacTOTHI, MMEHHO HaYallb-
HBIE YCJIOBHS OIPEENSIOT Pealn3alfio TOTO WM WHOTO YCTOHYHBOTO
TIEPUOINIECKOTO PEIICHUSI.

3agaga 0 peanm3anuy MEPUOIUICCKUX PEIICHUN B 00JACTH CyIIe-
CTBOBaHMS MHOTO3HAYHOCTH aMIUIUTYJl KoJieOaHHUH B paMKaxX KOHILIEIMH
«HUCTOPHN» U3MEHEHHUS YaCTOThI BO3MYIIIEHUS Ha IPUMepe CUMMETPUYHON
cucrembl Jlyddunra Brepsrie Obuta pelieHa B padorax Kazakesuua M.U,
Penpro C.®., KBamm 2.H. u Xascu T. B atux pabdorax ormedanock, 4To
aHaJIMTUYEeCKoe pelieHue ypaBHeHud Ttuma Jlydhdunra m uccnemoBanue
MEPUOMYESCKIX PEKMMOB 3aBUCHT OT HA4YaJIbHBIX YCIOBUH U CBSI3aHO C
OOJIBIIIMMU MaTeMaTHYECKUMH TPYAHOCTAMHU. Ha maHHOM »Tamne pa3BuTHs
HEJIMHEWHOW MEXaHWKW M3y4YEeHHUE BIIMSHUS KaHAJIbHBIX YCIOBHHA Ha BO3-
MOXXHBIE YCTOHYMBBIE PEKUMBI KOJIEOAHUN B 30HE MHOTO3HAYHOCTH aM-
TUTATYJT MOYKET OBITH CBSI3aHO TOJIBKO C YMCIIEHHBIM SKCTIEPHMEHTOM.

M.U. Kazakesud u C.D. Penpko, Kymsaoko FO.B. B 1990 . uccnenona-
T 00NTaCTH MPUTSHKEHHS HAYABHBIX YCIOBUN B HEIMHEHHBIX HECHMMeE-
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TpUUHBIX cucteMax Tumna /lydhduara. ABropamu Oblia MpoBeCHA OIICHKA
BIUSTHYSI TTAPAMETPOB 3aTyXaHUS U aMIUTHTYAbI TAPMOHUYECKOTO BO3MY-
IIeHUS Ha BOBMOYKHOCTH PEeasTM3alliil YCTOMYHUBBIX PEKUMOB KoJieOaHui.
B 1991 r. M. Kazakesnuu u C.®. Peapko 0TMEUAIOT, YTO JJISI CUCTEM «C
MIPOIIEeTKUBaHuEM» OM(ypKays U yABOSHHE TIeproa, TOTyJUBIIee Ha-
3BaHME «3aKk0oH DeiireHOaymay», UTPAIOT KIIOYEBYIO POJIb B BOSHUKHOBE-
HUM CTPaHHBIX aTTPaKTOPOB.

B 90-¢ rr. mKosnol MONBbCKUAX YYEHBIX OBUIM TPOBEACHBI OOMIMPHBIC
HCCIIEZIOBAHUS TMHAMUYECKOT0 MOBEACHHSI CHMMETPUYHBIX CUCTEM C «IIe-
PECKOKOM» JUIsl YaCTHBIX 3HaYeHUH uX nmapameTpoB. Tak, B 1993 . Szem-
plinska-Stupnicka W. n Rudowski J. mpeacrasunm pe3yasrarsl 9ucieH-
HOTO MOJEIUPOBAHUsI BBIHYXJIEHHBIX KoJeOaHUil. ABTOpaMu Ha OCHOBE
WCCIIEZIOBaHUS PA3IMYHBIX ()OPM HEYCTOHYHBOCTH MIEPUOTUIESCKUX KOJIe-
0aHnY OBLT TIOJYYeH anpOKCHMHUPOBAHHBI KPUTEPUH CyIIECTBOBAHUS
«OONBIINX» M «MAITBIX» TIEPUOINIECKUX Konebanwuii. B 1995r. Szemplin-
ska-Stupracka W. uccremoBana ycioBuss BOSHUKHOBEHUS XaOTHUIECCKUX
KoJIe0aHUH B pe30HAHCHBIX 30HAX KOJIeOaHW OCHOBHOTO TOHA U CyOrap-
MOHUYECKUX KoJeOaHnid. ABTOPOM OBLT TOTyUEH KPUTEPHIA TSI OTIpeie-
JIEHUS] KpUTHUYECKUX MTapaMeTPOB CUCTEMBI, ITPH KOTOPBIX BO3MOKHO BO3-
HUKHOBEHHE Xa0THUECKUX KosieOanuii. Pabora SzemplinskaStupnicka W.
u Janicki K 1997 ., nocBsiiieHHas McciaeJ0BaHUIO SIBICHUS OU(ypKauu
«OOIBIINX» MEPUOANYECKHX KoJeOaHU B 00JacTH MapaMeTpOB CHUCTE-
MBI, CTaja MPOJOKEHUEM HCCIICTOBAHUH.

B xonue 50-x — nagane 60-x rogos npogeccopom Mucruryra Oone-
muHeHHbIX SnepHbix Uccnenosanuii (1. [lyoHa, Poccust) MensHUKOBBIM
B.K. 6511 pazpaboTan MeTo1, MO3BOISIONIHNA TOTYYaTh HUKHIE TPAHHIIBI
MapaMeTpoB IWHAMHUYECKHX CHUCTEM, IIPU KOTOPBIX BO3MOXHBI XaOTHYe-
ckue sBieHns. OOBEKTOM €ro UCCIeTOBaHUM CTalH TUHAMHYECKHE CH-
CTeMBI C HECKOJIBKUMH HECMEKHBIMHU ITOJIOKEHUSIMHA PaBHOBECHS (pHC.
2), HaxoIAIIMECs MO JACUCTBHEM KBAa3HUIEPHUOAMYECKOTO BO3MYIIECHHS.
[ToBeneHue Takux CHCTEM OINHMCHIBAETCS YpaBHEHHEM BHJA

rne €<<1 — Ge3pasmeprbIit ManbIii mapameTp.

711 oLieHKH BO3MOYKHOCTHU Xa0THUECKUX SIBICHUN U CPEIHETO BpeMe-
HU BBIXOJSI M3 «IIPUBUIICTHPOBAHHOI» 001acTH (ha30BOr0 MOAIPOCTPaH-
CTBa, CBSI3aHHOM C MOTEHITUAIBHOU siMoi, MensHuKoBEIM B.K. OB Tipe -
JIO’)KEH IapaMmeTp

)=—¢ j¢ )dr + jh P(t)dr 5)

e h (1) = ¢g(—t ), dy(t) — 3HaUECHUE HAYAJIHLHOU CKOPOCTH.
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Puc. 2. Brusanue manozo napamempa
npu «MeoIeHHOM 6PeMEHU» HA WUPUHY 001acmu 3aX6ama

BbIxoy cHCTEMbl U3 «IIPUBUIICTUPOBAHHONY» 00JaCTU COOTBETCTBY-
€T MOMEHT BpeMeHH t, mpu KoTopoM M(?) oOparaercs B Hyl1b. OCHOB-
HBIMU TPEINOCHUTKAMU MPUMEHUMOCTHU MeToaa MensuukoBa B.K. sBis-
FOTCS PABHOMEpHAsI OJHOPOIHOCTh M HENPEPBIBHOCTh IPAHUI (ha30BBIX
noanpocTpancts. ClenAcTBUEM 3TOrO JOMYLICHUS SBISETCS BO3MOXK-
HOCTh OJTHOBPEMEHHOI'O CYIIECTBOBAHMS KaK CTOXaCTUYECKUX (CIlTydaid-
HBIX), TAK ¥ XaOTHYECKHX, YyBCTBUTEIHHBIX K HAYAIBHBIM YCIIOBHUSM,
niporieccos [4] (puc. 3). JlaHHBIH MOIXO/ K UCCIEA0BAHUIO XaOTHUECKAX
MIPOIIECCOB B ICTEPMUHUPOBAHHBIX CHCTEMaX TPH KBa3UITICPHOIUICCKOM
BO3MYIIICHUH ITOJIYYHJT Ha3BaHWE JETCPMUHUPOBAHHOTO MeToma Meib-
nukosa B.K.

Puc. 3. Acumnmomuueckue mpaexmopuu «muoxyicecmea Menvnurkosa»
u oopazyemole UMU «KAHATBL)
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[upokuii psa IeTEPMUHUPOBAHHBIX CUCTEM C HECKOJIBKHM HECMEXK-
HBIMH YCTOMYMBBIMH TOJIOKCHUSIMA PaBHOBECHS IOJBEPralOTCs JeH-
CTBMIO CTOXAaCTHUYECKOTO (CIIy4aifHOI0) BO3AE€HCTBHS, HAIIPUMED, BETPOBO-
0, BOJIHOBOTO WJIN celicMUuUecKoro. B 00IbIIMHCTBE HCCIeA0BaHNUN BUIB
BO3MYIIIEHUH HCANU3UPOBAIUCH KaK TAPMOHUYECKHE, YTO TIPUBOIIIIO K
OMMUOOYHBIM pe3yiabraraM. [Jisi TAKMX CUCTEM JIeTePMHUHUPOBAHHBIN Me-
TOJi MeIbHUKOBA MaJIONIPUMEHUM. B 4acTHOCTH OH JlaeT OIMO0YHOE 3a-
KJIFOUEHHE O HEBO3MOXXHOCTHU Xa0ca MPH HU3KUX YPOBHSIX BO3MYIIEHUS B
CTOXaCTHUYECKHUX CHCTeMaxX, YTO MPOTUBOPEUUT UX MPHUPO/IE.

Holmes u Mardsen, Simiu u Frey u apyrue mpemaoXumm ps1 mporie-
Iyp, PACHIMPSIONINX BO3MOKHOCTH AETEPMUHUPOBAHHOTO MeToia Menb-
HuKoBa. Ha MX ocHOBe ObLI HOCTPOEH CTOXaCTUUECKUN METOJ (BapuaLys
3TOro Merona) MenbHuKoBa. Ero BOZBMOXHOCTH aBTOPBI IPOUIUTIOCTPH-
pOBaI Ha MPUMEPE CUCTEM C aJJUTHUBHBIM M MYJIBTHIIIMKATUBHBIM IITy-
MamH. J[j1s1 OLleHKH JOCTOBEPHOCTH NPEIUIOKEHHBIX MIPOLeyp ObLIO BbI-
IIOJIHEHO COIIOCTaBICHHE PE3yIbTaTOB YHCIEHHOIO MOAEIHUPOBAHHS U
AQHAJIMUTUYECKOTO WCCIEOBaHUS. ABTOpAaMH JI0Ka3aHO, YTO JAHHBINA Me-
TOJ TPUMEHUM TIPH BO3MYIIEHHSIX C AUCTIEPCHUEN MEHBIIIEH, 4eM TUcTep-
CUsI MUHUMAJIbHOM FapMOHUKH, ITPU KOTOPOM BO3MOXKEH Xa0cC.

3a mocyieiHMe MATHAIATD JeT JeTepPMUHUPOBAHHBIA U CTOXacTHYe-
CKUI MeTo/Ibl MeIbHUKOBA MOTYYHIIN CBOE IPUMEHEHHUE B UCCIIEI0BAaHH-
SIX MeJUIeHHO Menstronxcs cucteM (Wiggins, Holmes), cucrem ¢ muxo-
TOMHBIM K MYJIBTHIUIMKaTUBHBIM IIyMoM (Simiu, Frey).
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IDENTIFICATION OF NON-LINEAR DYNAMIC SYSTEMS*

1. Introduction.

Mechanical system call non-linear, if the ratio describing processes of
its motion or static deforming are non-linear. Then even one of generalized
forces is non-linearly connected to generalized coordinates or speeds.

Generally oscillations arising in a non-linear dynamic system is
possible to describe by an equation of a view [1]:

O +RO) + H () = P. (1)

where @ — generalized coordinate; R(Q)), H ( () — restoring and dissipa-
tive characteristic; P(t) — parameter of an external disturbance.

The non-linearity of dynamic systems, as a rule, is a consequent of
non-linearity inertial and rigid of the characteristics.

Peculiarities of investigated systems is:

— relation of oscillation frequency to frequency;

— capability of originating sub- and superharmonic oscillations;

— multi regimes on a fixed frequency of a disturbance;

— capability of originating of a spurious oscillation. These phenomena
can become the cause of destruction or installation of emergency opera-
tion in dynamic systems. On the other hand, usage of non-linear effects
described above, allows to increase efficiency of vibration machines, and
also to engineer qualitatively new vibration, signal and vibration proved
of the device.

At analytical investigation of oscillations there is a necessity of con-
struction of mathematical model. For this purpose will use the data of
technical drawings, descriptions, and also other documentation about
frame and values of separate parameters. However in some cases this in-
formation can be poor. Effective thus there is usage of methods of identi-
fication of systems. They are concluded on construction of mathematical
model of object on experimental records.

2. Differential equation of free oscillations.

It is known, that the non-linear effects in dynamic systems are a
development of absolute properties, i.e. free oscillations. In the given
report the researches of dynamic systems are shown , the non-linearity
which one is called by non-linearity of the restoring characteristic. The

* OnmyonukoBaHo coBMecTHO ¢ B.E. BonkoBoii B Tpynax 7 MexxyHapoHOM
Kondepenuun, Buparoc, 2001.
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results were obtained for systems having the piecewise linear restoring
characteristics [2]:

— double links system.;

— three links system;

— systems with «backlash»:

— systems with «interference»;

— system with «interference» and «backlash». As reference the linear
system was adopted.

The graphics of change of the restoring characteristics [2], the skeleton
curves of considered systems are shown in Table 1.

3. Application of phase trajectories to research of oscillation
processes.

Fundamentals of the qualitative theory of research of dynamic
processes were found by Poincare. The charts, offered him, on which one
the motion of a point is represented by some trajectory on a phase plane
(0,0) allows to judge periodicity of dynamic processes and existence of
singular points conforming to steady or unstable final equilibrium state.

They are widely used for analysis of off-line systems unidirectional.
The frame of the phase diagrams (¢,0) .

Diverse selection of parameters of phase planes is possible also. The
greatest concern is introduced by phase trajectory on a plane (¢,0).
It is connected, that the power yardsticks on her are .interpreted most
visually. So, area, the restricted curve ¢ (¢), is peer to activity. And the
circumvention of its contour coupter-clockwise corresponds to energy
loiter system. Besides the relation (E(q)) back is symmetrical concerning an
axis ¢ to the graphic of change of the restoring characteristic. In particular,
in a Figure 1 the graphics of change of the restoring characteristic_and
accelerations for a system with «backlash» are shown. The chart ¢ (¢)
allows to eablish a kind and level of non-linearity of a system.

s+ R (¢} .':T ¢

=5 - 5=

Figure 1. The graphics of change of the accelerations
and restoring characteristic
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For example, the free oscillations of a linear system are described by
a differential equation of a view:
mo +kdp=0, 2)
m — mass of system; k — rigidity of system.
Let’s take advantage of the kn wn solution:
¢ = Acos(w,f). 3)
where 4 — amplitude of oscillations; @, = «/k/m —natural frequency.
Then the relation between acceleration and generalized coordinate is
determined by a ratio:
0 =-00, “4)
And the angle of lean of a functlon ¢(¢) to an axis ¢ makes:

180 = —w,=—~k/m. (5)

Except for the offered phase dlagram ((l) ) for the analysis of dissipa-
tive properties of a system the chart ( f) can be utilized.

The main difficulty of constructlon of the phase diagrams (¢,¢) and
(¢ ¢) consists in necessity to eliminate parameter of time ¢ from the con-
forming relations. Analytically to execute this operation it is not always
possible. The majority of metering devices is registered by(with) changes
of movements, speeds and accelerations of points of investigated systems
in time. The sanitarium and technological norms introduce limitations
on values of these parameters. Receiving sequentially it is possible to re-
ceive the conforming couples of values of parameters (])(;) both ¢(#)or
¢(1) and ¢(¢), data of phase characterlstlcs (Figure 2).

vt
Figure 2. Construction of the phase diagram (¢,¢)
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4. Technique of computing experiment

For obtaining parametric relations ¢(¢), 0(¢), ¢(¢) the software was
built In its basis the method of Runge-Kutta of the fourth order utilized.
The integration step was adopted T o

At = —, where 7 =—, that
600 o
provided stability of a procedure of a numerical integration at different
parameters of an equation (1).

It is known, that the free oscillations of non-linear systems are not
monoharmonic. For an estimation of influencing of separate harmonics in
the software the unit of spectral analysis utilized. He realized on the basis
of algorithm of a fast Fourier transform. Allowing influencing of initial
conditions on installation of one of possible oscillating behaviours, the
results were obtained for several values of initial movements and speeds.
The results of numerical experiment for systems 1-6 are shown in Table
2.

5. Concluding remarks.

Not always precise enough and full mathematical description of actual
objects can be constructed ground, of time processes ¢(f), phase trajec-
tories (g,q)) and spectral characteristics.

As demonstrate results, these characteristics in some cases do not
give the answer to a problem: «Whether the system is linear or not?» It
is connected that in at non-resonance modes of oscillation are close to
monohannomc. The known lobe of an error can also be introduced by an
error in selection of a discretization. In too time, the phase trajectories

,0) allow qualitatively to reveal displacings of the law of the restoring
characteristic R (¢ ) in case of double and three links characteristic. This
¢(t) for systems 2 and 3 look like curves asymmetrical concerning a zero
position, and for systems 4,5 and 6 have a ramp view with well-marked
horizontal and vertical segments, accordingly. To determine a kind and
parameters of relation R (¢ ) it is possible only due to phase trajectories
on a plane ((]p,q)).

The similar results were obtained and for non-linear systems with the
continuous law of change of the restoring characteristic [3].
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APPLICATION OF QUALITATIVE METHODS TO RESEARCH
OF POLYHARMONIC OSCILLATIONS*

1. Introduction.

The development of the qualitative methods of investigation of dy-
namic systems, suggested by the authors, is the effective means for iden-
tification of dynamic systems. The results of the extensive investigations
of the behaviour of linear dynamic systems and symmetrical system with
double well potential under polyharmonic excitation are given in the pa-
per. The bases of the method of qualitative investigation of oscillations
were developed by Poincare. Application of these methods is most ef-
fective for the investigation of oscillations of systems with one degree
of freedom. The classical approach to qualitative investigation of oscil-
lations consists in finding out special points on a phase plane (, y) and
definition of their type (node, saddle, centre or focus). Studying of special
points of system explains the picture of trajectories of points on a phase
plane (displacement, velocity) in their neighbourhood, however does not
allow to study oscillatory processes finally.

Phase space of dynamic systems is multi-dimensional. Each point of
this space is characterized by not less than four co-ordinates. In particu-
lar: displacement, velocity, acceleration and time. Real space has three
dimensions. It is more convenient for the analysis. We consider the phase
space as limited to three dimensions, namely displacement, velocity and
acceleration. Another choice of parameters of phase planes is also possi-
ble [1, 2]. Phase trajectory on a plane (), }’) is of the greatest interest. It
is known that accelerations of points are more sensitive to deviations of
oscillations from harmonic ones.

It is connected with the fact that power criteria on it are interpreted
most evidently. .

Besides, dependence )()) is back symmetric relative to axis y of the
diagram of elastic characteristic. For example, in Figure 1 diagrams of
change of the elastic characteristic and acceleration for the system with
“backlash” are shown. Only the phase trajectories J()’) allow establish-
ing a type and a level of non-linearity of a system.

The results of the extensive investigations of the dynamic systems
behaviour under polyharmonic excitation are given in the paper.

*OnyomukoBano coBMecTHO ¢ B.E. BomkoBoit B Bauhaus — Universitat
Weimar, IKM 2003, Weimar.
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Figure 1. Diagrams of change of the elastic properties and acceleration
for system with «backlashy

2. Differential equation of polyharmonic forced oscillations.

Let’s remark that outer excitation can contain some harmonics for
wide range of mechanical dynamic systems. Their amplitudes might be
various. The forced oscillations of such systems described by the non-
linear differential equation of the type

y+ey+R(y)=F(@)

F(t)=F, + Zn:Fi (t)cos(a)i t)+ Zn:Fj (f)Sin(w j t) W

i=1 =
i=1,2,3...n, j=1,2,3...n,

where y is the generalized coordinate; ¢ is the damping coefficient of
the system; R () is the elastic characteristic of the system; and F, F, F,
o, are parameters of the outer polyharmonic excitation.

Let’s restrict our investigation to symmetrical biharmonic oscillations,
then outer polyharmonic excitation has the form:

F(t)=F cosl(ol t}+Fm cos((nm t),m:1,2,3..., )

The excitation is monoharmonic in a case if m = 1. The results of in-
vestigation for m = 2, 3 are presented in the paper. We compare linear
system to nonlinear symmetric system with double well potential (buck-

ling).
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3. The methods of modelling.

The hybrid computing complexes (HCC) present the synthesis of an-
alogue and numerical computers. They possess the fastness of the ana-
logue and the precision of the numerical computers with large memory
size. The HCC gives the possibility to observe visually the computing
process during the investigations by means of oscillographs, self-record-
ers etc. Besides, it is possible to change the parameters of the investigated
system in the process of computing.

The investigation of the forced oscillation systems with buckling was
carried out on the HCC produced on the base of IBM PC and analogue
computer ACC-31 with the signal generator of special shape. The maxi-
mum output signal constitutes 10 V within the frequency range 0.001-10
kHz. The double-trace oscillograph C1-99 was used for visual observa-
tion of the computing process — electric signals from the major amplifier
outputs. The results of the non-linear differential equation system integra-
tion were transmitted by means of the interface devices to IBM PC.

The standard mathematical securing is used for the analogue-to-digi-
tal converter functioning. The information input into IBM PC is stored on
the hard disk in the text file form. The spectral characteristics of the os-
cillating processes are obtained by means of the standard programme of
the fast Fourier transformation. The standard graphic software package is
used for the graphic presentation of the dynamic processes.

4. Analysis of biharmonic oscillations of the linear systems.
The system with a linear elastic characteristic has been adopted as a
reference. The elastic characteristic in this case has the following form:

R(y)=ay, 3)

The values of system parameters have been taken as follows: 0=408s;
€=0.1;0.5 1 s F=0.5; 1; 1.5/ws? F,, = 0.05...4.5 ms™.

The general forms of amplitude-frequency characteristics of system
(1) are given in Figure 2.

As it is shown in Figure 2, the linear dynamic system with one de-
gree of freedom can have an infinite number of resonance zones on har-
monics with multiple frequencies according to conditions ® = po, = o,
p=0,1,2,3,... . g

The stable branches of amplitude-frequency characteristics form two
frequency ranges with considerably different behaviour. As it is seen from
the results presented in Figure 2, range I is the area of appearance of com-
binative oscillations, range II is the area of resonance oscillations of the
fundamental tone.
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The time processes, phase trajectories and spectral densities of the
forced oscillation energy distribution at different amplitudes of the outer
excitation are shown in Figure 3.
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Figure 2. Amplitude-frequency characteristic of the linear system: m=3;
a=408 s%; £=0.5 s7; F = 0.5ms™

Within the first frequency range beat-like oscillations arise. The am-
plitudes of fundamental harmonic and sub-harmonic are commensurable.
The position of oscillations centre is not constant. That is why additional
closed loops appear on the Poincare map. The additional closed loops oc-
cur as well on phase trajectories on a plane (1, )’) . It is necessary to note
that 2 all of them are parallel. The angle of lean of these pathways to an
axis y is —o°.

The amplitude of sub-harmonic oscillations is too small in a second
resonance zone. The time processes y (), ¥(¢) and j(¢) look like mono-
harmonic. Meanwhile, the phase trajectories (y, ) and (), ) have some
peculiarities. The phase trajectories on a plane (y, y) have two addition-
al loops on their ends. They are symmetrical to a “skeleton” curve. The
phase trajectories on a plane (), ) are ellipses. Their main axes are in-
clined. The angle of lean of axes depends on a ratio of phases of the outer
excitation.
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5. Analysis of biharmonic oscillations of the systems with double
well potential.

The dynamic behaviour of such systems is described by the non-
linear differential Duffing-type equation. The elastic characteristic has
the following form:

R(y)=—0y+PBy°, (4)

The values of system parameters have been taken as follows: m = 2;3;
€=0.1;0.5;b""; o = 408s2; B = 7660000m=3s2;

F =0.15;0.5; 1.5 ms? F,=0.015...3 ms™.

The existence of one from three stable oscillation regimes is possible
depending on the potential energy value in the system:

— «large» oscillations relative to all three equilibrium point;

— «small» oscillations relative to the upper equilibrium point;

— «small» oscillations relative to the lower equilibrium point.

The «large» oscillations possess the peculiarities of the rigid system
behaviour, and «small» oscillations possess the qualities of soft systems.
The character of the oscillation amplitude changing with the increase or
decrease of the excitation frequencies is presented in Figure 4. The stable
branches of the amplitude-frequency characteristic form five frequency
ranges, for which the graphic of the time process, phase trajectories on
planes and spectral characteristics are obtained. The stalls of the forced
oscillation regimes from one branch to another are accompanied not only
by the transition from «large» oscillations to «smally, or vice versa, but
also by the appearance of the combination tones.
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0.0 | po |
3w 4 i w/3 | ;
= 0005 it — |
T "
2 o
& | 1
o | | ¥ | T
= —
=€ 6005 _— L ! - 4 l___. N —tr
|
’ i
0,Mm | |
3,015 J - )
o 5 10 15 20 25 an 35

FREQUIENCY, RADNS
==y, Bk e, B e T, A e D B —— w3, A —— w3 A

Figure 4. Amplitude-frequency characteristic of the system with double well
potential: m=3; a=408 s7; £=0.5 5'; f=7660000 m’’s?; F =0.15 ms*; F =0.075 ms~
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Range I (w =0 + 3 rad/s) is the area of the laying-on of ultra-harmon-
ic «small» oscillations of no (n = 2,3,4,5...) order on the «large» oscil-
lations of the fundamental tone both at increasing and decreasing of the
excitation frequencies.

Range Il (o = 3 = 7 rad/s) is the area of the «large» ultra-harmonic os-
cillations of 3 co order at the excitation frequency.

Range III (o = 7 + 26 rad/s) is the area of the «large» oscillations of
fundamental tone at the increase of excitation frequencies and the com-
bination with the «smally» ultra- and subharmonic oscillations of 2®, 3®
and ®/2 order at the excitation frequency decrease. It should be noted that
oscillations on even harmonics are not stable because the system is sym-
metrical. The appearance of chaotic oscillations is also observed within
this range.

Range IV is the area of «large» sub-harmonic oscillations of CO/3 or-
der both at increasing and decreasing the excitation frequencies.

Range V is the super-resonance area where only «small» oscillations
exist. In this area the forced oscillations are possible relative to one equi-
librium condition as well as to another non-adjacent to it.

The possibility of occurrence of the non-adjacent stable oscillations at
the fixed frequency of excitation is the peculiarity of the investigated sys-
tems. The realization of one of the stable regimes of oscillations depends
on the initial conditions in a complicated manner.

The frequencies of «large» oscillations stall for the cases of mono-
harmonic and biharm-noic excitation are different. It is important that
«skeleton» curves for oscillations on fundamental tone, ultra- and sub-
harmonic oscillations have different angles. The amplitude of oscillations
within the frequency range III is larger then if it was a monoharmonic ex-
citation.

As shown in Figure 5 a-c, for all the types of «large» oscillations the
phase trajectories are back symmetrical relative to axis y of the diagram
of elastic characteristic. It allows to recognise the type of dynamic sys-
tem.

The development of qualitative methods of investigation of dynamic
systems suggested by the authors is effective means of analysis and iden-
tification of dynamic systems. Simultaneous use of all three types of sig-
nals registered in time, namely displacement, velocity and acceleration
allows to expand considerably the opportunities of traditional methods of
investigation. The use of the given phase trajectories enables us to deter-
mine with a high degree of reliability the following peculiarities:

— presence or absence of non-linear character of behaviour of a dy-
namic system; type of non-linearity;

— type of dynamic process (oscillations of the basic tone, combinative
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oscillations, chaotic oscillations).

Unlike existing asymptotic and stochastic methods of identification
of dynamic systems, the use of the suggested technique is not connected
with the use of a significant amount of computing procedures, and also
it has a number of advantages at the investigation of complicated oscil-
lations.
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OTOBPAKEHUST ®A30BbIX TPAEKTOPUI B AHAJIM3E H-
HAMMWYECKHUX CBOUCTB XAOTHUYECKHUX CUCTEM*

Beenenue.

XaoTHUECKOEe IOBEAECHUE OOHAPYKUBAECTCS BO MHOTUX IPOLECCAX,
MPOTEKAIONINX B PA3IUYHBIX TPUPOJHBIX W TEXHHUECKUX OOBEKTaX.
OCOOEHHOCTBIO HCCIIeTyEMOTO Kiacca TMHAMHUYECKUX CHCTEM SIBIISIETCS
CYIIECTBEHHAS 3aBUCUMOCTD MX IMOBEJICHUSI OT HaYaJIbHBIX YCIOBUH.

KoHnenuust AMHAMHYECKOTO Xa0ca, OCHOBBI KOTOPO# OblTH cPopMu-
poBanbl B 70—-80 rr. XX Beka, MO3BOJISIET MpEAIoararb, YTo XOTs Obl B
HEKOTOPBIX CIIydasiX 3a CIOKHBIM BPEMEHHBIM MOBEACHUEM MOKET CTO-
ST CPAaBHUTEJILHO MPOCTAask MaTeMaTHYeCKasi MOJEIb.

3a1auu MPOrHO3UPOBAHUS IMHAMUYECKOTO OBEACHUS MEXaHUUECKUX
CHCTEM SIBJISIOTCSI BECbMa aKkTyaJdbHbIMU. OHHM HEpa3pbIBHO CBSI3aHBI C
npobnemamMu uAEHTH(UKAIUK 3TUX cucTeM. OOBEKTOM MpeAIaraeMoro
HCCIICIOBAHUS SIBJISIFOTCS CYIIECTBEHHO HEJIMHEHHBIE AUHAMUYECKUE CH-
creMsl. Llenp uccnenoBaHus COCTOUT B pa3pabOTKe METONOB UACHTU(U-
Kaluy MOJIeTIeH MPUHIMITHAILHO HETMHEWHBIX MEXaHHMYECKHX CHCTEM
IO 3aMUCAM XaOTUYECKUX MPOIECCOB.

1. CoBpemMeHHOE COCTOSIHME METO/I0B UAeHTU(DUKAIIUN MeXaHHYe-
CKHMX CHCTEM.

[Mocnennue aBa JecATHICTHSI MPOOJIEMbI IOCTPOCHUS MareMaTuye-
CKHMX MOJIEJICH ¥ MPOrHO3UPOBAHUS TUHAMUYECKOTO MOBEIACHUS IIEMEH-
TOB KOHCTPYKLHN MO JaHHBIM SKCIIEPUMEHTAIbHBIX 3alHCEHl BBI3BIBAIOT
TIOBBIIIICHHBIN WHTEpecC. 3a1a4i WACHTUDUKAIINN PA3ITHYAI0OTC MEXKITY
co000 Kak TI0 CBOEH IeNH — YCTaHOBJICHHWE 3HAYCHHH OTACIHHBIX Ta-
paMeTpoB AMHAMUYECKOH CHUCTEMBI WM OmpezeNieHre Tpeoliagarorie-
IO UCTOYHWKA BO3MYIIEHHS, TaK U 110 00beMy M3BECTHA i mH(pOpMAITHH.
Hawnbomee OTBETCTBEHHBIMH W aKTyaJIbHBIMU SIBJSTIOTCS 3aadd Kade-
CTBEHHOH MICHTU(DUKAITINY BBISBICHUS TUHAMUYCCKOW MOMIETH Koyeba-
HUU DJIEMEHTOB KOHCTPYKITHii [3].

O0nacTh MpUMEHEHHS OOJIBIITMHCTBA KJIIACCUYECKUX METOJIOB MJICHTH-
(uKauu orpaHUYEHa OJJHOYACTOTHBIMU JIMHAMUYECKUM U IPOLIECCaM H.
JlaHHbBIC METO/BI HIICHTH(HUKAIIMA OCHOBAHBI HAa UCIOIH30BAHUU BHEIII-
HET0 BO3MYIIEHUSI 0C000# (POPMBI — MPSAMOYTOIHHOTO UMITYJICHOTO HITH
cTyneH4aToro 3HakorepeMeHHoro [3]. [logoOHble BUABI BHEIIHETO BO3-
MYIIEHUS] BEChMa CIOXKHBI B peanu3aiun. [I0CKoibKy BMECTO BHEIIIHE-

*OnyomukoBaHo coBmecTHO ¢ B.E. BonkoBoii B k-1 «MeTauinyeckue KoH-
crpykuum», T. 12, Ne 4, MaxkeeBka, 2006.
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T'O BO3MYIICHHS, COOTBETCTBYIOIIETO HOPMAIILHOMY PEXUMY JKCILTyaTa-
LIWH, JUTS peajii3alliy JaHHBIX METOJIOB TpeOyeTcst BO3MYIIIEHHE 0CO00T0
THUTIA, TO CTAHOBUTCS OYEBHIHBIM, YTO ATH METO/IBI IIPEITOaraloT 1IeH-
TH(DHUKAITIIO MOJIETH MEXaHUIECKOW CHCTEMBI BHE YCIOBHH HOPMaTBHOMN
OKCILTyaTalyu. Taxum 06p330M, JaHHBIC METO/Abl IPUMEHNUMBI TOJIBKO K
JIMHEWHBIM CTallMOHAPHBIM CHUCTEMaM, B KOTOPBIX COOTHOIICHUE MEKIY
BHCIIHMM BO3MYIICHUEM M OTKJIIMKOM CHUCTEMbI COXPAaHACTCA I BCEX
JpYTUX TUIIOB BO3MYILIEHUS.

| 2
i mink

‘ 'rl“

X_1y,

Puc. 1. Cxema 3xcnepumenma

BonbmIMHCTBO COBPEMEHHBIX METOAOB KauyeCTBEHHOW HIEHTU(HKA-
Uy paboTaloT BO BpeMEeHHOW oOnactu. 7ax, 0OBEKTOM HMX HCCIIeIoBa-
HUS SIBISIIOTCS BPEMEHHBIE MTPOLIECCHI, @ UMEHHO, 3alIMCH U3MEHEHHUS T1e-
PEMELICHUI TOUEK UCCIIeLyeMBIX CHCTEM 110 BpeMeHH. [laHHble METObI
OPHEHTHPOBaHbI Ha NIPUMEHEHUE BEWBJIET IpeoOpa3zoBanus, psnos Bu-
Hepa u ['amMmepinTelina. /J[aHHbIE MOAXO/BI TPOMO3JKU B pPeaTu3aluu u
MIPENoJaraoT MPUMEHEHHE BRIYUCIUTEILHON TeXHUKN [4—0], a Takxke
HEOOXOMMOCTh XPaHEHHSI 3HAYUTEIILHOTO 00beMa UCXOHON HH(OopMa-
uun. basucHele QpyHKINY, Texalre B OCHOBE 3TUX METO/IOB, ONIEPUPYIOT
MIPOM3BOIHBIMHU BBICIINX MTOPSAIKOB (YETBEPTOTro, MATOTO U I1ectoro). He-
00XOIMMOCTh MHOTOKPaTHO YHCJICHHO IU(PepeHINPOBaTh WCXOAHBIN
CHUTHAJI, COACPKAIINHN IIyM, HEOOpaTUMO TIPUBOAUT K YBEITMUCHHIO OLIH-
OOK HAKOIUJICHUS M YCEUEHHSI, YTO OKA3bIBACT CYLIECTBEHHOE BIUSIHNE HA
TOYHOCTb TIOCTPOEHUS MOJIEIH.

2. JKcHepMMeHTAJIbHOE MCCiel0BAHUE BBIHYKIEHHBIX KoJie0a-
HUM CTPeXKHS.

B xadectBe wucciemyeMoll MEXaHHMYECKOW MOIETH OBLT TPHHAT
ctpexedb. OH ObUI BBIMOJHEH W3 IOJIOCHI MPYXHUHHON CTalmH JJIH-
HOW [, = 2 M M pasMepamu nomepedHoro cedenus b x h = 0,05 x
0,0056 M. PaccrosHune Mexay OMOPHBIMH OTBEPCTHUSMH COCTaBIISIO
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[ =1,955 wm. TleomeTrpuyeckue XapaKTePUCTUKH CEUYCHHUS CTEepPK-
HSl COCTaBWIHN: TwIomaab cedeHus 4 = 2,8¢10* M?> U MOMEHT HHEPIUH
[=7,32:10"" m*.

Jlst mccienoBaHusl BRIHY)KICHHBIX HEMHEWHBIX KOJICOAHMH THOKO-
IO CTep)KHS Ia CTaJUM MOHTa)Ka MOZEIHM CTEP)KHIO OBbLJIO NPHIIOKEHO
HavaJIbHOE MPOJOIbHOE ycwiIne ckarug N . BennmunHa ycunms 0ceBoro
CKaTus MIPUHAMAJIAch OOJbIIE SMIEPOBON CHUIIBI TOTEPH YCTOMUNBOCTH,
paBHOI

N,=EI(n/L) =363H, (D)

[Mocne oGxaTus npsMONIHMHEHHAsS GopMa MPOIOIBHON OCH CTEPKHS

CTaHOBHJIACH HEYyCTOWYMBOH (pHC. 1). YCTOHUMBBIM IONIOKEHUSIM PaB-

HOBECHUSI CTEPKHSI COOTBETCTBOBAJIM CTaTHMYECKHE HayaJlbHbIE MPOTHOBI
y,=0,058 cm 1 y = 0,006 m.

Jiist uccenoBaHus BBIHYKICHHBIX KOJICOAHUH THOKOTO CTEP>KHS ObLI
HCIOIB30BAH KOMILUIEKT M3MEPHUTEIbHO-PETHCTPUPYIOIIEH anmnapaTypsl,
B COCTaB KOTOPOIO BXOIWJIN CPEICTBA PETHCTPALUH, IPeoOpa30oBaHMs,
XpaHEHHs CUTHAJIOB, a TaKXKe MEPCOHAIBHBIA KOMITBIOTED.

[IpumeHnenne KOMITbIOTEpA TIO3BOJIMIIO aBTOMATH3WPOBATh MPOIENY-
Py YMCIIEHHOH 00pabOTKH, aJI0 BO3MOXKHOCTH IPUMEHSITH CTaH/IApTHEIE
rpaduuecKue MakeThbl JUIsl MPeICTaBICHHUs CUTHAIIOB.

BenuunHa aMIUIATY1bl BHEITHETO MOHOTAPMOHUYECKOTO BO3MYIIIEHUS
3aBHCeNIa OT CKOPOCTH BpaIlleHHs BO3OYAUTEINsI KOJeOaHUd 1 Ompeaens-
JIaCh 1O popMmyIie

P:m[a:mi(ole., 2)

IJIe M, — Macca SKCUEHTPUKA; @ — IIEHTPOOEIKHOE yCKOPEHHE; M — Ya-
crora Bo30yauTens Konebanuii; R, = paanyc BpalleHus SKCIEHTPHKA.

dopma kosebaHui U3MepsIIach IOCPEACTBOM PErUCTPALl CUTHAJIOB
B TIPOLIECCE BCETO 3KcnepuMenTa. @opMbl M3THOHBIX KoeOaHuH onpee-
JISUTACH ITyTEM OJHOBPEMEHHOH 3alIMCH CUTHAIIOB BCEX IISITH TEH30AaT4H-
KOB, PacCIOJIOKEHHBIX Ha paccrostamsx 1/8 [, 1/4 1, 1/2 1, 3/4 1w 7/8 [ ot
JIeBO oropkl. M3yueHne noaydeHHbIX OCIMIIIOTpaMM TO0Ka3allo, 4To KO-
JeGaHnu IS BCEX MATH TOUEK CTEPKHS OAMHAKOBBI, @ aMIUIUTYABI KOJe-
OaHUi1 BO3pacTarOT OT KpalHUX CEUYEHHI K CpeTHEMY.

3. OrobOpaxenusi (Ga3oBbIX TPaeKTOPHIl Xa0THYECKHX Kojeda-
HMId.

[Ipy qMHAMUYECKUX UCTIBITAHUSAX THOKOTO CTEPXKHSI Ha ACHCTBHE Tie-
PHOIMYECKOrO BHEIIHETO BO3MYIIEHHUS ObUIM OOHApYKEHbI TUAaIrla30HBbI
4acToT / / [, B KOTOPBIX CyIIECTBYIOT HECKOIBKO YCTOHYHMBBIX PEKUMOB
KoJIe€0aHMH U MOITy4EHbl BPEMEHHBIC IIPOLIECCHI XA0THYECKUX KOJICOaHUH.
XaoTudeckrue KoJeOaHMS TPEICTABIIOT COOOI0 Kackaj OwmQypKarmit
yaBoeHus nepuonaa (puc. 2).
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Puc. 2. Xaomuueckue Konebanusa IKCRePUMEHMAIbHOI MOOenu

Ecnu konebarenbHBIN Mpoliece, HECIOKEH U JOCTAaTOYHO U3YYCH, TO
pelieHne 3a1a4i UAeHTU(UKAIMA HE TMPEJCTaBIsIeT OCOOBIX TPYIHO-
cteit. lHaue o0CTOUT 1710 ¢ XaOTUYECKUMHU MPOIECCAMU, OTIUCAaHUE KO-
TOPBIX Halll€ BCETO BBIMMOJIHACTCA Ha OCHOBC CTATUCTUYCCKNX 3aKOHOMEP-
HOCTEH, HECMOTPS Ha TO, YTO UX ONHUCAHME B BUAC TU(PPepeHIHaTLHBIX
YpaBHEHUI U3BECTHBI.

OCHOBHBIM OTIMYUTENBHBIM CBOMCTBOM TaKUX CHUCTEM SIBISIETCS TO,
YTO MpelCcKa3aTh WX MOBEJICHHE Ha JIMTEIIEHOE BpeMsi HEBO3MOXKHO,
HECYIIEeCTBEHHAs] ONMMOKA B 3aJaHUH HAYaJbHBIX yCIOBHH, CITyCTS KO-
pOTKOE BpeMs, MPUBOJUT K TOMY, YTO TMPOIECC MEPEXOIUT Ha IPYTYIO
TpaekTroputo. [Ipo-1ieccrl B TaKUX CHCTEMax HBOJIOIMOHUPYIOT BCIE-
CTBHC paCCCAHUA DOHEPTHUU B CUCTEMCE.

B nocnenHue rogbl B MACHTU(PHUKALIMA Xa0THUSCKUX MPOIIECCOB Ha-
METHUIIUCHh JBa OCHOBHBIX IIOAXOJA. HepBI)II\/'I — OCHOBAaH Ha HU3YUYCHHU
MoBeZICHUST (PU3NUECKON MOJCIH JTOCTATOYHO MPOCTOr0 0OBEKTa, KOTO-
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pas mpeacTaBlieHa HEIMHEHHBIMU MU PEepEeHITUATEHBIMHA YPaBHEHUSIMU.
3ameTuM, 4TO JUIs peanbHOM CHCTEMBI Yallle BCEro KpaHe CIIOKHO HAUTH
OTIFICaHME ¢ ITOMOINBI0 qud depeHITnanbHBIX YpaBHEeHUH. BTopoii moaxox
K UACHTH(PUKAIINA XAOTHYECKUX CHCTEM Oa3upyeTcsl Ha HaONIOMEeHUH
XA0THYICCKHUX TIPOIECCOB M MMOCTPOCHHUH aTTPAKTOPa B TaK HA3BIBAEMOM
PEKOHCTPYHUPOBAHHOM ()a30BOM MPOCTPAHCTBE, KOTOPOE BOCCTaHABIIH-
BaeTCsl U3 HAOJIONAEMOro BPEMEHHOTO Psijia, HMPEACTABISIONIEro co00i
MOCJICZI0BATEIILHOCTD JIMCKPETHBIX 3HAYCHUN KaKOW-THOO MEePEeMEHHOM,
TEHEPUPYEMOI CUCTEMOM.

[IpuMeHuM OTHOCHUTENTBHO TMPOCTOM METON HEemapaMmeTPUUECKOl
UICHTU()UKAIINY, KOTOPBIA MOKHO MCIIOJIB30BaTh ISl IUPOKOTO Kiacca
MEXaHUYEeCKUX CHCTEM C OJTHOW CTENEHBIO CBOOOIBI, MPOSBISIONINX He-
JIUHEWHbIE CBOMCTBA, MPUCYIIUE PEATbHBIM cucTeMaM. MeToll 0OCHOBaH
Ha WCIIOJIb30BaHUM WH(OPMAIH OTHOCUTEIFHO TIEPEMEIIeHNH 1 YCKO-
peHwmii [2], IeHCTBYIOIETo Ha CHCTEMY BHEIIHETO BO3MYIIICHHSI.

[Ipenmonoxum, 9to Mccinemxyemas (pusmdeckas MOAEIb MOXKET OBITh
orricana nudepeHnnanTsHEIM YpaBHEHUEM BTOPOTO TTOPSAKA

m y+h(y, ) +r(y)=pPQ@), 3)

I1e m, — Macca OHOTO MEeTpa JIUHEI cTepxkHs, /(y,)) — IMCTUNATHB-
Has cuna, #(y) — ynpyrast cuia,

O0603HaYMM MHOXECTBO TOYEK, OIMCHIBAIOIIUX M3MEPECHHBIC 3Haue-
HUS TIEpEMEIICHUH, CKOPOCTEH U YCKOPEHUH cUCTEMBI (2) B TMCKPETHEIE
MOMEHTHI Bpemenu ¢ = ¢, =t + kT {IL} = (Vi ViV, Lk=1,..,n, 1€
T — nepuos BHEUIHEr0 BO3MYILIEHU. ECay MBI IpecTaBUM 3T TOYKH B
pacumpenHoM (hazoBoM npocTpancTse ( , ¥, V), TO MoTy4uM Habop To-
Y€K, apaMETPUIECKU CBA3AHHBIX 10 BPEMEHH /.

[IpeaBapurenbHO peHeOperast BIMSIHAEM AUCCHUITAITAH, MOXKHO MPE/I-
MOJIOKUTh, YTO XapaKTEPUCTUKA YIIPYTOW CHIIBI MOXKET OBITh OIpe/ieieHa
W3 COOTHOIICHUS: -

r(y)=c—m j,. @)

st noctpoeHust 0To0paxkeHui pa3oBBIX TPACKTOPHIA ObljIa BBITIOJIHE-

Ha 00pabOTKa BPEMEHHBIX MPOLIECCOB YCKOPEHUS U NepeMELICHUH ITu-

HOW 252 mepuoja BHemHero Bo3mylueHus. [loctpoenue oroOpaxkeHuit

(ha30BbBIX TPACKTOPUH Ha MIOCKOCTH (Y, V) OJIU3 KO K MeToy 00padoTKu

BPEMEHHBIX MPOLECCOB 10 MuKaM. OLeHKa 3HaUCHUH YCKOPEHHI 1 Iiepe-

MEILEHUH BBINOIHATACH U AUCKPETHBIC MOMEHTHI BPEMEHH, YIOBJIETBO-
psromme yenosuto ¢ = F(t )= F(t, ) [7] (puc. 3).

AHanmM3upys MPpeACTaBICHHBIC Ha PUC. 3 0TOOpakeHHs (a30BBIX Tpa-
EKTOpUH, MO)KHO OTMETUTh PAcCEsiHHE TOYEK B OOJIACTH PE30HaHCHBIX
AMIUTATYJT «MaJIbIX» KosieOanwuii [2]. OCHOBHOM NpUYrHOM 3TOro 3ddexra
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SIBIISIETCS] HAJIMYME BHICOKOYACTOTHBIX IIIYMOB C aMILTUTYIaMH, COU3Me-
PUMBIMHU C aMITTUTYJaMH «MaJbIx» Konebanuii. [Tyrem ocpemneHus mo-
JydeHHBIX 3HAYeHWH OBbLI TOIYYEH MOJWHOMHUANBHBIN TpeHa. Kpusas
TpEeHAA MPEACTABIISIET COO0I0 HECHMMETPUUHYIO KyOMIeCKyI0 Imapadoiy,
MEPECEKAOILYIO OCh epeMoleHui B Toukax y, = 0,06 m, y, = 0,039 m u
v, =-0,006 M, 61u3KKX [0 3HAYCHHIO K KOOPIMHATAM IOJI0)KEHUH PaBHO-
Becust crepxkus y, = 0,058 M, y = 0,034 Mm u y = -0,006 m. [lnst onenku
CTaTUCTUYECKON IOCTOBEPHOCTH MOIYYEHHOTO.[TOJTMHOMUAIBHOTO TPEH-
1a, ObLJIO OINpEeeNICHO 3HAYeHHE MHOKECTBEHHOTO KOd(GHUIIHEHTa JIeTep-
MHUHAINH, KOTOpoe cocTaBuio R?= 0,835.

4. OcHOBHBIE BBIBOJBI.

B crarbe mpenyioxeH OTHOCHTENIBHO MPOCTOH METOoJ HernapaMeTpH-
YeCKOM MICHTU(HUKALNHU, KOTOPBIH MOXET OBITh IMPUMEHEH AJIsl IINpPO-
KOT'O KJIacca MEXAaHMUYECKUX CHUCTEM C OJHOH CTENEeHbIO CBOOOABI, MPO-
SBJISIIOLMX HEJIMHEHHbIE CBOWCTBA IPUCYIIHE PEAJbHBIM CHCTEMAaM.
MeTon OCHOBaH Ha MCHOJIB30BAHWK MH(OpMAIK 00 YCKOPEHHSX, Iie-
peMeIeHusX, a TaK)Ke BHEIITHEM BO3MYIIEHUH, ONIPEeIIEMbIX METOIaMHU
Ka4eCTBEHHOM TEOPHH, a TAK)Ke PErPeCCHOHHBIMUA METOJaMH U allpOoK-
CUMHUPYIOIIUMHE BBIPQKEHUSIMU YIIPYTOH XapaKTEepPUCTUKU Kak: QYHKIMN
OT 0000IIEHHOW KOOPINHATHI.

0,19

(VR

-00%5

YCKOPEHUE, M'C?

-

002 -@,-r_w o 001 c:,n.)z 0,03 0.54 a.-ns t-_lmr:. noT o 003
MEPEMELWLEHUWE, M

IHCASPUMENT | — NOAUHOMHANLHBLIN TPEHg

Puc. 3. Omoopasicenun hazoevlx mpaeKmopuil XaomuiecKkux Koneoanuii
IKCHEPUMEHMANbHOU MOOel
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[Ipemmaraemplii METO/ aHAJH3a AETEPMUHAPOBAHO-Xa0THYECKUX TIPO-
[IECCOB OTKPHIBACT HOBBIE BOBMOXKHOCTH Il 00pabOTKM JaHHBIX. Han-
0oJIee MHTEPECHBIM SBJISETCS TO, UTO ITPH BCEH CBOCH BHENTHEH MMPOCTOTE
MTO3BOJISIET MOTYYUTh MAaKCUMYM HH(POPMAIIHK 00 HCCIeTyeMOM MTpoIiec-
Ce WU SIBJICHHHA. BO3MOXHOCTH TpemiaraeMoro METOAa OTPaHMYCHBI
TOJILKO YPOBHEM IITyMOB, IIOTPEIIHOCTHIO U3MEPEHHSI 1 00bEMOM BBIOOD-
KM 00pabaThIBAEMOTO MPOIICHTA.

HepCHCKTI/IBHI)IM JJI1 TCXHUYCCKHUX HpI/IJIO)KeHI/Iﬁ SIBJIACTCA IPUMCHC-
HUC OINMUCAHHBIX IMMPUEMOB Jid KOJIMYCCTBECHHOI'O OIPCACIICHUS IMapaMe-
TPOB ACTEPMUHUPOBAHHBIX XaOTUYECKUX CUCTEM.
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PHASE TRAJECTORY VARIATIONS IN DYNAMIC SYSTEMS
IN AN EXPANDED PHASE SPACE*

Abstract.

The authors of this article propose to expand the phase space by taking
into account the phase planes, namely, «acceleration — displacement» and
«acceleration — speed». By so doing, they go over to the three-dimension-
al phase space, which is limited with three coordinate axes: displacement,
velocity and acceleration. An interest taken into accelerations in dynamic
systems is conditioned by the fact that these accelerations more sensitive
to high-frequency components in oscillating processes. The authors have
defined behavioral peculiarities of phase trajectories and their mappings
in the expanded phase space.

The article presents the results of experimental, analytical and nu-
merical investigations of an essentially nonlinear dynamic system. The
authors have performed the structural analysis of the phase trajectories
obtained in the test records for subharmonic, combined and chaotic oscil-
lations in the expanded phase space.

Key words.
System with double-well potential, chaotic oscillation, phase trajecto-
ries, analytical and experimental investigations.

1. Phase trajectories of oscillations of nonlinear systems in the ex-
panded phase space.

Dynamic behaviour of mechanical systems is usually presented as oscil-
lating processes in various graphic forms such as time processes, the Lis-
sajous patterns and hodograph. Such patterns of presentations enable to de-
termine the type of a process and to perform numerical estimations of its
characteristics, but do not disclose any properties of the governing system.
Unlike them classic phase trajectories have the row of advantages.

A phase space in classic mechanics is represented as a multidimen-
sional space. The number of measured values for a phase space is equal
to the doubled number of degrees of freedom of the system being inves-
tigated [1].

*OmnyOsnmkoBano coBmecTHO ¢ B.E. Bonkosoit B Tpynax: N.N. Semenov Inst.
of Chem. Phys. Russian Acad. of Sci. Intern. Conf. «Nonlinear Phenomena in
Polimer Solids and Low-Dimensional Systems». Moscow, Russia, 7-10 July,
2008.
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The state of the system is presented as a point in the phase space, and
any change in the system state in time is depicted as the displacement of
the point along a line called a phase trajectory. The image on phase plane
(v, ¥) is a more vivid presentation because it depicts inharmonious os-
cillations particularly well. Each phase trajectory represents only one def-
inite clearly defined motion. A disadvantage of phase trajectories (v, y )
consists in the fact that they do not provide for the immediate presentation
of oscillating process in time. However, this drawback is compensated
by a significant advantage. The geometric presentation of a single phase
trajectory or a set of trajectories allows coming to important conclusions
about the oscillation characteristics. It is foremost, true with the oscilla-
tions, which are described with nonlinear differential equations.

As is has been shown by the investigations of several authors [4, 5],
the expansion of a phase space by taking into account the phase planes
(», y) and (y, ) substantially promotes the efficiency in analyzing a
dynamic system behaviour. Hereby, we pass on to a three-dimensional
phase space confined with three coordinate axes, i.e. displacement, veloc-
ity and acceleration. An interest taken into accelerations in dynamic sys-
tems is conditioned by the fact that these accelerations are more sensitive
to high-frequency components in oscillating processes. For the sake of'il-
lustration let us compare the time processes and the phase trajectories in
a linear system and a nonlinear Duffing system (Fig. 1).

Thus, while analyzing time processes y(?) and y (¢) of resonance os-
cillations at the outer excitation frequencies in both systems, one can eas-
ily see that both processes y(z) and y (¢) are similar and each of them rep-
resents a monoharmonic process. The same conclusions also ensue from
the analysis of spectral characteristics. At the same time, the recordings of
the time processes j(z) are significantly different. The recordings of the
time processes j(z) of the nonlinear Duffing system, unlike those of the
linear systems, bear the areas of instantaneous rest.

Phase plane (y, y) is of particular interest in the analysis of dynamic
system behaviour, because it allows a more evident interpretation of
power relations in the dynamic system under investigation. Namely,
the area confined by curve ji(y) and axis (0 y) 1is equal to work, and
the anticlockwise motion around its contour corresponds to the energy
spent by the system for one cycle of oscillating. Another important
characteristic of phase trajectories on plane (), ) is the fact that
dependence ji(y) for autonomous non-conservative systems is a mirror
symmetric image in relation to axis (0 j) to the graph of changes in elastic
force characteristic.

It is precisely diagram ji(y) that enables to define the type and the level
of non-linearity in a system. The geometric presentation of an individual
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phase trajectory or of a family of trajectories allows coming to important
conclusions about the properties of a model of the system being studied.
Incorporation of phase trajectories on planes (), ) and (' , J¥) enhances
the capabilities of classic methods of the qualitative theory due to their
extension onto the class of inverse problems of dynamics.

The major difficulty of formation of phase trajectories ¥ (y) and y(y)
consists in the necessity to exclude parameter of time ¢ from the appropri-
ate dependencies. It’s not always possible to perform this operation ana-
lytically. Accepting consistently appropriate pairs of parameter values
y(t) and y(t) or y(t) and y (¢) it is possible to obtain phase characteristic
data (Fig. 2).

a) b)
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Figure 1. The time processes and the phase trajectories: a) in a linear system;
b) in a nonlinear symmetrical Duffing system

Proceeding from the results of analytical and experimental investiga-
tions, the authors have performed the generalization of phase trajecto-
ry properties in the planes «acceleration — displacement» and «accelera-
tion — speed» for the systems, which are subjected to external excitations
and have smooth and piece-linear characteristics of elastic and dissipative
forces. All the trajectories are presented in the atlas [5].
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Figure 2. Construction of phase trajectory

2. Identification of dynamic models of mechanical systems.

In the past two decades, the issues of construction of mathematical
models and prediction of dynamic behaviour of structural elements pro-
ceeding from recorded experimental data have attracted considerable in-
terest.

In spite of intensive investigations into the above mentioned matter,
which have been undertaken in the scientific centers in different coun-
tries (supported by numerous publications on theoretical research and ex-
periments, a number of specialized conferences [8, 9, 11] as well as the
important results obtained, there is no, so far, the only universal effec-
tive approach, which would allow for correct determination, prediction
and analysis of dynamic properties in construction elements. Most of the
methods of structural identification are based on the use of special types
of outer excitation for a wide range of frequencies, such as symmetric
monoharmonic excitation and rectangular impulse. These types of exci-
tation are often unrealizable in mechanical systems. The methods based
on the Foure transformation do not allow classifying and localizing non-
linearity [6, 7] and are inapplicable to investigating stochastic processes
[3, 8,9, 11]. It should be also noted that the application of Winer series
and Hilbert transformation for identification of non-smooth non-linear
dynamic characteristics is unjustified. [9, 11].
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3. Discrete mappings of phase trajectories in the expanded phase
space.
Let us consider a mechanical system described by the following dif-

ferential equation:
mji + H(y,3) + R()=0, (1)
where m is mass; functions H(y,p) and R(y) describe dissipative
and elastic force, respectively.

In order to obtain information about the structure of forces H(y,y)
and R(y), let us apply outer periodic excitation to the system (1). Thus,
we investigate the system

my + H(y,y) + Ry)= F(t), F(t + T) = F(?). 2)

The qualitative analysis of 7 — periodic oscillations of the system (1)
is based on studying Poincare trajectories on phase plane (y,y). It con-
sists in studying distinctive trajectories (equilibrium conditions, limit
cycles, separatrix) and their stability on plane (y,y’) or so-called the phase
plane. Acceleration of system y at every moment of time # is uniquely de-
termined by displacement y and velocityy according to equation (2).

3.1. Testing for non-linearity.

The methods used for detection of non-linearity in mechanical sys-
tems are based on application of known regularities of dynamic system
behaviour. There are well-known inherent to a system, which give the
grounds to define it as a nonlinear one; these features are: 1) a failure of
the principle of superposition; 2) the presence of harmonic components
in the response of the system at the frequencies, which are not inherent
to in the spectrum of outer excitation; 3) non-isochronous characteristics,
i.e. the dependence between oscillation frequencies and amplitudes; 4)
occasional occurrence of several stable oscillating regimes at a fixed fre-
quency of outer excitation.

It is worth to note that these characteristics do not show up in all dy-
namic systems. The methods based on the first one from the above men-
tioned features acquired the widest application. So, in order to expose he
failure of the principle superposition, it is necessary and sufficient to test
the system under conditions of separate and combined actions of two dif-
ferent test signals. In the case of the investigated mechanical system is
linear, the response from the sum of two test excitations will be equal to
the sum of the responses obtained under conditions of separate actions
of two test excitations. However, with a number of mechanical systems
variations in the amplitudes of outer excitation are unrealizable because it
can result in destruction or induce dangerous regimes of oscillations. This
method is quite cumbersome in realization.

The isochronous nature of oscillations of the investigated system
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does not always allow making a conclusion about linearity of an elastic
force characteristic. It is known that among the class of systems with
asymmetrical types of elastic force characteristics there are the systems,
in which the period of oscillations is constant and does not depend on
the amplitudes. For example, those are the systems with bilinear and
tangential types of elastic force characteristics [6].

We will assume that functions describing dissipative and elastic forces
are unknown to us. The first question consists of that, to set, the system
is linear or not.

Let us denote a sequence of points by {H . }: {y RV k} k=1, ..,
n, describing the measured displacement, velocity ané acceleration in the
system (2) at the discrete moments of time 7=¢= ¢, + kT, where T'is a pe-
riod of the outer excitation. When we represent these points in the extended
phase space (y, 3; ) we obtain a set of points parameterized by time ¢,.

Ideally, a measurement error is nill, then

W+ (3 3) + RG)=cfork=to,a O

where ¢ = F(t) — F (1) is a constant value for all values of k. That
means that all points are located on the surface, which can be described
by equation m w+h (u, v)+r (u) =0 in (u, v, w) space.

If functions H(y,5) and R(y), which describe dissipative and elastic
force characteristics in the mechanical system, are linear, then the surface
in the expanded phase space transforms into a plane, i.e. all points of
sequence I, are to lie on plane E. Then there are two real numbers a, and
a, and with these numbers all points of sequence I1, have to satisfy the
condition

mj—’:k + al?k +ay =cfork=1,..., n, (4)

which is the evidence of the system linearity. Let us change the am-
plitude of governing force F(?) for a, F(t) where a,> 0 is the real positive
number. Then, if the system under investigation is a linear one, the rele-
vant multitude of results for measured value II_“ meets the condition
I1,“Y= a,I1, that the second evidence of linear of the system.

If there are constants @, and a, such that all measured points lie on
the plane determined by the values of @, a,, and ¢ or in the vicinity of
that plane, we can make a conclusion that the system (2) is linear or weak
non-linear.

In the case of linearity of functions H(y,») and R(y), which describe
dissipative and elastic force characteristics in the mechanical system, all
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points of projections of sequence {H } along plane E on planes (7, y),
(¥, ¥) and (¥, ¥) are located on a stralgflt line.

4. Experimental investigations of forced oscillations in a rod.

A rod manufactured from spring steel and having a length of / =2m
with cross-sectional dimensions bxh =5x5,6mm was investigated as a
mechanical model.

At the stage of mounting, the rod was subjected to initial longitudinal
compression N. The value of this compression force was chosen greater
than the value of Eulers force under the first form of the loss of stability
equal to

N, =El(w/)’=363 H.

As a result, the straight-line form of the rod longitudinal axis became
unstable. The static initial displacements in the middle point of the rod
length, either in y,= 0,058m or in y =-0,006m, corresponded to stable
curvilinear positions of equilibrium.

The complete set of measuring and recording instruments utilized in
investigation of forced oscillations in the flexible rod included means for
registration, transformation and storage of signals, and also a personal
computer [2].

The value of amplitude of external monoharmonic excitation depended
on the motor rotational speed and was determined by the equation:

P=ma=mo’ R, &)

where m_ is the weight of an eccentric, a is centrifugal acceleration, o
is a motor rotational speed, R, is a radius of eccentric rotation.

To study oscillation modes in the flexible rod, the gauges were placed
at the points spaced at 1/8; 3/8; 1/2; 3/4 [ from a rigid support. The anal-
ysis of the oscillograms proves that the oscillation phases are identical
in all points on the rod, and the oscillation amplitudes increase from the
end sections towards the middle. Figures 3.b and 3.c show the typical
regimes for «large» subharmonic and ultraharmonic forced oscillations,
those for chaotic and for free oscillations in the investigated system.

Figure 3.a shows the trajectories on plane (y, /) at free oscillations of
the rod; it clearly illustrates the transition from the oscillations typical for
the systems with «rigid» elastic force characteristics to the oscillations
inherent to the systems with «soft» elastic force characteristics. Thus, the
initial loops of phase trajectory on plane (y, J/) are shaped as a negative
cubic parabola and correspond to the systems with rigid characteristics.
The end loops of the phase trajectories on plane (y, y/) are sloped to the
right, the characteristic peculiar for the soft systems. Due to considerable

134



dissipation of oscillation energy and also because of run-outs, the center
of phase trajectories changes its position with each period of oscillations.
The analysis of the trajectories experimentally obtained on planes (y, /)
and (y,») testifies to their topological similarity to the trajectories repre-
sented in the monograph [4].

There were the steady regimes of subharmonic oscillations of the rod
in the frequency range of ® = 14,5... 16,5 rad/s of outer excitation. Os-
cillogrammes and phase trajectories for subharmonic oscillations of ®/3
order is shown in Fig. 6.b. The effect of subharmonic oscillations on the
structure of phase trajectory (y, 7) revealed itself as intersections. Thus,
the number of loops was the same as the subharmonic order, i.e. three.

The phase trajectories represented in Fig. 3 are similar to the trajec-
tories obtained for the asymmetrical systems with a double-well poten-
tial. They clearly indicate to the presence of cubic non-linearity in elastic
force characteristics of the investigated system, and to the availability of
two non-adjacent steady regimes of «small» oscillations. That all permits
to classify the system as that with a double-well potential.

Figure 3. Experimental time processes and phase trajectories of oscillations in
the rod: a) free oscillations; b) subharmonic oscillations of w/3 order;
¢) combined oscillations; d) «small» oscillations
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4.1. Phase trajectories mappings of chaotic oscillations.

When the flexible rod was subjected to dynamic testing under period-
ic actions of the outer excitations, it was revealed that there are both fre-
quency ranges [2], which envelop several stable regimes of oscillations,
and time processes of chaotic oscillations [1]. The chaotic oscﬂlatlons
constitute cascades of bifurcations of a period doubling (see Fig. 4).
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Figure 4. Chaotic oscillations of a model

The main peculiarity of the chaotic systems is unpredictability of their
behavior for a prolonged period of time: even the slightest error in speci-
fied initial conditions shortly results in the process transaction onto an-
other trajectory. The evolution of processes in such systems occurs due to
the dissipation of energy in them. In recent years, two principal approach-
es toward the identification of the chaotic processes have been noted. The
first approach is based on studying the behavior of a physical model of
a rather simple object, which is represented with nonlinear differential
equations. It is worth to note that in most cases to find a description with
differential equations for a real system is frequently an extremely difficult
task. Another approach toward the identification of the chaotic systems
is based on the observation of the chaotic processes and subsequent con-
struction of an attractor in, as it called, a re-designed phase space, which
is reconstructed in accordance with a time series observed: such a series
constitute a sequence of discrete values of a certain variable generated by
the system.
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Let's take a fairly simple method [10] for the nonparametric identifica-
tion, which is applicable for a wide class of the mechanical systems with
one degree of freedom and posses non-linear properties inherent to real
systems. This method makes use of information about displacements and
accelerations [2] as well as the outer excitation affecting the system.

Using equation (3) and preliminary ignoring the effects of the energy
dissipation, we can assume that the characteristic of the elastic force can
be determined from the relationship:

R(y,)= ¢ - mj,. (6)

The time processes of acceleration and displacements having the
lengths equal to 252 periods of outer excitations were adequately pro-
cessed and used in the mapping construction of the phase trajectories.
The principle of mapping construction of the phase trajectories on plane
(y,¥) is much the same as the processing of time processes by peaks. The
estimation of the acceleration and displacement values were performed at
discrete moments of time meeting condition ¢=F(z,)=F(t) [10] (Fig. 5).
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A closer look at the mappings of the phase trajectories presented in
Fig.5 shows scattering of points in the range of resonance amplitudes
of «small» oscillations [2]. The main reason for this phenomenon is the
presence of high-frequency noise having the amplitudes commensurable
to the amplitudes of «small» oscillations. By averaging the data obtained
in the experiment, a polynomial trend was derived. The trend curve has
the shape of an asymmetrical cubic parabola intersecting the axis of the
displacements in points y, =0,06 m, y,= 0,039 m and y, =-0,006 m, agree-
ing closely with the values of the coordinates y,= 0,058m, y = 0,034m and
y,=-0,006m of the rod equilibrium state. To verify statistical reliabili-
ty of the polynomial trend obtained, the multiple factor of determination
was calculated and found equal to 0,835.
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5. Conclusions.

A fairly simple method for nonparametric identification described in
this article can be applied to a wide class of mechanical systems having
one degree of freedom and manifesting nonlinear properties inherent to
real systems. This method is based on the use of information on accel-
erations, displacements as well as outer excitation, which can be deter-
mined by the techniques of the qualitative theory and also by the regres-
sion methods and approximating expressions of the elastic characteristic
as functions derived from generalized coordinates.

The suggested method for analysis of the detrimentally chaotic pro-
cesses provides fresh approach to data processing. The most significant
feature of this method is that, in spite of its simple appearance, it enables
to obtain maximum information about an investigated process or a phe-
nomenon. The applicability of the suggested method is limited by noise
levels, measuring errors or duration of a process under study. The engi-
neering applications of the suggested method are very promising in iden-
tification of parameters in the determinated chaotic systems.
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APPLICATION OF THE EXTENDED PHASE
TRAJECTORIES TO IDENTIFICATION
OF CHAOTIC SYSTEMS*

Nomenclature.
bxh are the width and the height of a rod cross section;
c 1s a constant value;
h(y,y) is dissipative force;
E ° is aYoung’s modulus value;
k is a natural number;
/ is the length of a rod:
m is the mass per meter of a rod;
m ,,m, are masses of eccentrics;
P(t) is outer excitation;
R R, are radii of rotation of eccentrics;
r(y) 1is an elastic force value;
T is a period of outer excitation;
t is a time value;
v,y v are displacement, velocity and acceleration values,
* respectively;
{I1}={y, v, v, is a set of the measured values of displacement,
: velocity and acceleration, respectively;
0 1s a decrement value;
o, o are frequency values of free oscillation with relative to the
top and lower equilibrium positions.

1. Introduction.

Chaotic behaviour is observed in a great number of processes
which occur in various natural and technical objects. A specific
feature of dynamic systems in the investigated class consists in their
large sensitivity to initial conditions.

The concept of dynamic chaos, the fundamentals of which
were formulated in 1970-1980 s of the twentieth century, allows us to
assume that, at least in few cases, a complicated time behaviour can be
represented by a rather simple mathematical model.

*Omyo6mukoBaro coBmectHO ¢ B.E. BomkoBoit B x-1e «Inverse Problems in
Science and Engineering», Publisher Taylor and Francis, Vol. 17, Ne 2, March

2009, 203212, a taxxe npencrasieHo Ha Kondepenuun «Inverse Problems,
Designand Optimization Symposiumy», Miami, Florida, USA, April 16—18,
2007.
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Prediction of dynamic behaviour of mechanical systems is currently a
topical issue. It is inextricably linked with the problems of identification
of such systems. The subject of this research is principally non-linear
dynamic systems. The prime objective of this research is to develop
methods for identification of models of essentially non-linear
mechanical systems by recording chaotic processes occurring in the
systems.

2. The current state of the art in the methods of identification
of mechanical systems.

The construction of mathematical model satisfactorily describing
or predicting operation of object, process or system is an integral part
of any problem of prediction of dynamic behaviour of mechanical
systems.

The identification assumes the construction of model in an according
to the results of experimental observation over its behaviour. Thus,
as a rule, it is necessary to solve, at least, two different problems.
First task is determining the structure of model to within accuracy
of separate parameters in relation to one or another purpose of
interest and second task is evaluating the numerical values of
the unknown parameters of a model. A rather broad number of the
scientific publications are dedicated to methods of solution of the
second type of problems for one way or another chosen structure of a
model: the parametric identification.

Detecting, classifying and modeling non-linear dynamic systems
are difficult because there is no method that is superior to all other
methods for all systems in all instances. It can be explained by
highly individualistic nature of non-linear systems. A number of
alternative approaches have been proposed for the nonlinear mechanical
systems with the number surveys and monograph available [1-4].

In the past two decades, the issues of construction of
mathematical models and prediction of dynamic behaviour of
structural elements proceeding from recorded experimental data
have attracted considerable interest. The challenges in identification
vary in both the purpose of identification (e.g. either to determine the
values of certain parameters in a dynamic system or to specify a source
of dominating excitation) and a volume of available information.
The most critical and pressing challenges lay with qualitative
identification, i.e. detection of a dynamic model of oscillations for
every structural element [4].

In most cases the area of application of the conventional methods
of identification is limited to monochromic dynamic processes. Such
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methods of identification rely on outer excitation of a special form,
e.g. either a rectangular pulse or white noise [4], Feasibility of these
types of outer excitation is rather questionable. Due to the fact that the
application of these methods requires special types of excitation instead
of outer excitation, which is typical of normal operating conditions, it
is quite clear that these methods are presumed for identification of
mechanical system models outside normal conditions of operation.
Thus, these methods are applicable exclusively to linear stationary
systems, in which the ratio between outer excitation and a response in the
system remains unchanged with all other types of excitation.

Most of the currently used methods of qualitative identification deal in
a time domain. So, the subject of their research is time series, in particular,
recording the changes in displacement of certain points in the systems
under study over time. These methods are focused on the application of
wavelet transform or Wiener-and Hammerstein’s series. Such approaches
are too cumbersome in realization and require computing [3, 5, 6] and
storage of a bulk of input data.

Because of the need to numerically differentiate an original noised
signal repeatedly, the number of errors of accumulation and truncating
unavoidably increases, and that considerably affects the accuracy of a
model being constructed.

3. Experimental investigations of forced oscillations in a rod.

3.1. The model.

With the aim to solve the above-mentioned problems a bench was
designed and manufactured and a model constructed. The bench body
comprises a rigidly fixed member with all other elements fixed onto
it. The bench represents a system of collar beams, supports and struts.
The elements of the bench are bolted to one another so that to make it
possible to gradually vary the spaces between the struts and the collar
beams. In order to avoid development of eccentricities, particular
attention while assembling the bench has been given to positioning
the centres of gravity of the elements.

The rod was fabricated from a spring steel band measuring /,=2m
in length and having the cross section of bxs = 0.05x0.056m. The
spacing between support mounting holes was /= 1.955m (Figure 1).

A modulus of elasticity in the material of the rod was determined
by repeated static loading of the straight-line portion of the rod in the
midpoint on its length. The value of E=2.07x10° MPa obtained has a
deviation of 1.4%, from the normative value of is £=2.1x10°MPa
which is permissible.

In order to increase its inertia characteristics, the rod was loaded
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with additional weights of 1 kg each, which were arranged at an equal
space from the midpoint on the rod length. To study forced oscillations
in the flexible rod, at the mounting stage of the model the rod was
subjected to initial longitudinal compression. The value of the axial
compression force was chosen greater than the value of Euler’s force.
After compression the straight-line shape of the rod centerline portion
became unstable. The existence of one from three stable oscillation
regimes is possible in system:

- «large» oscillations relative to all three equilibrium positions;

- «small» oscillations relative to the top equilibrium positions;

- «small» oscillations relative to the lower equilibrium positions.

The parameters of an outer excitation have a pronoiinced effect
on oscillatory modes in flexible rod systems. During the experiment,
particular attention was given to feasibility of adjustment and recording
the parameters of outer excitation.

Figure 1. The experimental model

A motor was used as a generator of outer excitation and enabled
a gradual variation of rotation frequencies. The engine weight
was 2 kg. The generator was attached to the rod by means of a
clamp. Taking into account the fact that appearing the sub and
ultrahannonic oscillations was quite probable and also with an aim to
facilitate the construction of amplitude-frequency characteristics,
in the experiment the motor rotational speed was registered, too.
Frequency values of external excitation were transmitted into one of
the ports in a multi-channel tensomagnifying unit.

The value of amplitude of external monoharmonic excitation
depended on the motor rotational speed and was determined by the
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equation: N
P =m;a=m;w" R, (1)

where m_ is the weight of an eccentric, a is centrifugal acceleration,
o is a motor rotational speed. R, is a radius of eccentric rotation.

Twoeccentricsusedintheexperimenthadthe followingcharacteristics:
R,=0.114m, m = 0.358 kg and R,=0.107m, m,=0.125kg.

The complete set of measuring and recorciing instruments utilized
in investigation of forced oscillations in the flexible rod included
means for registration, transformation and storage of signals, and also
a personal computer. The use of the computer ensured automatic
numerical data processing and enabled the application of the standard
graphic packages for the signal representation.

The oscillation amplitudes of the points on the rod were measured
with wire strain gauges. One of the disadvantages of the wire strain
gauges consists in their sensitivity to lateral deformations, which affects
the accuracy of measurements. To compensate this drawback, the strain
gauges were grouped in nodes. The strain gauges were connected as
semi-bridge circuits and glued onto the rod. To study oscillation modes
in the flexible rod, the gauges were placed at the points spaced at 1/8;
3/8; 1/2; 3/4 [ from a rigid support. The calibration of strain gauges
was performed prior to the application of a compressive force onto
the rod. The scheme of arrangement of measuring instruments is
shown in Figure 2.

The output signals from the strain gauges were transmitted onto
the inputs of the tensoamplifying unit and after amplification they
were recorded by a magnetograph, e.g. the one of TEAC XR-71
type with pass band of 0-100 kHz and amplitude of input signal is
+1.5 V. A recording tape is CT-90 TEAC type by depth 37 microns.
A nominal velocity of motion of a magnetic tape is 2.38. The use
of the magnetograph provided the continuous records of signals
in six channels and made it possible to repeat their subsequent
processing.

The vertical accelerations in the midpoint on the rod length were
measured with vertical acceleration sensors of AC-2 type on base of
ADXL105. The ADXL105 is a high performance, high accuracy and
complete single-axis acceleration measurement system on a single
monolithic TC. It has low bias and sensitivity drift. The ADXL105
measures acceleration with a full-scale range up to £5g and resolution
2mg and produces an analog voltage output. The vertical acceleration
sensors of AC-2 type allows to fix signal in frequency range up to 10 kHz.
The signals from the vertical acceleration sensor were transmitted to the
scale amplifier of TMA-32 type with the pass band of 0-20kHz.
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It has gain coefficients equals 2, 4 and 8.

The amplified signal was recorded in one of the channels of the
magnetograph.

An analogue signal recorded by a magnetograph was transduced into
its discrete form in an analogue-digital converter.

The frequency of signal sampling was 200 Hz. The signals converted
into a digital file were stored on the hard disk of the computer. Special
software was used for primary data processing. It included multiplying
and division of the sensor data by transfer factors, and deduction of
corrections for zero offsets.

™

— |
Figure 2. The scheme of arrangement of the measuring Instruments:
1 — a model; 2 — tensoamplifying unit; 3 — a scale amplifier;

4 — a magnelograph; 5 — a personal computer

3.2. Analysis of free oscillations. Definition of natural frequencies
and decrement of oscillations.

The investigated model is essentially anon-linear asymmetrical system.
It has two stable non-adjacent equilibrium states. In the experiment,
characteristics of free oscillations, natural frequencies in particular, were
defined separately for each of these equilibrium states. In the experiment,
free oscillations were excited in two ways: either by a sudden shut-off of
the generator of the oscillations or by applying an impact load onto the
rod in the midpoint of its length.

A number of general methods for definition of decrements of
oscillations are recognized. For instance, one of them is intended
for the systems having several degrees of freedom and is based
on the definition of the width of the resonance curves or so called the
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hodograph of frequency. Another is used for the systems with one degree
of freedom and analyses transient regimes of oscillations. The latter
method is simpler in application.

While defining the dynamic characteristics of free oscillations, we did
not take into account the first two periods of oscillations because transient
processes have a pronounced effect on them. The rest of an oscillogram
presents common regularities. One of the typical records of free oscilla-
tions is shown in Figure 3. As evident from the given figure, the large’
free oscillations, as referred to all three equilibrium states, are unstable;
and over time, they are turned into ‘small’ oscillations relative to one of
the two non-adjacent equilibrium states. The natural frequencies of the
oscillations referred to each oscillating behaviour comprised ®=12.5rad/
s and w =13.9rad/s' respectively, and the decrement of oscillations was
0=0.074.

Figure 3. Time processes and phase trajectories of a free oscillations in a rod

3.3. Definition of oscillation modes.

The oscillation modes were measured by recording the signals
throughout the experiment. The shapes of bending oscillations were
determined by simultaneous recording the signals in all five groups
of strain gauges. The analysis of the oscillograms proves that the
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oscillation phases are identical in all points on the rod, and the
oscillation amplitudes increase from the end sections towards the
middle. Therefore, the rod subjected to the oscillations takes the shape
of a half-wave of a sine. Thus, for the specified type and parameters
of the outer excitation in the investigated mechanical system the
oscillations of the first mode are the only possible.

4. Mapping phase trajectories of chaotic oscillations.

When the flexible rod was subjected to dynamic testing under
periodic actions of the outer excitations, it was revealed that there
are both frequency ranges, which envelop several stable regimes of
oscillations, and time processes of chaotic-oscillations (Figure
4) [7]. The chaotic oscillations constitute cascades of bifurcations
of a period doubling.

Provided the oscillatory process is simple and adequately studied,
the solution of identification problems does not present any special
difficulties. But the situation is reversed when we deal with chaotic
processes, which are most frequently described on the basis of statistical
regularities, in spite of the fact that their descriptions with differential
equations are well known.

The main peculiarity of the chaotic systems is unpredictability of
their behaviour for a prolonged period of time; even the slightest error
in specified initial conditions shortly results in the process transaction
onto another trajectory. The evolution of processes in such systems
occurs due to the dissipation of energy in them.

In recent years, two principal approaches toward the identification
of the chaotic processes have been noted. The first approach is
based on studying the behaviour of a physical model of a rather
simple object, which is represented with non-linear differential
equations. It is worth to note that in most cases to find a description
with differential equations for a real system is frequently an extremely
difficult task. Another approach towards the identification of the
chaotic systems is based on the observation of the chaotic processes
and subsequent construction of an attractor in, as it is called, a re-
designed phase space, which is reconstructed in accordance with a time
series observed; such a series constitutes a sequence of discrete values
of a certain variable generated by the system.

Let us take a fairly simple method [8] for the non-parametric
identification, which is applicable for a wide class of the
mechanical systems with one degree of freedom and posses non-
linear properties inherent to real systems. This method makes use
of information about displacements and accelerations [9] as well as
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the outer excitation affecting the system.
Let us assume that the physical model under investigation can be
described by a second-order differential equation as follows:

I71j3 + /?(}",}.7) + I’(}’) = Pl (2)
where m is the mass per meter of a rod, /(y.y) is dissipative force,
r(y) is elastic force.
One of the objectives of the present investigations is to obtain
a comprehensive description of 4 and r using an outer periodic
excitation and by this strategy to study the system

my+ h(y,y) +r(y) = P(t), P+ T) = P(t) =c. 3)

Let us denote a sequence of points by {Il }={y, v, ¥ ), k=1,...,n,
describing the measured displacement, velocity and acceleration in the
system (2) at the discrete moments of time ¢ = ¢, = ¢ + kT, where T is
a period of the outer excitation. When we represent these points in the
extended phase space (), ¥, ) we obtain a set of points parameterized
by time ¢,

First, by ignoring the effects of the energy dissipation, we can
assume that the characteristic of the elastic force can be determined
from the relationship:

r(yk) = ¢ — mjk. 4)

The time processes of acceleration and displacements having
the lengths equal to 252 periods of outer excitations were
adequately processed and used in the mapping construction of the
phase trajectories. The principle of mapping construction of the
phase trajectories on plane (v, J) is much the same as the processing of
time processes by peaks. The estimation of the acceleration and
displacement values were performed at discrete moments of time
meeting condition ¢ = F(t ) = F(t,) [8] (Figure 5).

A closer look at the mappings of the phase trajectories presented
in Figure 5 shows cattering of points in the range of resonance
amplitudes of «small» oscillations [9]. The main reason for this
phenomenon is the presence of high-frequency noise having the
amplitudes commensurable to the amplitudes of «small» oscillations.
By averaging the data obtained in the experiment, a polynomial trend
was derived. The trend curve has the shape of an asymmetrical
cubic parabola intersecting the axis of the displacements in points

=0.06m, y, = 0.039m and y, =-0.006m, agreeing closely with the
Values of the coordinates y, = 0.058 m, y =0.034 mand y, = -0.006 m
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of the rod state. To verify statistical reliability of the polynomial trend
obtained, the multiple factor of determination was calculated and found
equal to R’= 0.835.

hih
N I (A |
PO ORI q W I
Lt "hw HY

Figure 4. Chaotic oscillations of a model

5. Conclusions.

A fairly simple method for non-parametric identification described
in this article can be applied to a wide class of mechanical systems
having one degree of freedom and manifesting non-linear properties
inherent to real systems. This method is based on the use of information
on accelerations, displacements as well as outer excitation, which can
be determined by the techniques of the qualitative theory and also by
the regression methods and approximating expressions of the elastic
characteristic as functions derived from generalized coordinates.

The suggested method for analysis of the determinately chaotic
processes provides fresh approach to data processing. The most significant
feature of this method is that, in spite of its simple appearance, it enables
to obtain maximum information about an investigated process or a
phenomenon. The applicability of the suggested method is limited by
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noise levels, measuring errors or duration of a process under study. The
engineering applications of the suggested method are very promising in
identification of parameters in the determinated chaotic svstems.
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Figure 5. Mappings of the phase trajectories of the chaotic oscillations
in the experimental model
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TUAPOADPOTUHAMUKA.
TEOPHSI. DKCIIEPUMEHT. TIPAKTHUKA

«Ecnu wenosex ne nonumaem npoonemt,
OH nuuiem MHo20 Gopmyi,

a Ko2oa noumem, 6 uem 0eo,

UX OCmaemcsi 8 Iyuuem caydae 08ey

Hunvc bop
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AIPOYIIPYTUE KOJTEBAHMSI TEJIA
KPYIUNIOIMJIMHAPUYECKOU ®OPMBI B IIOTOKE BO3JIYXA*

CocrosiHue TEOpUM OOTEKaHHMs TeJl KPYDIOLUMIMHAPUYECKOH ¢op-
MBI SIBJISIETCS HEYIOBJIETBOPUTEIbHBIM KaK C TOUKH 3PEHHUS IOCTPOCHHUS
MaTeMaTH4eCcKON MOJEIH U OIpPEACIeHUs] a3pOANHAMUYECKUX CHJI, TaK
1 ¢ TOYKHU 3pEHMS aHaJIM3a BO3MOXHBIX PEXKHUMOB KosiebaHuil. B Hacto-
Amet paboTe yTOYHSIOTCS adpOANHAMUYECKIE CHIIBI, JEHCTBYIOMNE Ha
cBOOOTHO KoJeOroIeecst KPYIIOMMIMHAPUYECKOE TEI0 B TOTOKE BO3/LY-
xa. [Ipennaraercs MeTozuKa, MO3BOJISAIOLIAs POAHATIM3UPOBATD MTOBEIE-
HUE [MJIMHJPA B TOTOKE, UCCIIEI0BATh BOBMOKHBIE PEXKUMBI KOJIeOaHHUH B
3aBUCUMOCTH OT (PU3UYECKUX U TEOMETPHUYECKUX (PaKTOPOB.

HccnenoBanus BHIIOIHEHBI B CIIEAYIOIIUX peanonaokeHusx. Komeba-
HUS [WINHAPA MPOUCXOJAT B PABHOMEPHOM BO3IYIIHOM IOTOKE MaJIoi
CKOPOCTH IpU HOPMaJIbHBIX arMocdepHbIX ycioBusix. IloTox Bo3myxa
paccMaTpHuBaeTCsl Kak Bs3Kas HEC)KUMaeMast AKHUIKOCTb.

1. leiicTByI01LIME CHJIBI.

Kak wu3BeCTHO, TOpPU30HTAJIbHBIA BO3AYLIHBIA MOTOK CKOPOCTH V
BbBI3bIBACT BEPTHUKAJILHBIC KoJie0anus yOopyroro qUJIMHAPUYICCKOIro TEa.
OrnpenenuM CHIBI, TEHCTBYIOIIHE PU ITOM Ha IIJIHHID.

*OnyonukoBano B Tpymax JAI'Y «['mapoaspoMexaHnka U TEOpHUs yIpyro-
ctu», Beim. 16, lnenponerposck, 1973.
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¥y

Puc. 1

[lycTs mMuIMHIpP NBIOKETCS BHHU3 CO CKOpOCTHIO v (puc. 1,a). Ecim
V — CKOPOCTh HAOETaIoIIero moToka Ha OECKOHEYHOCTH OTHOCHTEIEHO
HCIIOABMXXHOI'O HWJIMHAPA, a Y — CKOPOCTh ABMXKXCHUA MUIMH/APA OTHOCHU-
TEJIbHO HCIIOABUIKHOT'O IIOTOKA, TO CKOPOCTH IMMOTOKAa OTHOCUTCIIbHO ABH-
KyHierocs nujimHapa 5

V=9+(=p); V=AV+y*=v |1+ 2 (1)

1%

Juarpamma elicTBYIONIUX Ha KOJICOTOIIUNACS IIFITUHAP adpOIUHAMHE-
YeCKUX CHII n300pakeHa Ha pucyHke 1,0. Cuia 1000BOTO COMPOTHBIIE-
Hug W, NpUXOIAIIascs HA €IUHUIY JJIMHBI Tea, ONpEeAesieTcs Mo u3-
BECTHOM B a’pomHamMuKe (popmyse

WzécxpdV2, ©)

T7ie p — MaccoBast IUIOTHOCTh BO3AyXa, paBHas 0,125 ke ¢ cex’/m?;

¢, — K03 (UIMEHT T0O0BOro CONPOTHUBIECHHUS KPYIIIOLMINHIPUIECKO-
ro Tena;

d — ninameTp uMIMHIpA.

[lomepeunast (mogbemHas) cwiia NpH OOTEKaHWH HEMOABHIKHOTO
LUJIMHAPA paBHa HYI0. B nponecce konebanuii HMIMHIPA B IUIOCKOCTH,
MEPICHIUKYIIIPHON HATIPABICHHUIO TOKA, TOUKH CPbIBA BUXPEH, HITH TOY-
KA OTpPbIBA TIOIPAHUYHOTO CIIOSI, MEPEMEIAOTCS, YeM OOYCIIaBINBAIOT
BO3HUKHOBCHHE JIOTIOTHUTEIBHON a3pONHAMUYCCKON CHITBI.

AHAIIOTHYHOE SIBJICHUE HAOIIOIACTCs IPU BPAILICHUH IIHJIMH/IPA B BO3-
nyurHoM notoke (3¢ dext Marnyca [4]). Teopust mprcoeTMHEHHBIX BUX-
peit, paszpaborannas H.E. XXykoBcknM, 00BsCHIET MEXaHN3M BO3HHKHO-
BEHUsI TIOIBEMHOW CHJIBI y Bpallaromierocs muiuHapa. Ecmu ckopoctb
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BpallleHHs] [WIMHIPA MTOCTOSHHA, TO MOCTOSHHA W BEJIWYMHA TOIbEM-
HOM cuibl. KoneOaHus uIMHApPa B BEPTUKATBLHON TIOCKOCTH (pHc. 1,0)
BBI3BIBAIOT YIVIOBBIE KOJEOAHUs Cliefja 3a TEJIOM, U BO3HHUKAIOUIAs NPU
9TOM JIONOJIHUTENIbHAS adpOANHAMHUYECKas cuia P — mogbpemMHas cuna —
MEPUOJMYECKH MEHSIET CBOM 3HAK U BEMUMHY:

Pzécypde, 3)

KoaddunmenT nonbeMHON CHITBI C, 3aBHCHT OT CKOPOCTH MOIEPEIHO-
rO IBWKCHUS Y U yCTAHABIMBAETCS, KaK MPABHUIIO, SKCIIEPUMEHTAIbHBIM
myteM. CorltacHO a3pOruAPOANHAMHYECKON TEOPUN

c, = ai a, “4)
Ja
I7Ie O — KOKYIIUICS YOI OTKJIIOHSHHUS ITOTOKA 33 CYET MONEPEYHOTO JIBHU-
JKeHUS IrHIpa (puc. 1,a);

% _ KOO PUIHEHT, XapaKTepU3YIOIIUI KPyTU3HY KPHUBOH 3aBUCUMOCTH
oo C=C, (o).

B cBOIO oqepem) yToI o sIBIsieTCsl PYHKIMEH CKOPOCTH MOTIEPEYHOTO
JABWKCHUS LMIIMHADPA Y 3 s
|0(|-arctgy y l 2 +l Y — ...

v 3 \v 5\v ®)

Bennuuna kospdunmenta oc /00 3aBUCUT OT TEOMETPUHM TEJIA.

Jst koneOmromerocst B MOTOKE KPyDIOLMIMHAPHUYECKOTO Teja JaH-
HBIC 0 3HAYCHHH KOY(QUIMEHTA JC /00 OTCYTCTBYIOT.

W3 ycnoBus nonyueHus nquero COBIIAJIEHUS C SKCIIEPUMEHTAIbHBI-
MU pe3yJbTaTaMu JUIs BPAIIAIONIerocs] KPYIOIHIHHPUIECKOTO Tella B
MOTOKE XUAKOCTH CBEHCOH Mpeaioxkui [4] cienyrornyto GopMmyity Js
k03 HIMeHTa TOABEMHON CHIIBI

3

~271y 0,33 ] ©)
v

CTpyKTypHO OHa COOTBETCTBYET (bopMyne (4) mpu coxpaHeHHH IBYX
YJICHOB B paznoxeHuH (5). [Ipu o0TekaHuu Kpyriioro LMIKHAPa BO3Ly1I-
HBIM IIOTOKOM B cJIely 00pa3yroTcsi BUXPH, IIOTIEPEMEHHO CPHIBAIOLINECS
TO C BEpPXHEH, TO C HIDKHEH ero'KpoMKH. B pesynsrare BuXxpeodpazoBa-
HUS BO3HUKAET NEPUOANYECKas a’dpoAuHaMHuuecKas cuia — cuna Kapma-
Ha, MIepHOJl KOTOPOH COBIMAAAET C MEPHUOIOM CpPhIBa BUXpEH, BbI3BaHHAS

HEPaBHOMEPHOW MUPKYISALUEH MTOTOKA BOKPYT IIIKUHApa [2]:
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1
F(t):ECk pdv’signv, (7
e ¢ — koopdunuent Kapmana.

2. luddepeHnuabHOe YpaBHEHUE KOJIeOaAHUIA.

PaccmarpuBasi KpyDIOIMIMHAPUYECKOE TEIO KaK CHCTEMY C OJHOM
CTETICHBbIO CBOOOABI M Tpenrnonaras U3BECTHBIMH YIIPYyTUE U JAEMI(H-
pYIOLIHE CBOKWCTBA HUCCIIENyeMOro Tena, TudQepeHunaisHoe ypaBHEHUE
a’pOYIpPYyrux KoyiedaHuil B BEpTUKAIBHON MIOCKOCTH MOYKHO 3alucarh B
dhopme y v
my+nj}+W;—P;+mcozoy=F(t) (8)

31ech NPUHSATHI CIIEAYIONINE 0003HAYCHUS:

m — TIOTOHHAas Macca IHITNHPA;

y — HallpaBJICHUE MTOTIEPEUHBIX KoJieOanwit (cM. puc. 1);

n — K03 (UIIMEHT BHYTPEHHETO TPEHUS TEIa;

®, — COOCTBEHHAs YaCTOTA TEJIA.

Bce cuibl, BXoasiue B cocTaB AudQepeHInaibpHoro ypapaenus (&),
MIPUXOJISATCS HA SAVHUILY JJIMHBI [IIAHIPA. - 5

B Boipaxenu (1) oTHOCHTeIbHOM ckopocTr V paaukan /1 + (P /v)
MOKHO pa3ioxuTh B psia Teiinopa mo crenesiM () /v)

2 .\ 2 .\ 4

1+ 2 ;1+1-X Ly +.... 9)

% 2\ v 8\ v

[ToncraBum Beipaskenus (1) — (5) B ypaBuenue (8), coxpaHss o ABa
qJIeHa B pasnokeHusx (5) u (9):

. dw, . pdv’
+ —
YT T o
. .\3 N
ey 2o B 2] _E[ 2 |,
v 6 2 N\v 6\v 10)
2 F(1)

+o, y=—=
m

rme 0 — jmorapuMHUYEeCKU TEKpPEeMEHT KoleOaHWi, XapaKTepHU3yIONIni
neMn(pUpyIONMe CBOWCTBA IMJIMHIPHYECKOTO Tena, O = nu/mo;
k:dcy/d(x.
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Kak y»xe BbIllle 0TMEYANIOCh, SKCIIEPUMEHTAIBLHBIC H TCOPETHUCCKUE
JaHHBIE O 3HadeHWH Kod(¢uimenta k mis cBoOOTHO KOIEOOmEerocs
LUJIMHIPA OTCYTCTBYIOT. KOCBEHHBIM ITyTEM MOKHO MPHITH K 3aK/IH0Ue-
HHIO O TOM, 4TO 2,5<k<3.

3. AHau3 KoJsiedaHuil KPYIJIOMWIMHAPUYECKOro Tejla B NMOTOKe
BO3/yXa.

Uccnenyemas konebdarenpHas cuctema (puc. 1,0), onucsiBaemast Helu-
HEHHBIM JuddepeHaibabiM ypaBHeHueM (10), OTHOCHUTCS K MTOTEHIIU-
aNbHO-aBTOKOJNIeOaTenbHBIM cucTeMaM (1o TepmuHonoruu K. @. Teogop-
yuka [5]), B KOTOPBIX aBTOKOJIEOATEIbHBIE PEKUMBI MOTYT BO3HUKATh
TOJILKO TIPH OIIPEJICIICHHBIX YCIOBUSX.

C 11enbt0 MCCIeIOBaHMS JUHAMUYECKUX CBOMCTB a3pOyIPYTrol CUcTe-
™Mbl (10) Oymem BHauane momarare F(t)=0. J{ns pemenuss HeMUHEHHOTO
ypaBreHus (10) 6e3 ydera mpaBoOi 4acTH BOCIIONB3YyEeMCS DHEpreTHUe-
ckuM MetonoM Teomopuwka [5].

[IpencraBum ncxomnoe ypaBuenue (10) B Bue

JON

v+

T
L pdv? v (k e XY k(Y| Y
(k—c) X+ Z-Ce | 2 2f2 )]
2m v 6 2 )\v 6\ v

paccmarpuBasi IPaByIO YacTh KaK CYMMY BCEX BHYTPEHHHX CHII CHCTe-
MBI, ISHCTBYIOIINX Ha KOHCEPBATUBHYIO KOJIEOATEIBHYIO CHCTEMY, YpaB-
HEHHE KOTOpoH ¥ + ®’y = 0, UMeeT pelieHueM

y=asinot. (12)

P+’ y=(0"—n')y—

[Toncranoska (12) B mpaByto 4acTh MO3BOJISET MOIYYHTH JJIS ONIpETie-
JICHHS] aMILTUTY/Ibl H YaCTOTHI aBTOKOJIeOaHHU CHCTEMY alreOpandecKux
YPAaBHEHUI:

(0’ —w?9)a=0

_5w0aa)+pdv5p - ﬂ+[£__j3ﬂ_
x 3
oz 2m v, \6 4 v, (13)
5
10, @07,y
L 9% vy,

periasi KOTOpPYI0, HaXOIMM:
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(0 =0,;
a, =0;

2
a, = 3(1—3c—xjv 2 4
’ 10 k)o,

2 4 4
36 [1 3cx] vkp 9 2m & v,(,,+96(l cx]v,cp

1000 "k o,

A

v, (14)

o, 10 npdk o, 10

k

CKOpOCTI: IIOTOKa v = Vkp, COOTBETCTBYIOLIAA aBTOKOJ'ICGaTCJ'IbHOMy pe-
JKUMY, Ha3bIBACTCA KPUTHUYCCKOU CKOPOCTBIO.

Kak moxka3piBaeTr aHamm3 MOJIYYCHHBIX pemeHHﬁ, YCJIOBHUEM
CyHIeCTBOBaHUs yCTOﬁ‘lHBHX aBTOKOJICOATCIHHBIX PEKUMOB SABJISACTCA
CO6J'IIO,I[6HI/IC HEPaABEHCTBA

d<

npd V.| 3 .Y
=/ 2V 1-3= | k+(k-c)|=6,.
2m o, | 80 k ( 2 > (15)

B stom cnyudae BrOpoe W3 ypaBHeHM# (13) umeer, mo KpaiiHen
Mepe, OAUH JCUCTBUTEIIbHBII HEHYJIEBOW KOPEHb, COOTBETCTBYIOLIUMI
ABTOKOJICOATEIILHOMY PEKUMY.

HepaseHctBo
npd Vo
——(k—c,)—=39, 16

2m W, (16)

SIBIISIETCSL YCJIOBHEM CYIIECTBOBAaHHUS JABYX JEHCTBHUTEIBHBIX KOpHEH
ypaBaenus (13), He paBHBIX HYJIIO.

PaccMoTpuM Tpu BO3MOXKHBIX CiTydas [5] MOBEACHHS HCCIETYEeMOM
cuctemsl (puc. 2):

o>

fOPGEAL mare

7 ’?,ﬂl‘-’d{’ﬂnrm 7] !iﬁFﬂPﬂmmU L etw Ty
T i LI s rn

RN 4
£

¢

A. Eciu 8<81, KonebaTenpHasl cucreMa caMoBO30yxaromasics. B
9TOM ciIy4ae paBHOBeCHOe cocTosiHuE (2 = () HEyCTOMYNBO M €IMHCTBEH-
HOE 3HAYCHHUE AMILTUTY/Ibl ABTOKOJIEOaHUH a, COOTBETCTBYET yCTOHYHBO-
MY TIpeACTIbHOMY [IUKITY.

b. Eciu ,<6<96,, ypasuenue (13) umeer 1Ba ICHCTBUTEBHBIX HEHY-
JICBBIX KOPHSI, COOTBETCTBYIOIIMX JIBYM 3HAYCHHSIM aMILTUTY/] aBTOKOJIe0a-
TEJBHBIX PEKUMOB. [1pu 3TOM HecaMOBO30Y Xk 1at0MIasiCs OTCHIIUATBHO-
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aBToKoneOarebHas cucrema (11) umeer ABa MpeAeIbHbIX UKIIA: TEPBBINA
C MEHBIIMM 3HAYEHUEM aMIUIUTY/IbI &, ABJIAETCA HEYCTONYUBBIM, & BTO-
PO ¢ GOJBIINM 3HAYEHUEM AMILIUTYIBI &, — YCTOWYHMBBIM.

B cucreme BO3MOXKHBI CaMOINOAJEPKHUBAIOLIMECS aBTOKoJeOa-
HUSI, €CITM HavYalbHOE OTKJIOHEHHE MPEBOCXOIUT 3HAYCHUE AMILIHTYIIbI
HEYCTOMYMBBIX aBTOKOJICOAHHI.

ITpu m00BIX 3HAYEHUAX 6>0, MOJI0KEHUE PABHOBECHUS YCTOUUMBO.

B. Ecnu 6>0,, HeBo30ykneHHas cuctema (11) He uMeeT yCTONUMBBIX
rapMOHHYECKUX KOJIeOaHUH W, CIeloBaTeNbHO, MPEACIbHBIX IHKIIOB.
KoneGanus HOCAT 3aTyXxalommii Xapakrep.

Bepuemcs x nenuneitHomy anddepeHnmaibHoMy ypaHeHuo (10)
U PAacCMOTPUM BO30Y)KACHHE IONEPEUYHbIX KOJICOaHUH UMIMHApA,
HaXOJISIIEToCcs B IOTOKe BO3ayXa, cmioil Kapmana (7).

Paznoxxum neproaudeckyto cuiy F(t) (7) B mpenenax omHOTO Iepuoaa
cpbiBa BUXpeH B psig Pypbe U COXPAaHUM OCHOBHYIO FapMOHUKY

2
F(t)=~c,pd Vv’ cosot. (17)
T
IJIe ® — 4acTOTa CPbIBA BUXPEN,
w=2nSh—. (18)
d

Yucno Crpyxans Sh myist koneOromierocs umHApa pasao 0,2.

[Ipu koneGaHusX MWIMHAPA HAOIIOMACTCS SIBIICHUE, CBS3aHHOE C 3a-
XBaTOM YacTOT CpPbIBa BHXPEW: B OIMPEISIIEHHOM JHala3oHe CKOPOCTei
MIOTOKa YacTOTa CphIBa BUXpEH TepecTaeT OBITh MPOMOPIHMOHATBHOMN
CKOpOCTH TTOTOKa (18) I onpenensercs UCKIIOYUTETLHO YaCTOTON KoJe-
Oanwuit mumHapa. Kak mokasanu uccnemoBanus [ 1] sBiIeHUS 3axBaTa da-
CTOT CPbIBA BUXPEH YaCTOTAMH BbIHY K ICHHOKOJICOIFOIIErOCs [IMINHIpA,
30Ha 3axBara BechbMa Besinka. CHHXPOHHM3AIIMS YaCTOThI CPhIBAa BUXPEH C
4aCTOTOM BBIHY)KJICHHBIX KOJIeOaHHI 00YCIIaBIMBAETCs B3aUMOJICHCTBH-
€M IIOTOKa ¢ KoJeOmommMces TefoM. Eciin konebanus UIMHIpa BbI3Ba-
HbI CaMHM IIOTOKOM, TO CUHXPOHU3AlMA YaCTOTHI CphIBa BI/IXpGﬁ C 4acCTo-
TOW CBOOOJHOKOJICONIOIIErOCs UIUHApa OyneT HaOmromarbes B Oolee
Y3KOM UHTEpBaJIe CKOPOCTEH MOTOKA.

Bynewm momnarars, 94To /it CBOOOIHOKOJICOMIONIETOCS IUITHHPA SBIIC-
HUE 3aXBaTa Ka4eCTBEHHO HE OTIIMYAETCSI OT OMMCAHHOTO B padore [1], HO
30Ha 3aXBaTa OrpaHUYEHA HHTEPBAJIOM N3MEHEHHSI KHHEMaTHIECKUX YH-
cen Crpyxans 0,18<S5%4<0,22.

[IpaBromomoOHOCTH MPUHATOTO TPEATIONIOKEHHS O CY)KEHUH 30HBI 3a-
XBaTa 4acTOT CPhIBA BUXPEH /It CBOOOJHOKOICOIFOIIETOCs B TOTOKE 11~
JMWHIpA TOATBEPKAaeTCs HaOmoneHusaMu [3], [7-9] Hag KorneOmommmu-
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Csl B BETPOBOM ITOTOKE BEICOKHMH HITH TMPOTSKEHHBIMH B TNIAHE THOKHMH
COOPYKEHUSAMH IWIHHIPAYECKON (OpMBI. DTH HAOIIOIEHNS, OTHAKO, HE
TOJIFKO HE MCKITIOYAIOT, HO U MOJYEPKUBAIOT HEOOXOAUMOCTH TOCTAaHOB-
KM HIMPOKHX IKCIIEPUMEHTAIBHBIX UCCIIETOBAHUH SBICHNS 3aXBara s
CBOOOTHO KOJICOMIOMIETOCS MAITHHIPA.

WurtepBan kunematndeckux gucen Crpyxans 0,18<Sh<0,22, xapak-
TepU3yeMbli MHTEHCHUBHBIM KOJIEOaTeNbHBIM MPOIECCOM C YacTOTOM
COOCTBEHHBIX KOJICOaHUI IJIMH/IPA, COOTBETCTBYET JIMAMA30Hy CKOPO-
CTEH MOTOKA ¢ HWKHEH rpanuuei v =0,9 v, L1 BepxHeH rpanuneit v, =, lv
Kpurnueckas CKOPOCTb IOTOKA V. OHpCI[eJ'ISIeTC}I BBIpOKEHHEM

o, d
Vkp 2nSh (19)

[Ipenmonaraempiii TpadMk W3MEHEHHS YaCTOTHI CPHIBA BUXPEH B 3a-
BHCHMOCTH OT CKOPOCTH TTOTOKa M300paskeH Ha puc. 3. HwkHe# rpanu-
e v, coorserctByeT uncno Crpyxans Sh = 0,22, a BepxHeH TpanHule v,

—Sh=0,18.

IV |

Gy

% I;‘H I:LI" I"5
Puc. 3

Takum o0pa3zom, it 4acToThl co cuitbl Kapmana F(t) (17), paBHo# 4a-
CTOTC CphIBa BI/IXpeﬁ, npeajraracTcsa 3aKOH U3BMEHCHUA B 3aBUCUMOCTHU OT
CKOpPOCTH TIOTOKA V:

27rSh§; Sh=02, ecmu v<v,u v>v,

(20)

Wy, ecnu v, <V <v,.

[MTockonbKy Hccneryemast CucTeMa IMCCUITaTHBHA, BHEIIHS crita F(t)
u KojeOaresibHOE JBWKEHHE CIABHHYTHI 1o (aze. [lpu uccnenoBaHuu
KonebaHmit ymoOHO 3a/aBaTbCs BHEIIHEH CHIION co cABUTOM (a3, KOTo-
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PBI B JaJIbHEHIIIEM HOAJIEKUT ONPEETICHHUIO.
[Ipumem perrenne ypaBHeHUs KojeOaHui munuHApa B motoke (10) ¢
MPaBoOi YaCThIO

2
F(t)="c,pd Vv’ cos(wt—@)
T
B opme
y =asinot.

Torma jyist casura a3 ¢ U aMIUIATYJT YCTAaHOBUBIIUXCS KojieOaHU a
MOJIYYHUM BBIPAKEHUS

¢ = arctg o’ — o’ .
80)00)_ v’ (h—c )m+(k_cx)3a2m3_1()ka4@5 ,(21)
x O Pom N6 2)a v 96 v
2 v
—pd 2
a= . :
T (s v ke ,o 10 L0
D]+ —-g—p ! 5 (k—cx)c)+(—C"]azwz—ka“w5
o, T O, 2mo, v \6 2)4 v 96 v
(22)

a) BuepeszonancHas 30Ha
Paccmorpum cityyaid, korna v <v  uiaM v>v . AMIUIMTYy KojaeOanui
MOYXHO OTPE/IEIUTh MPHOIMKEHHO 10 hopmyIie

<
W,

cV2—12+cL— ici2 23)
2@02 3@0 p2m 4(002

B MPEATOIOKCHIH MAJIOCTH aMIUTATY. 31eCh 0003HAUCHO:

I

a

2 208 h

¢ =—c, pd; C; ="
nm d (24)
5n’Sh? 2nSh

c2:T, c, = p (k—c)).

0) Pe3onancHast 30Ha
Jlist onpenenenus aMIuIMTy L KOJIEOaHUH B PE30HAHCHON 30HE v <v<v_
HEOOXOINMO PEIINTh aNredpandecKkoe ypaBHeHUE
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s |12 c v |, 96| 2m & c\v |V
a —|—|1-3-"%|—|a" +— =l |—|—5a=
10 k), 10| npd k k)o, |o,
5 (25)
384 ¢, v
10n &k o,

4. XapaxkTep pa3BUTHSA KoJieOaHMI.

AHanu3 Noy4eHHBIX perneHuit (23) u (25) mo3BonseT mpocIeauTh 3a
XOJIOM pa3BUTHS KoJcOaHUH IIMIIMHAPA B 3aBUCUMOCTH OT NPUBEICHHOMN
CKOPOCTH MOTOKa V/®, [6].

B unTepBanax m3MeHEHHs CKOPOCTH MOTOKA Vv <V M v > v Koneba-
HUS [AJIMHIPA MOXHO TPAKTOBaTh KaK BHIHYKIIEHHBIE, UMEIOIIHE BECh-
Ma Malyr amIumTtyny. X TpyaHo HaOmonaTh B CBSI3W C TEM, 9TO B pe-
AIBHBIX YCJIOBHUSX BETPOBOM IMOTOK MMEET HEPABHOMEPHBIA XapakTep H
TTOPBIBEI BETPA SBIISIOTCS PUIMHON CITyJaiHBIX KOJIeOaHUH ITHIHMHIPA B
HaIpaBJICHUU TIOTOKA, B3aUMOJICHCTBYFOIIUX C ITOTIEPEYHBIMU KOJIeOaHu-
SIMU, BBI3BAHHBIMH IIEPUOIMYCCKUM CPBIBOM BuXpeil. B pesynbrare, Ta-
KOTO B3aMMOJICHCTBUS MOTEPEUHbIe KOIeOaHusi COMBAIOTCSI.

B uHTEpBane U3MEHEHUs CKOPOCTH MOTOKA Vv, <V <V KoJIeOaHus Lu-
JIMHJIpA aHAJIOTUYHBI KOJICOAHUSM MOTEHIMAIbHO-aBTOKOJIC0ATEeIbHBIX
cucreM. [lpu 3HaueHUSX MapamMeTpoOB, YIOBICTBOPSIONIMX YCIIO-
Buro (15), MBMKEHUS HOCAT aBTOKOJEOATENbHBIA XapakTep M SIBISIOT-
Csl CaMOTIO/JICPKUBAIOIIIMMHUCS, €CITU BBINONHsIeTCs yciaoBue (16), mim
CaMOBO30Y K IAIOIIMMHUCS, eciin yciaoBue (16) He BBHITOTHEHO.

PexuM BBIHYKACHHBIX KoJeOaHUH IMIUHAPA B 3TOM JKE JHara3oHe
CKOpOCTe#i II0TOKa MMeeT MeCTo rpu 6 > 6, . [Ipu 3HaYeHnH CKOPOCTH T10-
TOKa V = V_aMILUIUTY/Ibl BHIHYXKIECHHBIX KOJEOAHUA MIMHIPA PE3KO Ha-
PACTAIOT ¥ POIODKAKOT YBEIUYHMBATLCS C POCTOM CKOPOCTH TIOTOKA OT V',
JIO V,, KOTJIa IIPOMCXO/IUT TAKKE PE3KOE YMEHBLIEHUE aMILIUTY- B aib-
HeHIIeM, IPY v > V. MOBEICHUE LIMIMH/PA B IOTOKE ONPEIEISAETCs ypaB-
HEHUEM aMIUTUTYIHON KpUBOii (23).

ABTOp BBIpaxkaeT ryOokyto omaromapaocts npod. K.K. densercko-
My 32 TIoJIe3HOe 00CYKIIeHHE PAOOTHI.
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TAIIEHUE KOJIEBAHUM HAI3EMHbBIX
TPYBOITPOBOJIOB B BETPOBOM IIOTOKE*

B psine ciayuaeB TpyOonpoBobI O0JIBIIOTO 1MaMeTPa IPOKJIIaIbIBAIOTCS
Ha/J3eMHBIM crocoOoM. JlaMHa IpOJIETOB MEXKAY ONOpaMH JOCTUraeT
naorga 30—40 m. Takwe TpoJETHl CIIOCOOCTBYIOT BO3HHKHOBEHHIO KO-
nebaHnii OOIBIINX AMITIIUTY, KOTOPBIE MOTYT IIPUBECTH K aBapuu Jake
MIpH HE3HAYUTEIBHBIX CKOPOCTSIX BETPOBOTO MOTOKA. [ amenue koneda-
HUH SIBJISIETCS BAKHOM 3a7a4eil.

Bo3HUKHOBEHUE NEPUOJUYECKON BETPOBOM CHIIBIL, PACKaYMBAIOLICH
TpyOONIpOBO/, BHI3BIBACTCS MOMEPEMEHHBIM cX0oM Buxpelr Kapmana c
OOKOBBIX [TOBEPXHOCTEH TPYOBI.

Hanzemusiii TpyOonpoBoj Kosiebaercsi B BEPTUKAIBHOW MI0CKOCTH,
MEPICHIUKYIISPHOM K €Tr0 OCH, C YaCTOTOM, IPUMEPHO PaBHOM COOCTBEH-
HOM siacToTe Kosebanuii n,. [Ipu coBaieHnn 4acTOTh CPbIBA BUXPEH 71 C
COOCTBEHHOM YaCTOTOM KonebaHust TpyOONPOBOJA 71, TIPOUCXOIUT «BET-
POBOI pe30HaHC», IPU KOTOPOM pacKauMBarollas morepedHast (moabeM-
Hasl) CUJIa ¥ aMILIMTYZa KojdeOaHUH JOCTUTal0T MAKCUMAaJIbHBIX BEJIMUUH.
JUJ19 M30IMPOBAHHOTO KPYIVIOTO IMJIMHAPA YacTOTa CPhIBA BUXPEH C €ro
MTOBEPXHOCTH YJIOBIETBOPSET adpoaAnHaMU4eckoMy uncity CTpyxais

nd
Sh=—=0,2,
v e d — auaMeTp UWIMHIPA, V — CKOPOCTh rmoToka [1].

OmnbITEl Ha MoOAENH TPyOONpOBOJa, pacroiaraeMoil Ha pa3IMYHBIX
paccTosSHUSIX OT SKpaHa, UIMUTHPYIOLIETO TOBEPXHOCTb 3eMJIH, MOKa3a-
JIM, 4TO TPU NPUOIIKEHUN TPYOOIPOBOJA K IKpaHy MHUK aMIUTUTYIHOM
KPUBOH HECKOJIBKO CHIDKACTCS U IIepeMeIiaeTcst Ha OOJbIue KUHEMAaTH-
yeckue yncna Crpyxans.

bau3zocTh 3eMiM NPakTUYECKH MEPEecTaeT BIMATh Ha adpOJUHAMU-
YEeCKHE XapaKTepPUCTUKU TPYOOIPOBOJA MPH YNAIEHUH €r0 Ha PaccTos-
Hue Oonblue . BeIM4YMHbI quaMmerpa. Ha puc. 1 nokasana 3aBUCUMOCTb
adpOJIMHAMMYECKUX XapakTepucTuk (kodp¢uumnentos C u C y) Mojie-
U TpyOONpOBOJAa OT €ro OTHOCHTEIBHOTO paccTosHus H 10 3KpaHa
(H=H/D, tne H — pacctosiHHe OT PKpaHa J0 HHKHeW 00pa3ylollei Tpy-
0b1; D — auametp TpyObI).

Kosdppuumenter C. u C, paBHbI

- S
pv-S pv-S

*OmnyonukoBano coBmectHo ¢ JI.X. bmtomunoit n B.H. I'pebeHHnkoBbIM B
x-11e «CTpOHuTeNsCTBO TPYyOOTpoBooB», Ne 3, Mocksa, 1974.

163



3neck X, Y — adpogHaMU4eCcKHe CHITBI; p — MacCOBast IIOTHOCTh BO3-
nyxa; S — MuJeNneBa mioliajab 0TceKa TpyoomnpoBoa.

[Ipu mpubnmxennn Moxenu K 3kpany (H — () yBenmanBaroTcst Ko -
(burHeHT T000BOTO COMPOTUBICHHS U BOZHUKAIOMIAS OT aCHMMETPUYHO-
ro o0TeKaHHs NOJBLEMHAs CHJIA.

&4

425 | 75 T4

Puc. 1. 3agucumocmo aspoounamuuecxkux xapakmepucmux C_u
Cy om omuocumenvHozo paccmoanusa H yununopa oo sxkpana

OnanM 13 3(P(PEeKTUBHBIX W MPOCTBIX A3POJUHAMHYECKUX CIIOCO-
00B TameHus KoJIeOaHnH SABIAETCS HAaBUBKA HA TPYOOIPOBOA ITPOBOJIO-
KH KpyTJIOTO WM KBajpaTtHOro cedeHus. [lpn aTom cmocobe coszmaercs
caBur (a3 B MEPHOAMYECKOM CPBIBE BHXpPEU IO UIMHE TPyOOIpoBOa,
YTO CYIIECTBEHHO YMEHBIIAET MEPUOANYCCKYIO adPOJHMHAMHUYECKYIO
PacKavYMBaIOIIY IO CHITY

P =P, cos (ot +p),

e P, — aMIUIMTy/la adpOJAMHAMMYECKON CHIIBI, ® = 277 — KPYToBas
4acToTa CphIBa BUXPEH C TOBEPXHOCTH TPYOONPOBO/IA; B — cABHT 1o (aze
CpbIBa BUXPEHl, IEPEMEHHBIH 110 JJIMHE TPyOOIpoBOAa. YKa3aHHBIN CIIO-
co0 a¢dexTuBeH npu Jr000M HaIllPaBICHUH BETPA.

Ywci0 mpOBOIOYHBIX TACUTENEH, UX OTHOCHTEIBHBIN TUAMETP U YTOI
HaMOTKH CYIIECTBEHHO BIUSIOT Ha Xapakrep oO0TekaHus U 3P (eKTUB-
HOCTb TallleHus] KOJIeOaHHH.

Brun BBITIOTTHEHBI UCCIIEIOBAHMS ONTUMAIBHBIX TApaMeTPOB MTPOBO-
JIOYHBIX TacUTEJed Ha yHpyro 3aKperyieHHOW HWUIMHIPUYECKOH Mojie-
T KPYIJIOTO cedeHus. VcclieoBaHusT MPOBOJMINCH B adpOIUHAMUYC-
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CKoil TpyOe ¢ 3aKkpbITOll paboyel 4acTbi0 BOCBMHUIPAHHOTO MOIIEPEYHOTO
ceyeHus. BappupoBanuck 4YMCIIO HMPOBOJIOYHBIX TacUTEIEH, UX OTHO-
CHUTEJIbHBINA AUaMETP U YIoJl HAMOTKHU.

A
/4
22r P 7
R \_/Z"
J;'; %
¢
L'? I L 1 ! 1 1 L I I
a2} d
_{?,r [ é_ r’
/ S
_'_____________._4."-—-'"_-—-
L.‘f 1 L | [ L 1 L 1 L 1 1
g
Lff— 7
4qrr
L 1 i L L L I 1 i
4 4z 44 Re -#7~7

2. BaBNCHMOCTD OTHOCHTEALHON AMILINTYALI KoaedaHmil A oT YHCIa
PaliHoasaca mpH PasadyHLIX DapaMeTpaX HABMDKH POBNIOYHBIX

racirreneii:
a — Yueae Opoponok m (! — Ges rachrencH; 2 — m o= 8, § —
d
m =3, 4 — m = 4), 0 — orgocuTenbIHil aWAMETD % (1 —
u

d d d

Ges racurcieli: 2 — —12 — gop: g — B — qop. g OB
dy dy ay

d
= 0,2%; & —?[E = (0,0%); @ — ¥ron HasuskM ¢ (I — Des ra-
cureneit; 2 — @ 4 6% 3 —p=17% 4 — @ = 11°.

Ha puc. 2, a npusenena 3aBUCUMOCTb OTHOCUTEILHON aMILTUTY/IbI KO-
nebanuit muuHApa A oT urcna PeitHombaca TP pa3TuaHOM KOJIMIECTBE

racuresei u 6e3 HuX. YToJl HaMOTKH MTPOBOJIOKH ¢ = 11°; ee muamerp co-
craBiseT 0,5% amamerpa munuaapa. M3 puc. 2, a BUIHO, 9TO Hanbomee
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3¢ EKTUBHO HCIIOIB30BAaTh YETHIPE TacuTelsi: KojaeOaHWs racsrcs Ha
BCEM JMarna3oHe uucels PeliHombaca, B TPU—YETHIpE pa3a YMEHBIIACTCS
aMIUIUTY/a KOJIeOaHUH B 3aKPU3UCHOM PEXUME.

Ha puc. 2, 6 mokazaHo BIUSHUE OTHOCHUTEIHHOTO THAaMETpa IPOBO-
JIOYHBIX TacHUTENEeH Ha OTHOCHUTEIBHYIO aMILTUTYLy KoieOaHUH MOeINy.
UeTsIpe MPOBOIOYHBIX TacutTens paznuaHoro auametpa (0,2; 0,5; 1 u 3%
JuaMeTpa IWIMHAPA) HaMaThIBAIUCH TofA yrmioM ¢ = 11°. Hammyumue
pe3yabTaThl MOJMY4YeHB! JJIs YeThIpeX racuTesieil, TuaMeTp KOTOPBIX CO-
ctaBysut 0,5% nuaMerpa MUIUHIpA.

Ha s dexruBHOCTh Tamenus konedaHui Takke BIUSET YroJl HAMOT-
k1 racurenedl. Hanbonee pannonasbHa HAMOTKa MPOBOJIOKH MO YIIIOM
¢=11°k oOpazyromuei HUIHHIPA.

IIpu ykasanHbIX ycrnoBusx kodppuuuent C B 3aKpPU3MCHOM PEXKUME
oOTexanus Bozpacraet Ha 35% (puc. 3).

e
¥
7
r J
'.::'-r_
| \ )
T —
. . L L
g aF F Re-1aF

&. dapmeunocts xoddupnomenTa modomord cODpOTHDACHIH C_ o7
queaa Pelmoasges 0 MOTeTi e s

o d d

1— = 3% 2 — R =% g — 0= 05%: 4 — des
1] n

racuTeed, 4

[Ipu pexxnMe «BETPOBOTO PE30HAHCA» AMIUIUTYAA KOJIeOaHNUs yMEHb-
1I1aeTcs B 1Ba pas3a. BOnusu pexxuma «BeTpoBOro pe3oHaHca, Kora mpo-
HCXOMIUT 3aXBaT YacCTOTHI CPHIBA BUXPEH YaCTOTOM KoeOaHUN MUIUHAPA
[2], ammuTyna KoneGaHusl yMEHbIIaeTcsl Oojiee ueM B IATH pa3. Kpome
TOTO, MPH HAJIMYUH TPOBOJIOYHBIX racuTesei oomacts uncen Ctpyxains,
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IIpU KOTOPBIX MOACJIb PACKAYUBACTCH C OOJBIINMHA aMIIMTyAaMHu, CylIc-

CTBEHHO CY)KaeTcsl.
Ha puc. 4 manel ocmutorpaMMBbl aMIDIATY KojdeOaHUH IMIMHApA C

MIPOBOJIOYHBIMH TACUTEISIMUA M 0€3 HUX Ha PEeKUMeE, OTU3KOM K «BETPO-
Bomy pe3oHancy» (Sh=0,17). U3 puc. 4 BumHO, 9TO IIPU UCTIOTH30BAHUH
racuTelnei aMIuMTy/aa KojueOaHuii Ha 3TOM pekUMe YMeHbIaeTcs domnee

JIEM B IIATH pas.
JEr axeumenss

 pasumenaviy

L I L L 4 | 1 1 1

7 Z 7 3 TS

A OCUNATOrPAMMED SMILTHTYT Boaefanuil mpanngpa sOames «BeTR
poroe peaopamcas Ges racHTesell B ¢ OpPODONOYHLIMM FHCHTCLHMF

Takum 00pa3oM, JIJIsl TallieHUsT KOJIeOaHUM HAJA3EMHBIX TPYOOIPOBO-
JIOB B BETPOBOM MOTOKE C IIETIbIO CO3[aHusl cABUTA (pa3 B CPhIBE BUXpEH
peKoMeHIyeTcs HaMOTKa MO/ YoM ¢ = 9—12° geTsIpex MpOBOJIOK AHa-
MeTpoM, paBHbM 0,4 + 0,6% anamerpa TpyOOmpoBoaa.

Jumepamypa
1. ®un A.I0. Beegenue B Teopuro aspoymnpyroctu. M., @usmarrus,

1959, 523 ¢. ¢ un.
2. bromuna JI.X., @ensesckuii K.K. MccrnenoBanre BIUSHUS BEIHY K-

JICHHBIX KOJIeOaHMI IIMJIMHAPA B BO3LYIIIHOM MIOTOKE Ha MEXaHU3M CPbIBA
Buxpeit. 38. AH CCCP. MXI, M 1, 1969, c. 118-119.
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ASPOAUHAMMNYECKHUE UCCJIIEJOBAHUA MOJEJIN
OTCEKA BAHTOBOI'O IIEPEXOJA T'A30IIPOBOJA YEPE3
AMYJAPBIO*

Bucsuwmii nepexon razonposona Kenud — MybOapek uepe3 AMymnapbio
MIpeJICTaBIAeT COOOH OanKy *ECTKOCTH, MOIBEIIEHHYIO IOCPEICTBOM
BaHTOB K OCHOBHBIM JIBYyM TPOCaM, HaTSHYTHIM Ha niiiioHax (puc. 1). ban-
Ka JKECTKOCTH SIBIIsieTcsl TpyO4yaToit (opMoi MpsiMOyroIbHOTO ToTepey-
HOTO CEUEHHUS C HACTUJIOM (SKCIUTyaTalluOHHBIM MOCTHKOM). BHyTpu
pacrmonokeH ra3onpoBo, YeThIPe HUTKH JAPYTHX TPYOOIPOBOIOB U He-
TBIPE HUTKH Kadesel CBSI3H.

BBuny manoil %ecTKOCTH BHUCSUME MEepeXobl MOoA AeHCTBHEM BeTpa
BOCIIPUMMYHBBI K KOJICOAHUSIM, KOTOPBIE MOTYT OBbITh MHTEHCHUBHBIMU H
OTNAaCHBIMH. A3POIMHAMUYECKAs! YCTOHUMBOCTD BUCSUMX NIEPEXOTOB CBSI-
3aHa ¢ MPOOJIEeMOIl CIIOKHOTO CPHIBHOTO OOTEKAHUS U ITOKA HE ITOJ1AeTCs
YHCTO TeopeTudeckoMy pemeHuto. Iloatomy anst obecrieueHus Hamex-
HOCTH SKCIIIyaTaly TaKOr'0 YHUKAJIBHOI'O COOPYKEHUs IOTPedoBanoch
IKCIIEPUMEHTAIBHOE HCCIIEIOBAaHNE MOJEIH OTCeKa OalK{ KECTKOCTH
BHCAYero mepexoaa. [IpaBoMepHOCTh MpPOBENEHUS a’POTUHAMHYECKUAX
WCCIIEZIOBaHUIN Ha CPaBHUTEIHHO KOPOTKOM CEKIIMHW MOJENIN MOCTa WU
nepexoa JOCTaTOuHO MOATBEPIKAeHa paboTaMu psijia aBTOPOB.

JIByXCeKIIMOHHAsI MOJIEIb OAJIKH KECTKOCTH Mepexoa Obliia H3rOTOB-
JieHa U3 AropaneBbix TpyO B maciurade 1:3 (puc. 2). s uMUTanUu 110~
CKOTO OOTEKaHUS 10 TOPIIaM MOJIENIN YCTAaHOBHIM TOHKHE IAHOBI.

VcnplTanusi mpoBOAMINCH B a3pOAMHAMHUYECKOM TpyOe C 3aKpbITOH
paboueii 4acThl0, MPEACTABISIONICH cOOO0M B ITONEPEUHOM CEUCHHUHU Mpa-
BHJIbHBII BOCBMUYTOJIbHUK BBICOTOU 3 M.

AsponuHamMudeckue KodpGuuueHTsl 1060BOr0 conporusinenus C u
noAbEMHON Ikl C | ONPENETSITUCH 110 H3BECTHBIM (opmysam

Cox
S’
v
Y oviS’

e X Y- A3pOANHAMHUYCCKUC CUJIBI; p — MaCCOBad INIOTHOCTb BO31Y-
Xa; v — CKOPOCTb ITOTOKA, S =>bl- mIomaab HaCTHIIA.

*OmnyonukoBaHo coBmecTHo ¢ M. 5. ['embapikeBcknum, B.H. ['peOGeHHNKOBBIM 1
3.41. CnornmoM B x-11e « CTpOUTenbeTBO TPyOOorpoBooB», Ne 9, Mocksa, 1974.
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Kak nokasano na puc. 3, a, sHadenus kodpduiuenta C MOIeU B UC-
CJIEZIOBAaHHOM JMara3oHe ckopocTu mortoka ( v= 10 + 35 m/c) mpakTu-
YEeCKU HE MEHSIOTCS, MIOCKOJIbKY 00TeKaHne TPyObl OONBIIOTO AHaMeTpa
MIPOMCXOIUT B 3aKPU3UCHOM 30HE, & TPYObl MEHBIIIETO TUaAMETPa — B JIO-
KPU3HUCHOM, T. €. B IIEPBOM CJIyuae

Re=Q<o,2-1o"
%
a BO BTOPOM —
Re=Q<o,2-106
1%

(3mech D, d — nuameTphl O0NbIION U Maoi TpyO; V — KHHEMaTHIeCKHA
K03(pPHUIIIEHT BSI3KOCTH BO3/IyXa).

HcnbiTanus npoBOAMIMCH B JIMaria3oHe yIiioB ataku —16° < o < 16°,
TEM CaMbIM yUUTHIBAJIaCh BOBMOXKHOCTD ITOSIBIIEHHUS] BOCXO/AIINX, a TaK-
YK€ HUCXOISIIUX ITOTOKOB, TUITMYHBIX JUISI TOPUCTOW MECTHOCTH.

Ha puc. 3, 6 npusenensl 3Ha4enus kod3pdunuentos cui C_u C, B3a-
BHCHMOCTH OT YIJIa aTaKH a [OJIHOW MOJIENIU OTCEKa Mepexoaa o cilIom-
HbIM ¥ TIep(HOpUPOBaHHBIM HACTHWIIaMU. [10yUYeHHBIN SKCTIEPUMEHTAITb-
1o ko3pdurment C_ = 0,8 (mpu HyIEBOM yIiie aTaku) MPAKTHYECKH
COBIIQJIACT C C =0, 825 noncuntanubiM 1o CHully 11-A.11-62. C u3-
MEHEHHEM erIa araxu k03¢ pHIEEHT T000BOTO COMPOTHBIICHUS HECKOIb-
KO YBEJIIMYMBACTCH.

B cnyuae xorna B Mojenu, KpoMe TpyOOITpOBO/ia, B HIKHEM ITOJIOXKE-
HUU YCTAHOBJIEHBI TOJIBKO YETHIPE TPYOBI /sl Kabemeil CBA3H, COMPOTHB-
JICHNE MOJIEIH yMeHbIaeTcsl mpuMepHo Ha 12% Bo BceM HCCien0BaH-
HOM JTHara3oHe yIIIoB aTaku (cM. puc. 3, 0).

Xapakrep u3MeHeHus K03 GHUIIMEHTa TOIBEMHON CHIIBI OT yIJia aTa-
KM MOJICJIY 3aBHCHUT ITIaBHBIM 00pa3oM OT Bujia HacTuia. Tpyba razomnpo-
BOJIa, HAXOAAIIAsACS BOJMHM3M HACTHJIA, CO3JIaCT HEKOTOPYIO OTPHIIATEIIh-
HYI0 TIOABEMHYIO cuity. [Ipu OTCyTCTBHM ke YeThIpex TpyO Ha MOJIETH
MIPAKTUYCCKU HE MEHSETCA XapaKTep KPUBOi C“ =f ().

ITo KPHTEPHIO Hen-I'aprora onpenenena 06J1acTh MOTEPH a’pOIUHA-
MUYeCcKol ycToiunBocTH. OHA MOTy4YeHA TOJIBKO JUIS MOJISIIU CO CILIONI-
HBIM HAaCTHJIOM NpH yriax —12° < o < —8°, xorga komOuHauus ko3¢ppu-
LUEHTOB C‘1 + C <0.

Uto061 1/13y111/m> TOBEJICHHE MOJIETH OTCEKA B BETPOBOM IOTOKE, e
YIpPyTO 3aKpenii B paboueil yacTu a’poAMHaMUYEeCcKOH TpyOBl BOce-
MBIO TIPY’KHHAMH B BEPTHKAIBHOH TUIOCKOCTH M YE€THIPHMS IIPY)KHHAMH B
TOPHU30HTAIBHOMN MJIOCKOCTH. VICIIBITAHUS POBOAMUIUCH MTPH CKOPOCTSAX
noroka v = 10 + 35 m/c u yactore coOCTBEHHBIX Koniebanuii n = 5 T'.

169



190090duogddu annodu - ¢
Sney9d nuag - 7 Lp09oduosnz - [ :o19dvedny cadon pposoduocnz npoxadau 02an¥INg PWIX) [ Ing

_ _. _ _ 4»454&?#1}4%@rfnﬁ.wbdhw

170



Yucna Cpran’ISI HU3MCHAJINCH B JUaIlla30HE

Sh = @ =0,039+0,136.

ITo ocummtorpaMMamM 3aTyXaromuX KOJCOAHWI MOJEIH, aMIUTHTYa
KOTOPBIX M3MEHSIACH 110 3aKOHy A = = A e COs 0/, ObUIM MOIYYEHBI
3HAuUEHHS JIOTApUPMHUYECKOTO JIeKpeMeHTa Konebanuil 6 = € / n, rae € —
k03 dunmenT 3aryxanus. Jlorapupmudeckuit KorppuieHT koaeOaHui
MOJIENM B BETPOBOM IIOTOKE 8 €CTh CyMMa JEKpEMEHTa Kojebanuii 6e3
TOTOKA §, ¥ ICKPEMEHTa KOJICOaHHIT OT adPOAMHAMUYECKUX CHII 8, T. €.
5,=98,+9,,.

i
!

—
™S

=

—

Em—

Puc. 2. Moodenv omcexa banku sxcecmrkocmu nepexooa: 1, 2, 3 — mo ce, umo
u na puc. 1

DKCIeprUMEeHTAIIbHBIE HCCIIEI0BAHMS TIOKA3aIIH, YTO JICKPEMEHT KOJie-
OaHuii MOJIENH B Uarna3oHe yriioB —4° < o < 12°, MoJIOKUTEIICH U BO3pac-
TaeT MPONOPLUOHATBHO YBEIUUEHHUIO CKOPOCTH MoToKa. [Ipruem nexpe-
MEHT 3aTyXaHHsI BO BPEMS HCIIBITAHHSI MOJENH CO CIIOMIHBIM HACTUIIOM
ObUT IPUMEPHO B JIBa pa3a OOJbIle, YeM B MEPHOJ MCIBITAHUNA MOJEIN
¢ nepdopupoBaHHEIM HacTUIOM (puc. 4, a). [Ipu oTpuLaTenbHBIX yriax
—12°< o < 8° MOzenb CO CIUIOMIHBIM HACTUIIOM MHTEHCUBHO KOJIEOaIach.
Koa¢ddunmenT nporoprmonamsHOCTH 833p/v 3aBHCEN OT yIJIa aTaKu, THUITA
HACTHJIA ¥ B YKQ3aHHOM WHTEpBAJIE SBISETCS MOIOKUTEIFHON BEIHIH-
Ho¥1 (puc. 4, 6).

AMITTUTYBI KOteOaHul A, M3MEPEHHBIC TIPH MTOMOIIH TEH30KOJICI 1
AIIEKTPOHHOM anmaparypbl, JIJIsl MOJICJIN CO CIIONIHBIM HACTUIIOM Ha Hau-
Oonee onacHbIX yriax o = —10° B 2—4 paza OGoJblie, HEM Uil MOJEIH C
nephopupoBaHHBIM HACTHIIOM (pHC. 4, 8).
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Pesynbrarhl 3THX UCCIENOBaHI TIOATBEPINIH OIIPEIEIICHHY O pacye-
TOM BO3MOXKHOCTH IOTEPH a3POAMHAMUYECKON yCTOHUYNBOCTH MOZIEITH CO
CIUTOIIHBIM HACTHJIOM. 3aM€Ha CIUIOIIHOTO HAaCTHIIA iep(opupOBaHHBIM
WCKITIOUMJIA TIOTEPI0 adPOIMHAMUYECKOW YCTOWYMBOCTH M CHHU3WIIA WH-
TEHCUBHOCTH KOJIEOaHMH MOJIEIH.

WcnpiTanus MOmEIM CO CIUIOIIHBIM HACTHUJIOM, IPOBEICHHBIE MPH
MeHbIHNX yrciax CTpyXais U MEeHbIICH 4acToTe COOCTBEHHBIX KoJeOa-
Hu#l (n= 2,5 '), KAYECTBEHHO MOATBEPAMIN PE3yIbTaThl MPEAbLIYIINX
HCCIIeIOBaHUI: MOETb AeMII(UpPOBaia Ha BCEX MCCICAOBAHHBIX PEKU-
Max, KpoMe yroB —12°< o < 8°.

Takum 00pazomM, npuMeHeHHe NepHOPUPOBAHHOTO WIIM HMPOCEYHOTO
HaCcTHJIa C OTHOCUTEIBLHON NpoHuaeMocteio S /S = 0,4-0,6 uckimo-
YaeT MOTePI0 adpPOIMHAMHYECKON YCTOHYMBOCTH B U3yYEHHOM JTHaIa3o-
HE YIJIOB aTaKu.

PesynbraThl IpOBEIEHHBIX JKCIIEPUMEHTAIBHBIX HCCIIEAOBAHUH I10-
3BOJIFJTH CJIENIaTh BBIBOJ] O 11€1eco00pa3HOCTH MPUMEHEHH Ha Ha3eM-
HBIX TIepexonax nephoprupoOBaHHBIX WM MMPOCEYHBIX HACTHUIOB BMECTO
crutomHbIX. [To pekomennanuu LIATY mipu coopy’KEHUH BaHTOBOTO TIe-
pexoza razomnposoaa Kenud — Mybapek yepe3 AMynapblio ObLT UCIIONb-
30BaH MPOCEYHbIA HACTUIL.
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K MATEMATHYECKOM TEOPUU CUHXPOHU3ZALIUHN
AJSPOYIIPYI'UX KOJIEBAHUU KPYITIOUUJINHAPUYECKHUX
TEJ B BETPOBOM INIOTOKE*

B Teopum HenMHEHHBIX KOJICOAHWHA W3YYCHHE aBTOKOICOATEITHHBIX
CHCTEM HMMeEEeT OOJbIIoe 3HAYEHHE BCIIEACTBHE IIUPOKOTO PacIpocTpa-
HEHUs aBTOKOJICOaHUH B TIPUPOIC.

Kak moka3zaim MHOTOYHCIIEHHBIE TEOPETUYECKHUE W IKCIIEPUMEHTAIIb-
HBIE UCCIICJIOBAHUS, CTAIIHOHAPHBIC PEKUMBI KoJieOaHW i, BOSHUKAIOIINE B
ABTOKOJICOATEIBHBIX CUCTEMAaX, TIOJT ACUCTBHEM BHEITHEH rapMOHUYECKOM
CHJIBI MOT'YT CYIIIECTBEHHO M3MEHAThCA. Tak, elicTBIE Ha MEXaHHUUYECKYIO
CHCTEMY BHEIIHEH MEePUOANYECKON CHIIbI, YaCTOTa KOTOPOH ONM3Ka K 4a-
CTOTE ABTOKOJICOAHHH, BBI3BIBACT MPOLIECC CHHXPOHHU3ALHH.

CyIHOCTh aBTOKOJIEOaHHH KPYIIOIMIMHAPUISCKUX TET B BETPOBOM
MTOTOKE 3aKJIFOYACTCsl B HAIMYMH OOPATHOUM CBSI3W MEXIy adpOAMHAMH-
YeCKUM JleMI(pUpOBaHUEM U KoJeOaHUSIMU Tel B MOTOKe. BHemHss me-
puoamdeckas cuina — cuia Kapmana mpu oTpeIBHOM 00TEKaHUH IMITHHAPA
— o0ycIIoBNIHMBaeT BO3HUKHOBEHNE Tporiecca 3axBara. Ho B aspoympyrux
CUCTEeMax MOCIEAHUN TPUHIIUIHAIBEHO OTIIMYAETCs OT IpoIlecca 3axBara
B MEXaHHYECKHX CUCTEMax, KOTr/Jla BBIHYKJACHHbIE KOJIeOaHuUs C YaCTOTOM
BHEIIHEH CHJIbI TIOAABISIOT aBToKoeOanus [1]. B aspoynpyrux cucre-
Max B 30HE CHHXPOHH3AlMU BBHIHY)KJCHHBIC KOJICOAHUs 3aXBaTHIBAIOTCS
ABTOKOJICOAHUSIMHU, TIO/IABIISIIOTCS. UMU, B TO BPeMsI KaK BHE 30HbI CHHXPO-
HU3AIMK CYLIECTBYIOT aBTOKOJICOaHUsI C YacTOTOW CBOOOJHBIX KojeOa-
HUH ¥ BBIHYXK/ICHHBIC KOJI€OaHUS C YaCTOTOM BHEUTHETO BO3/ICHCTBUSI.

UYacrora nepuonnyeckoit cuibl Kapmana (4acrora cppiBa BUXpeil) B
o0I1eM ciry4ae mponopIHoHaIbHA CKOPOCTH TTOTOKA!

W = QES—;U, (1

rre Sh — aucno Ctpyxans; d — nuaMeTp NUINHAPA; V — CKOPOCTH TI0-
Toka. OJHaKO, KaK CBUJICTEILCTBYIOT HAOMIONCHUS HAJ| KOJICOMOIINMU-
Csl B BETPOBOM IIOTOKE KPYDIOIMIMHIPUYECKUMHU YIPYTUMH TEIaMH,
MpU 3HAYCHUSX CKOPOCTH IMOTOKA, JOCTATOYHO ONM3KUX K KPUTHUYECKOH
CKOPOCTH aBTOKOJIEeOaHUH vV, = ©,d/27Sh, yactora cpbiBa BUXpeH 3a-
XBaTBIBAECTCSl YACTOTON aBTOKOJIEOAHHH, T. €. COOCTBEHHON 4aCTOTOH KO-
neGanuii ynpyroro tena [2].

*OnyonukoBano B COopHuKe «/lMHaMuKa U MPOYHOCTH MAIIuH», Beim. 26,
Xapskos, 1977.
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[IpocnexuBaercs 2 ekt 0OpaTHOI CBA3M adPOYNPYTHX KOJIeOAHUH ¢
BHEIIHUM BO3JIEHICTBHEM, KOTOPBIN BBI3BIBAET CHHXPOHHU3ALMIO BHEIIIHE-
TO BO3/ICUCTBUS C YCTOMYMBBIM CTAllMOHAPHBIM PEKUMOM KOJIeOaHUH, T.
e. HaOJro1aeTess HEKOTOPast aHAJIOT U C SIBICHUEM, PACCMOTPEHHBIM B pa-
6orax B.O. Kononenko [3].

[Ipupona oOparHOii CBsI3M aBTOKOJIEOAHNI IMIIMH/IPA C BHEIITHUM BO3-
JeiicTBreM (MPUpOJIa 3aXBaTa YaCTOThI CPhIBA BUXpEH COOCTBEHHON Ya-
CTOTOM UIIMHIPA) ele He n3ydeHa. OHa cBs3aHa ¢ XapaKTepoM o0TeKa-
HUS, YCIOBUSIMU OTpbIBa ITOTPAaHUYHOIO CJIOS C MIOBEPXHOCTH YIIPYIOro
Tena, yuciiom PeliHonbca, Koppeasuueil OTpblBa BUXpEH 110 JIIUHE LU-
nuHapa. Tonbko MccnenoBaHue MPOLECCOB, MPOUCXOIAIINX B CIEe MO
BO3/ICHCTBHEM KOJeOaHN NUIMHIPA, AaeT NPABUIBHOE MaTEMAaTHIECKOE
OIMCaHNE MEXaHU3Ma 00PaTHOM CBSI3H.

H. ®epriocon u I. [lapkucon nokazanu [4], 94To KonedaHUs IUIMHIPA
YBEJIIMYMBAIOT PACCTOSIHUE MEKIY BUXPSIMH BIOJIb BUXPEBOIO ClEla, a
MIOTIEPEYHOE PACCTOSTHUE MEKIY BUXPEBBIMU LIEMIOYKAMH B BHXPEBOM
clIefie Pe3KO YMEHBIAeTC s, TaK 9TO BUXPH 00pa3yIoTCs 110 0CEBON JIMHUH
ciena Wik MoOMU30CTH OT Hee. VIHTeHCHBHOCTH BUXpEH B cliese KoJe-
OJTroILeTOCS IMIMHPA 3HAYUTENLHO OOJIbIIE, YeM B CIIe/IC HETIOIBUKHO-
ro nuiuHapa. [Ipu 3ToM yacToTa cpbiBa BUXpe yke CHHXpOHU3UpOBaHA
C 4YacTOTOW aBTOKOJICOaHUH.

B paborax [5, 6] npuBeneHbl pe3yabTaThl HKCIIEPUMEHTAIbHBIX HC-
CIICZIOBAHUH adpOyNpyrux KojaeOaHWH KPYDIOUWIMHAPUYECKUX TeNl B
[IOTOKE, OIMCHIBAIOIIUX T'HCTEPE3UCHBIH APPEKT CHHXPOHU3HPOBAH-
HBIX KosieOanuil. Ero cymHocTh 3akiroyaeTcsi B pa3inyHOM XapakTepe
Pa3BUTHS CHHXPOHM3HPOBAHHBIX KOJeOaHMH B 30HE 3aXBaTa B 3aBHCHU-
MOCTH OT TOIO, KaK M3MEHSETCS] CKOPOCTh IOTOKA IPU MPOXOXKIECHUHU
9TOH 30HBI: OT MEHBIINX 3HAUYCHUH CKOPOCTHU K OOJIBILIUM MM HA00OPOT.
Tak, cpOCTOM CKOPOCTH TOTOKAa KpPUBasi aMIUTMTYAHBIX 3HAYEHWH CUH-
XPOHHU3UPOBAHHBIX KOJIEOAHUH BBIIIE, €M MIPH YOBIBAHHH CKOPOCTH I10-
TOKa B Mpejesiax OJHOTr0 M TOTO XKe Juana3oHa ckopocreil. OObsicHeHNE
CJIeJlyeT MCKaTh B 3ama3/IbIBAHUN CPBIBA BUXPEH MO OTHOIIEHHIO K a’po-
JUHAMHUYECKOMY JAEMII(PHPOBAHHIO.

PaccmarpuBas KpynTOIMIMHAPUYECKOE TEJIO KaK CHUCTEMY C OIHOM
CTEIIEHbIO CBOOOIBI, TIpE/IoIarasi H3BECTHBIMHU €r0 yIpyTue U AeMI(u-
pYIOLIKE CBOMCTBA, 3anuiIeM TudQepeHInalbHOe YpaBHEHHE a3pOyIpy-
r'UX KojeOaHWH B HAaNpaBJICHHUH, IEPIICHANKYISIPHOM K ITOTOKY [2]:

PRRN- P [(fz—cx)J (%‘%‘) (%)3‘%(%)5]*“ @)

-{—m_;"-——[i)—,

rje @, — COOCTBEHHAas 4acTOTa YIpyroro Tejia o 7-i popme koneda-
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HUi; & — Jorapu(pMUIECKUH NEKPEMEHT KoleOanuii; ¢ — KodpGuIuenHT
71000BOTO COTPOTHBIICHHS; k=oc /op — Koacp(pI/IuHeHT XapaKTepHu3yro-
U KPYTU3HY KPUBOH 3aBHCHMOCTH c,=c (go) ¢ — YTOI ataku; d — mua-
METp IHUIUHAPA; /71 — MTOTOHHAS Macca Tena F (t)— monepeunast a>pou-
HaMHYeCcKasl CHjla BUXPEBOU MPHUPOIIBI (cpma Kapmana). KonebarenpHas
crcTeMa, OnrchbiBaeMasi HEIMHEHHBIM TU(PepeHINATBHBIM YPaBHEHHEM
(2), oTHOCHUTCS K TOTEHIIHAIbHO-aBTOKOJIE0ATEIbHBIM CUCTEMAaM, B KOTO-
PBIX aBTOKOJIE0aTEIbHbIC PEKUMbI BOSHUKAIOT TOJBKO B Cllydae onpese-
JIEHHBIX yCJIOBUH.
[Tpubnmwxenno nepuoanyeckas cuna F (t) umeet Buj

F (f) = Fosinot; Fo= %ckpdﬂﬁ. 3)

3meck ¢, — a’pOAMHAMUYECKHH KOI(DPULMEHT, ONpenenseMbli
JKCIIEPUMEHTAIILHBIM IIyTeM. B HEKOTOpOM AMana3oHe CKOpocTeil moTo-
Ka 4yacTOTa CPbIBA BUXPEH » IepecTaeT ObITh MPOIOPLIMOHAIBHOMN CKOPO-
CTH TIOTOKA V, T. €. cooTHomieHue (1) He cobmogaeTcs.

Kak mokazanu mccnenoBanus [7], 3aXBaT 4acToT CpblBa BUXpEH Ha-
CTOTaMH BBIHYKJIEHHO KOJEONIOIIerocsi LWIMHAPA M 30HA 3axBaTa
BechbMa BelHMKH. CHHXPOHH3AIMs YaCcTOTHl CPbIBA BUXPEW C YacCTOTOM
BBIHY)KACHHBIX KOJieOaHuit 00ycIIoBlIeHa B3aUMOJICHCTBUEM TIOTOKA C KO-
TIEOMIOLIMMCS TEJIOM.

Ecnu xoneGanus HMIMHAPA BHI3BAHBI CAMHM [TOTOKOM, CHHXPOHH3ALHS
YacTOTHI CPhIBA BUXPEH € 4aCTOTOI CBOOOIHO KOJIEOMIOIETrocs MINHAPA
Oynet HaOmronaThes B 6oJiee y3KOM HHTEpBajle CKOPOCTel MOTOKa.

Bynem nosnarars, 4To 11 CBOOOAHO KOJEOIIOMIErOCs LMUIMHAPA SIB-
JIEHUE 3aXBaTa KauYeCTBEHHO HE OTIIMYAETCs OT OITMCAaHHOTO B pabdoTte [7],
HO 30HA 3aXBaTa OrpaHMYCHA MHTEPBAJIOM M3MEHEHUSI KMHEMaTHUeCKUX
gucen Crpyxans 0,18 < Sh <0,22.

[IpaBaonomoOHOCTh MPEIIIONIOKEHUSI O CYKCHUH 30HBI 3axBara ya-
CTOT CpbIBa BUXPEU JUIsi CBOOOTHO KOJIEOIIOIMIEr0oCs B IOTOKE IMITHHIIPA
MOJITBEPIKAACTCS HAOIIONCHUSIMHU HaJl KOJICOIIOIIMMHUCS B BETPOBOM I10-
TOKE BBICOKHMH WJIN MPOTSHKCHHBIMU B IJIaHE THOKUMHU COOPYKESHUSIMH
mIMHApHYecKoi Gpopmel. MHTEpBan knHematndeckux uncen Ctpyxanis
0,18 <.Sh < 0,22 KOTOpBI XapaKTepU3yeTCsi ”HTEHCUBHBIM KOJieOaTeb-
HBIM IIPOLIECCOM C YacTOTOWH COOCTBEHHBIX KOJICOAHMH LMIMHAPA, COOT-
BETCTBYET AHalasoHy CKOPOCTEHi ITOTOKa ¢ HIKHEeH V_ = 0,9v, 1 BepxHei
rpanuiamu v, = 1,1v,_. Kputiaeckyio CKOpoCTh MOTOKa V, onpez[enﬂeM
1o BLIpa)KeHI/IIO

Ukp == g:"gh : Sh = 0,2. (4)
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Takum o0pa3zom, He pacrosnaras JaHHBIMU O MPUPOAE 0OpaTHOM CBsI-
31 aBTOKOJIeOaHUH IMIMHAPA C BHELIHUM BO3ACHCTBUEM, MOXKHO, TEM HE
MeHee, IPEAIOKUTh 3aKOH U3MEHEHHsSI YaCTOTHI I B 3aBUCUMOCTH OT CKO-
pPOCTH IIOTOKA V:

QT:Sh-E ; Sh=02, ecin v <o w o >0 (5)
Wy, ¢ U <0< Vg

Ycnosusa cywiecmeosanua npeoenvnvix 4UKI06 ABMOKONEOAHUIL:
I — 00oun npedenvrvtit yuxn 6 ,; Il — 06a npedenvrvlx yukna o,
III — npedenvuvie yukapl omcymcemeyrom; I' — camososoysycoarouueca as-
moxonebanusn; I1' — camonodoeporcusarowjuecs agmoronedanus;
IIT' — 3amyxarougue 6 unu vIHyHcOEHHbBIE, KOJIEOAHUA

AHanmu3 penreHnii ypaBHEHHSI (2) TTOKa3bIBACT [2], YTO BO3MOXHBI TPH
MIPUHLIXIIHAIBHO PA3HBIX CIydas MOBEACHHS KoieOaTeIbHON CHUCTEMBbI
(pUCYHOK): CaMOBO30Y KIAIOIIHECs aBTOKOJICOAHUSI ¢ OJJTHUM YCTONYNBBIM
Mpe/IeNIbHBIM IIUKIIOM, CaMOIOLICPKUBAIOIIUECS aBTOKOJIEOaHusI ¢ yCTOM-
YUBBIM U HEYCTONYMBBIM MPEIEITbHBIMH ITUKIAMH, 3aTyXatomiue (eciu F(1)
= ()), WM BBIHYKICHHBIE, cTallnoHapHbIe (ecnu F (2) # 0) konebanus. AMI-
JIUTYJIBl aBTOKOJIEOaHMH UIIMHAPa NPUBEACHBI B padote [2].

PaccMoTpuM nepuoandecKylo a’spoIMHAMUYECKylo cuiy F(t), BbI-
3BaHHYIO CPBIBOM BHUXPEH ¢ OBEPXHOCTH LMIUHJPA IPU OOTEKAaHUU €TO
BETPOBBIM IIOTOKOM, KaK CTAllMOHAPHBIN CIIy4ailHbIA mpouecc:

g (t) = ”" =g () + g2 (1), (6)

1€ ¢, (1) — peryaspHas COCTaBJIAOIIAs C MOCTOSHHOW aMILIUTYI0M
q =F,/ m u gacroroii ® = const; g,(¢) — QIyKTyallMOHHast COCTaBIISIO-
1ast, KOTOPYI0 CYMTAEM IEHTPUPOBAHHOW CIydaiiHON QyHKIMEH BpeMe-

| g2 () = g,sin2f, 2 w. (7)
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HccnenoBanue cirydailHbIX NMPOLECCOB B HEMMHEHHBIX CHCTEMax H,
B YaCTHOCTH, B aBTOKoJeOaTesbHOU cucteMe (2) TpeOyeT mpuMeHEeHUs
CIELUAIBHBIX IPUEMOB. M3yuas BausiHuEe QIyKTYalMOHHOM COCTaBIISAIO-
el BHEIITHETO BO3ICHCTBIS Ha aBTOKOJICOATEILHBIA PEKUM, OyIIEM ClTe-
noBath pabote B.B. bomoruna [8].

OTMeTHM, YTO TapMOHMYECKas JTMHeapHu3alusi HeTMHEHHOCTH B UC-
XONIHOM cucreme (2) (HenmuHEHOe HEeYyIpyroe COMpOTUBICHHE) HENpH-
emJieMa, TaK KaK B JIMHEapu30BaHHOH MOIO0OHBIM 00pa3oM cHcTeMe He
MOKET OBITh aBTOKOJIEOATENIbHBIX PEKUMOB. Toraa HEOOX0MUMO TpUMe-
HSITh METOJI CTaTHCTUYECKON JTMHEeapU3alluy.

[IprMeM BBIXOAHOM MpoLIECcC, aHAIOTHYHO BHEIIHEMY BO3/ACHCTBHIO
(6), cocTOSIINM M3 PETYIISIPHON U CIydaiiHOW (QYHKIHI BPEMEHH:

y=<y>+y y=<y>+y. @®)
Henuneitnyro ¢yHKIHIIO
Fly) = iy — asg® -+ aay®s a1 = %' - p g%;f—’f — Cy);
_ ) (k 'g_t) . pd R 9)
1T gmA\E T2 BT ot B

6YI[CM JIMHCAPU30BaATh B OKPECCTHOCTHU (bYHKHHH

F) = F(<g>) + ky. (10)

[Ipumenss crarndeckyto mnHeapu3anuto (10), moacTaBiss BHEITHIOW
cuiny B hopme (6), a BEIXOIHOM TIporiece — B popMe (8) B UCXOTHYIO CH-
cTemy (2), mosrydaeM ypaBHCHHS

<y> +HLY>) + of <y> =gq. @); (1)
§ + kg + 0 = Gea (0 (12)

COOTBETCTBEHHO JJIsI PErYJISAPHBIX (MareMaTu4ecKuX OKUIAHUN) U CITy-
YaHBIX COCTABIISIONIHX.

Pemenne nepBoro u3 ypasuenuii (11), npusenennoe B [2], naet ma-
TeMaTH4YecKoe OXHJAaHUE aMIUIMTYAbl aBTOKoyieOanuid. JInHeitHoe cTo-
xactniyeckoe nuddepeHmanbaoe ypasHeHue (12) pemaroT ¢ MOMOIIbIO
METOJIOB JINHEHHOH TEOPUH CIIyIAHHBIX TporieccoB [1].

OKBUBaJICHTHBIA KOA((DUIMEHT k — HECITyJailHas MOCTOSHHAs, KO-
TOPYIO OTIPEICISIFOT JTNOO W3 YCIOBHS PAaBEHCTBA TUCIIEPCHHA JICBOW H
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npaBoi dacteil coorHomenwus (10), nub0 clemys KpUTEpUI0 MUHHMY-
Ma CpeHEero KBaJpaTU4eCKOro OTKIOHEHUS ACHCTBUTEILHON (YHKIUH
f(¥) or anmpoxcumupytomiei (mpaBas dacth cooTHomrenus (10)). Boc-
[10JIb3YEMCsl BTOPBIM KPUTEPUEM U U3 YCIOBUS

. . - a
SFo)—F(<y>) —éy}l“}: min (13)

MOCJIe COOTBETCTBYIOUIMX NpeoOpazoBaHuil u ITuPepeHINPOBaHUS 110
napameTpy k moay4um

po <@ —Fi(<y>)]>

)

Pemenne croxactuyeckoro ypaBHeHUs (12) B TpeIIONOKEHUH BbI-
COKOYaCTOTHOTO ciTydaifHoro mporiecca (7), ocHOBaHHOM [7] Ha peaib-
HOM XapaKTepe U3MECHECHHsI BO3ACHCTBUS F(7) (6), CBOIUTCS K OTBICKAHHIO
CBA3H MEX/1y HOPMHUPOBAHHBIMU CIIEKTPATLHBIMH TIOTHOCTAMH (bnyK-
TyaHI/IOHHOI/I COCTaBJIAIOLLEH BHELIHETO BO3IEUCTBUSA ¢,(1) U CIyqaiiHON
BBIXOIHON (DyHKIIMEH BpeMEHH ) . DTy CBA3b YCTAHABIMBAIOT TAK:

Sg (w) = F (iw) F (—iw) S, (w), (15)

1
wy — 2% 4 kQ
riepenaroyHasi pyHKIUS IMHEaApU30BaHHON cucTeMsl (12).

Jlns paccMarpuBagMOro BHEITHETO BO3JIEHCTBUS MOXHO MPUHSTH
CTIIEKTPaTHHYIO TUIOTHOCTH THTIA [9]

@ =) O+ 4 pp)
Se(0) =2 ot 4 2002 m*

(14)

rae

F(iv) = (16)

(17

3nech
8 2

X

3HaueHMsI MapaMeTPoB d, P MOXKHO HalTH 00pabOTKON HKCIIepHMEH-
TaJILHOTO TIPEJICTABICHUS KOPPEISIIMOHHON (DYHKIIMH COOTBETCTBYIOIIIE-
ro peajpHOro mporecca F (f) B popme

R (1) = eIl (cos fx + psinB| < ). (18)
Bosspamascs x hopmyne (14) u 3amenssi ee MpUOIMKCHHBIM BBI-
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PaAXKCHHUEM
k F::f{{ H))H }: (19)
yﬁ

B COOTBETCTBUH C NPHHATHIM TUIIOM HeMMHEHHOH (yHKimu (9) Oymem
UMeTh

= 1 ! (:L 2 o )-:r %33t |3
= a.2 - 33—l TTl¥:— 5 3 ; -3
E:r:.: V 2re dﬁ:, 2 Y T ] (20)

l—-ﬂ'.l——-iag_—l—is

3,Z[€CB HCII0JIb30BaHa rumoresa o HOpMaJ'IBHOI/I IIJIOTHOCTH BEPOATHO-
-
CTH IIPpOOECCOB  ~

g, yo:

~ - ! !"F-r" . faz
F(y}_qi: ¥V oa BXP| — 242 ’(i—' —_""Jl_.‘). 21
&
Cootnomienue (15) mpencraBum B BUIE

+==
5, (w) dw (22)
F .
oy = 5 Tt (2> w).

OTcrona METOIOM IOCIIeI0BaTEIbHBIX MPUOMIKeHUH WiIn rpaduye-
CKH BBIYHCIIIEM AUCIEPCHIO aBTOKOJICOAHUH KPYIIOLMINHIPUIECKOTO
TeJla B BETPOBOM ITOTOKE.

OrpaHn4nBasiCh B IEPBOM NPUOIMIKEHUH IIEPBBIM, YJICHOM BbIpaske-
uus (20) u cmyyaem 3 = 0, mocne naTErpUpoBanus (22) HAXOIUM

g2 0~ — (23)
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. OBECIIEYEHUE A3POI[I/IHAMI/I‘IECI§OI71
YCTOUYNBOCTHU CTAJIBHBIX KOHCTPYKIIUHU U MOCTOB*

CoBpeMeHHBIE TEHACHIINN CTPOUTEIBHON HHIYCTPUU CBSI3aHBI C pa3-
BUTHEM KOHCTPYKTHUBHBIX (DOpM, NMPUMEHEHHEM HOBBIX MapoOK CTaJei
W JIPYTHX BBICOKOIIPOYHBIX MAaTEPHAaOB, COBEPIICHCTBOBAHHUEM METO-
JIOB pacueTa, YAydIlIeHHeM IKCIUTyaTal[HOHHBIX CBOWCTB, TOBBIIIEHUEM
HaJEeKHOCTH U JIOJTOBEYHOCTH, oOecredeHneM 0e30MacHOCTH YesoBe-
Ka Ha BCEX CTaJUsX CYIIECTBOBAHHS COOPYXEHHUS. DTOMY CHOCOOCTBY-
€T IIMPOKOE BHEIPCHUE B CTPOUTENBHYIO MPAKTUKY THOKUX COOPYKEHHUI
Pa3IMYHOrO Ha3HAYCHUS, TAKUX KaK MayThbl, OalllHH, aHTEHHBIE CUCTEMBI
U Ipyrue BBICOTHBIE KOHCTPYKIIMH, HJIM BUCSIUME U BAHTOBBIE MOCTEI, ITe-
pexoibl, TPYOOPOBOIBI, FaJIepeH U Ipyrue IMHEHHO-TIPOTSKEHHBIE COO-
PY’KEHHUsI, WJIM IPOCTPAHCTBEHHBIC CUCTEMBbI THIIAa TPaIupeH, THOKUX TO-
KPBITHI, paguoTeneckonoB. bonbine pa3mepsl, MOBbIIEHHAs THOKOCTD,
HeOnaronpusITHeIe AMHAMUYECKUE CBOMCTBA (HU3KUE 3HAUEHUSI YacTOT U
sorapuMHUUIECKIX TEKPEMEHTOB KOJICOaHM) U TUIOX000TeKaeMbIe (hop-
MBI [TIOTIEPEYHOTO CEYEHUS TIEPEUNUCIICHHBIX COOPYKEHHUH JENIAI0T UX BECh-
Ma YyBCTBUTEIBHBIMH K JEHCTBHUIO BeTpa. CIIOCOOHOCTh COOPYKEHUH B
LIEJIOM U OTJENBHBIX JJIEMEHTOB KOHCTPYKIIMU TPOTHUBOCTOSTH BO3JEH-
CTBHSIM BETpa XapaKTepPHU3yeT UX adPOANHAMUYECKYIO YCTONUNBOCTD.

[Tocneansist yeTBEpTH BeKa OTMEUEHA CUCTEMATHUYECKUMH U HHTEHCHB-
HBIMHU TEOPETHYECKUMH U SKCTIEPUMEHTAIILHBIMHA HCCIICAOBAHUSMH B 00-
JIACTH a3POJIMHAMHKH CTPOUTENBHBIX KOHCTpyKLui. K HacTosmeMy Bpe-
MEHH HAaKOIUIEH OOJBLION OIBIT B MPAKTUKE MIPOSKTHPOBAHHS OTACIBHBIX
KJIACCOB KOHCTPYKIIHI, HO IOYTH MOJTHOCTBIO UCKITIOYAETCSI BO3MOKHOCTD
HCIOIB30BAHMA €T0 IS pacdeTa JpPYyrux BHIOB KOHCTpYKIMH. Mcropu-
YECKU B IPOEKTUPOBAHUH U CO3JaHUH KOHCTPYKLHI, YyBCTBUTEIBHBIX K
JeCTBUIO BETPa, YETKO 0003HAYMINCh TpH 3Tana. Ha nepsom 3tane nep-
BOCTEIICHHBIM CUMTAJIOCh O0ECIIEUEHNE CTAaTUUECKON POYHOCTH KOHCT-
PYKIMIA ITyTeM MOBBIIMICHNS HM3TUOHONW WM KPYTHJIBHOW >KECTKOCTH.
AbdponrHaMUyYecKas YCTOWYHMBOCTH IIPH 3TOM OOeclednBaiach COBeEp-
meHHo ciny4aiiHo. Ilocne kpyueHnus Bucsuero mocra Takoma-Happoys
(CIJA) HacTynui BTOPO 3Tal B MPOEKTUPOBAHUU U CTPOUTEIHCTBE CO-
opyxeHui. Borpocy a3poinHaMUYECKONH YCTOWYMBOCTH CTaIHU YAEIATh
ocoboe BHMMaHue. Ha 3TOM 3Tamne cTaju IUPOKO MPUMEHSTh UCHBITa-
HUSI MOZEJIeH B a3pOAMHAMHMYECKUX TPyOax C IEeJbI0 MOBBILIECHHUS adpo-
JTUHAMUYECKOM YCTOMUMBOCTU COOpYKEeHUU. TpeTuit sTan B MpOEKTUPO-
BaHUU COBPEMEHHBIX KOHCTPYKIIMH, KOIJA a’pOoJUHAMMKA HHKEHEPHBIX

*OmnyOmukoBano B Tpynax IABSE SYMPOSIUM, Mockga, 1978.
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COOpYyXeHHUH chopMUpoBaiIach B CaMOCTOSTEIbHOE HayYHOE HaIpaBie-
HUE, XapaKTepru3yeTcss HAy9YHO 000CHOBAHHBIM ITOIX0JIOM K BBIOOPY KOH-
CTPYKTHBHBIX ()OPM W PACUETHBIX CXEM KOHCTPYKIHUU C TOYKH 3PCHHS
0e3yCIIOBHOTO 00eCTIeUeHNUS X adpOINHAMUYECKON yCcTOHIMBOCTH. He-
O6XO,ZII/IMBIC AOPOAMHAMHUYCCKHUE PACUYCThI U UCCICA0BAHUSA IMPEAIICCTBY -
FOT CTPOUTEINBCTBY KOHCTPYKLIMM.

[IpoGnembl obecrieueHHsT a3pOIUHAMUYCCKON YCTOWYMBOCTH CTajlb-
HBIX KOHCprKHI/II\/'I 1 MOCTOB B COBPEMCHHOM IMOHMMAaHWU MOJTY4YUJIA 60-
Jiee MIMPOKOE TOJKOBaHME Kak 1Mo (opme, Tak U MO COACPKaHHUIO.

Bonee mrybokum crano u3ydeHue JSHCTBHsI BeTpa HA KOHCTPYKITHH,
peaxuy CoOpyKeHUI Ha OHOPOIHBIN U TypOyJIeHTHBINA NOTOK. Pa3Ho00-
Pa3WIIECh METO/IBI UCCIIEJIOBAHUN: HAPSAY C AaJIbHEHIIINM pa3BUTHEM Te-
OpPETHYECKHX METOZOB M AKCIIEPUMEHTAIBHBIX Ja00paTOPHBIX HCCIIENO-
BaHWH JOIDKHOE BHMMAaHHUE CTalld YAENSATh HATYPHBIM HCIBITAHUSM U
HaOmoneHusiM.  KoMriekcHoe SKCIeprMeHTaIbHOe H3y4YeHHe Mpoodiie-
MBI COBMECTHO C TEOPETHYECKUMH HCCIIETOBAHMSIMH TTO3BOJIET CO3/1aTh
HaJIe’)KHbIE OCHOBBI pacueTa KOHCTPYKI[MM Ha BETPOBYIO HArpy3Ky.

OTeuyecTBEHHBIH OIBIT pacyeTa KOHCTPYKIMI Ha BETPOBYIO Harpy3Ky
C YUETOM JIEUCTBUS MYyJbCALMI BETpa U AUMHAMUYECKUX CBOMCTB KOHCT-
PYKIIMIi TTOJTy4aeT Bce OoJiee MIMPOKOE Mpu3HaHue 3a pyoexom. OqHaKo
B HACTOsIIlee BPEMsI OH OTPAHUYEH OTHOCHUTEIHHO Y3KHUM KJIacCOM COO-
PY’KEHUH U HE paCPOCTPAHSIETCA HA MHOTHE TUIBI COBPEMEHHBIX KOHCT-
PYKIIHIA, UMEIOIIUX OOJNIBIIIOE Pa3BUTHE. B ATHUX cCilydasx HpUXOTUTCS
HCKYCCTBEHHO TIEPEXOJUTh HA PacueT ¢ BHEAPEHUEM YCJIOBHOTO JIMHA-
MHYECKOTO KOA(PPUIIMEHTa WM TPUHUMATh B pacyeTe 3HaYeHUe CKOpOC-
TH BETpa B TMOPHIBE, a HE OCPEIHEHHOE NPU ABYXMUHYTHOM HWHTEpBaje
BpeMeHH. AHaJIN3 MMOBEICHUS KOHCTPYKIIMK B BETPOBOM ITOTOKE OOHa-
PYXXUBAeT HapALy CO CTAaTUYECKUMHU Jie(hopMaIisIMHA N3THOA B TUIOCKOC-
TH HeﬁCTBHH BETpa u OOKOBOTO BBIITYYHMBAHUA U3 IJIOCKOCTHU I[eflCTBHiI
BeTpa 0oJIbIIOe pasHOOOpa3ye ABICHUH adpOyIpyTroi CTaTHYECKOn (JIu-
BEePIreHIUA) W JAMHAMHYECKON ycToWumBOCTH. K mociemHuM OTHOCAT-
sl M3THOHO-KPYTHIIBHBIN (hnaTTep, ralonupoBaHue, CPHIBHOH (uiartep,
napaMeTpruuecKuil pe3oHaHc, KoleOaHHs BETPOBOrO pe3oHaHca, Oad-
¢Tunr. [lepeuncnennsie a’poynpyrue siBieHUsT 00yCIIOBIEHbI (GopMoit
MOTIEPEYHOTO CeUeHHsI, KOH(PUTYpaue cOOpPYKEHHS B €er0 OpUEHTALH-
€l OTHOCHUTEJIPHO HAaIlpaBJICHUSI BETPOBOTO MOTOKA, YIPYTUMH H JIEMII-
(upyromyMH CBOWCTBAMH KOHCTPYKIWH, CTPYKTYPOU BETpa U APYTHMH
00CTOSITENIbCTBAMU. DTH SBICHHUS CBA3aHBI (KPOME JHUBEPTEHITNH) C OTIpe-
JIEJIEHHBIM THTIOM, KOJICOAHUH U TIPEICTaBISAIOT HCKITFOYUTEbHBIN HHTE-
pec ¢ TOYKHM 3peHHs MeXaHu3Ma UX BOSHHUKHOBEHHUSI.

B T0 ke Bpemst OHM TPEICTaBISIIOT CEPhE3HYI0 OMACHOCTH TSI Ha/leXK-
HOCTH U JOJITOBECYHOCTH KOHCTPYKHHP'I, a TaK¥XKE IJIs1 HpeGBIBaHI/ISI YqeJ10-
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BEKa Ha 3TUX KOHCTPYKLUSX.
[Ipuuuuel  a3poynpyrux KojaeOaHMH KOHCTPYKLHMM —ClIEIyOLIHe:
OTPULATEIBHOE a3pOAMHAMMYECKOE NeMI(UPOBAHUE; HEYCTONYHUBOCTh
TI0 YOIy aTtaku B cMbiciie [len-I'aprora; m3ruOHO-KpyTHIbHAS ((raTTep-
Hasl) HEyCTOMYNBOCTb; MTApaMEeTPUIECKHE CBSI3U B CHCTEME; YITIOBBIE KO-
nebaHns TOYeK OTPHIBA MOTPAHUYHOTO CIIOS C MMOBEPXHOCTH KOHCTPYK-
LUK, HAJTMYUe OOpaTHOW CBS3M MEX.IY KOJEONMIOIencsl KOHCTPYKIUEH
pexxuMoM oTpbsiBa Buxpelt Kapmana; nopsiBy Betpa. He Bce BuIBI a3po-
YIOPYTUX KoJieOaHWi W3ydeHBI B JOCTATOYHOW CTENEHH; HE MOJHOCTHIO
M3y4eH MEXaHU3M MX BO3HHKHOBEHMS M yCIIOBHS cylecTBoBaHus. Cpe-
I HUX HauOOJBIIYI0 M3BECTHOCTh MOIYYMIN KOJIeOaHusl BETPOBOIO pe-
30HaHCA W TaJonupoBaHHUs. Maremaruueckue MOACIHM STHX SIBICHUH,
HanOoJee JOCTOBEPHO OIUCHIBAIOLINE XapakTep KoleOaHui, KpUTepUH
BO3HUKHOBEHHSI U YCIIOBUS MX CYLIECTBOBAHHS, ITO3BOJISIIOT HE TOJBKO
OLIEHUTh YPOBHH KOJI€OaHuUM, T.€. X aMIUINTY/bl U YACTOTbI, HO U YIIPaB-
JISITh UMHU C TIOMOILIBIO MEXaHUYECKOTO NeMI(UPOBAHUS KOHCTPYKLHUI.
Hawnbomee omacHBIMU BHAAMH a3pOyNpyTUX KojeOaHUi sSBISIOTCS Oad-
(GTHHT ¥ M3THOHO-KPYTHIIBHBIN (uarTep. BosHuKaromue npu 3TUX sB-
JICHUSIX KOJIeOaHUsI B TEUCHHE MAJIOTO MPOMEKYTKA BPEMEHH HEOTpaHu-
YEeHHO HApacTaroT U HaNpsKEHUs B AJIEMEHTAaX KOHCTPYKIMH JOCTUTAIOT
TaKUX 3HAYEHUH, KOTOpPbIE MPUBOJIAT KOHCTPYKIUIO K pa3pyLIECHHIO.

Cpenu a’poynpyrux KoyieOaHuil HauMeHee W3YYCHHBIMHU SIBIISIOT-
csi GapdTuHr M cpbBHOH (marTep. MexaHH3M BO3HMKHOBEHHSI 3THX
SIBICHUH B CTPOUTEJIBHBIX KOHCTPYKLMSIX M MOCTax €Ile He BBISICHEH B
JOCTaTOYHOM Mepe.

Mertoznonoruueckasi OCHOBa ad3pOJMHAMHUYECKOIO pacyeTa CTaJbHBIX
KOHCTPYKLMH YU MOCTOB COCTOUT B IIPOBEPKE BO3MOKHOCTH BO3HUKHOBE-
HUSI OIHOTO U3 THIIOB a3pOyIpyroil HeyCTOHYMBOCTHU C TIOMOIIBIO IIPUO-
JVOKEHHBIX KPHUTEPHEB, TTO3BOJISIONIUX OMPENETUTh COOTBETCTBYIO-
niee 3Ha4eHUE KPUTUYECKOHW CKOPOCTH BETpa. YCIOBHEM OOECIeUeHHUS
A3pOIMHAMHYECKON YCTOMYMBOCTH KOHCTPYKIMH SBISICTCSI COOIOCHIE
HepaBeHcTBa VKp > Vp, e Vp — pacdeTHas CKOpOCTh BeTpa Il 3a/1aH-
HOTO paifoHa CTpOUTENbCTBA. B TeX ciydasx, Korjia HeBO3MOXKHO yCTaHO-
BHUTb TaKUM ITyTEM a3pPOANHAMUYECKYIO YCTOHUNBOCTb COOPYKEHNUS, TPHU-
0eraroT K 9KCHEPUMEHTAIBHBIM HCCIICAOBAHUSAM B a3pOAMHAMHYECKUX
TpyOax. DTO OKa3bIBaeTCs LEJIecO0OPa3HbIM TaKKe MPH pa3padoTKe ce-
PHH THIIOBBIX IPOEKTOB, MPEAHA3HAYCHHBIX IS IIMPOKOTO IPUMEHEHUS,
IIPU CO3JaHUHU 0CO00 OTBETCTBEHHBIX M YHUKAJIBHBIX cOOpyxeHHi. Kpo-
M€ TOTO, IKCIIEPUMEHTAJIbHbIC HCCIICOBAHUS HEOOXOAUMBI IIPU OIIpeie-
JICHUU a3POJMHAMHUYECKUX XapaKTEPUCTUK OOTEKaHUS TAaKUX KOHCTPYK-
LUH, JUTSI KOTOPBIX TTOA00HAs WH(OPMAIHS OTCYTCTBYET.

AdponMHAMUYECKOMY pacueTy COOPYKEHHUH PEANIECTBYET Opeiese-
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HUE UX JIMHAMHUYCCKUX XapaKTEPHUCTHK, T.e. COOCTBEHHBIX 4acToOT, (opM
1 Jorapu(MuUecKuX AEKPEeMEHTOB KojieOaHni. 3HAYMTENbHBIN ITporpecc
B 3TOH 00MacTH JOCTUTHYT Onaromgaps OONBIINM BO3MOKHOCTSIM COBpe-
MEHHBIX BBIUNCIUTEIbHBIX cpeacTB. HecMoTps Ha 3TO, TOIBKO HATYPHBIE
JKCIIEPUMEHTAJIbHBIE UCCIIEIOBAHMUS MOT'YT CIIy>KUTh HaJIS)KHOW OCHOBOM
IIPU OLIEHKE JJOCTOBEPHOCTH OIPEICICHUsS JUHAMHYCCKUX XapaKTepH-
CTHUK CIIOKHBIX IIPOCTPAHCTBEHHBIX KOHCTPYKLIMNA. B TO ke Bpems Haryp-
HbIC HAOJIOIEHHS 32 MTOBEJCHUEM COOPYKEHUH M OTJCIIBHBIX AJIEMEHTOB
B YCJIOBHSX PEajbHBIX METEOPOJOTMYECKHX BO3ACHCTBHUH CHOCOOCTBY-
10T YTOYHEHHIO METEOPOJIOTHIECKUX, B TOM YHCIIE BETPOBBIX, HATPY30K,
a’pOAMHAMHMYECKHUX PAacueTOB M MPHU3BaHbl 00ECIIEUNBATh a3POAMHAMHU-
YEeCKYI0 YCTOHYMBOCTb KOHCTPYKUMH. [Ipy MpOEKTUPOBAaHUM CTaJIbHBIX
KOHCTPYKIMH HEOOXOIMMO NpelycMaTpuBaTh 00ecedeHrue X MPOYHO-
CTH ¥ YCTOMYMBOCTH KaK B IPOLECCE IKCILTyaTallH, TaK K IIPU TpaHC-
[OPTUPOBAHUU U MOHTaxe, C COKaJeHUEM CIIeyeT OTMETUTh, YTO MPH
JIOCTATOYHO OOJIBIIIOM BHIMAHHH K OOITICH TIpoOieMe adpoarnHaAMIIe KO
YCTOWYMBOCTH CTaJIbHBIX KOHCTPYKLUI U MOCTOB HE3ACIY>KEHHO MaJloe
3HAYEHUE YIEJSIETCS UCCIIEI0BAaHUAM UX a3POIMHAMUYECKON YCTOMYHNBO-
CTH B IEpHOJ MOHTaXKa. IMeroTcs rccrenoBaHus, B KOTOPBIX o0pamaercs
BHUKaHUE Ha BCIO CEPhE3HOCTh M BAJKHOCTH BOIPOCa 00ECTIEUEHUSI adpo-
JUHAMHUYECKON yCTOWYMBOCTH NPU MOHTa)xe. HeoOxommmo y4decTs, 4To
MEpUOA MOHTaXKa BIUIOTH J0 00pa30BaHUS COBEPIICHHON KOHCTPYKIUH
JUIUTCSI HECKOJIBKO JIET, B TEYCHHUE KOTOPBIX COOPY)KEHHE HEOJHOKpPAT-
HO OKa3bIBa€TCs B BEChbMa HEOMAaronpusITHBIX METEOPOJIOTHYECKUX YCIIO-
BusiX. IloHMKeHHAs: U3TMOHAS M KPYTHJIbHAS KECTKOCTh, OUCHb HHU3KHE
JeMIi(pupyoLIe CBOMHCTBA COOPYKEHNH B MOHTaXKHOM COCTOSIHUH B 3Ha-
YUTENBbHOW Mepe ONaronpHuATCTBYIOT MPOSIBICHHUIO a3pOAHHAMHYECKOM
HEYCTOMUMBOCTH. OTH COOOPa)KCHMS IOATBEPHKAAIOTCS IKCIEPUMEH-
TaJIbHBIMHU UCCJICI0BAHUAMU B a3pOANHAMUYECKON TPyOe, BHIIIOIHEHHbI-
MH C IIOMOILIBK MOJEJEH BUCAYNX COOPYKEHHMM Ha PAa3NM4YHBbIX CTAIU-
SIX MOHTaXka. XapaKkTep U3MEHEHHs YaCTOT U IEKPEMEHTOB KoJjieOaHuil B
Ipolecce MOHTaKa CBUACTEILCTBYET O BO3MOKHOCTH CHIKEHHUSI KPUTH-
YEeCKO CKOPOCTH BETpa, MPH KOTOPOH BOZHUKAET a3pOAMHaMUYecKasl He-
YCTOWYHBOCTb, TIO CPABHEHHUIO C PACUCTHHIM 3HaU€HHEM CKOPOCTH B IKC-
[UTyaTallMOHHOM cTaguu. CHHKEHHUE KPUTUIECKOM CKOPOCTH BETPa HHUXKE
pacyeTHOro 3HAUCHMS O3HAYAET, YTO Ha HEKOTOPBIX 3Talax MOHTa)Ka He
o0ecrieueHa HaJIe)KHOCTh COOPYKEHHUS U 0€30MaCHOCTh MOHTaXHBIX pa-
60t. IlosTOMYy Bcerna BO3HMKAaeT HEOOXOIMMOCTh B COOTBETCTBYIOLICH
IIPOBEPKE, pa3paboTKe MEPONPHUITUI U YCOBEPLIEHCTBOBAHUN CIIOCOOOB
MOHTaXa, 00€CIIEYNBAIOIINX a3POANHAMUYECKYIO YCTOHYMBOCTD CTAIIb-
HBIX KOHCTPYKIMH Ha BCEX CTaIUsIX MOHTa)ka HE3aBUCHUMO OT cIIoco0a
MIPOM3BOJICTBA PAOOT.
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OnHO¥ U3 BaXKHBIX U COBPEMEHHBIX MPOOIIEM, CBSI3aHHBIX C ITOBBIIIIE-
HUEM, HAJEKHOCTH U adPOJIMHAMUYECKON yCTOMUYMBOCTH KOHCTPYKIIUH,
SIBIISIETCST TIpoOJieMa BHOPO3AIINTHI, T.€. TaIlleHHs KojeOaHWi. 3ammra
KOHCTPYKIIMH OT 4Ype3MEpHBIX BHOpalwii B 3aBUCHMOCTH OT Ha3zHaue-
HUS ¥ KOHCTPYKTHUBHBIX (DOPM OCYIIECTBISIETCA PA3INYHBIMHU CIIOCO0a-
MU, KOTOpPBIE YCIOBHO MOXXHO Pa3JIeNIUTh HA JIBa TUIA — TACCUBHBIN H
aKTHBHBIN. [Ipu maccuBHOM criocobe MyTeM M3MEHEHHUS! OCHOBHBIX Ta-
paMETPOB COOPYXKEHUH HM3MEHSIOT €ro cobcTBeHHyI0 yactory. OpHa-
KO JOOHMTHCS TaKUM 00pa3oM 3(PPEKTUBHBIX Pe3yJIbTaTOB HEBO3MOXKHO,
TaK KaK caMoO SIBJICHUE HE yCTPAHSCTCs, a MPOHMCXOIUT JIUIIb CMEIIe-
HUE KPUTHYECKOTO 3HAYCHUSI CKOPOCTH BETPa, COOTBETCTBYIOILETO pa3-
BHUTHUIO HHTEHCHBHBIX KOJICOAHUI» AKTHBHBIE CIIOCOOBI, YMEHBIIIAIOIIUE
aAMIUTATYLy KOJIEOaHHA, 3aKITFOYAI0TCS B YCTPOMCTBE MEXaHUYECKUX WITH
a’POIMHAMHYECKUX racuTesen koiedanuii. M3 6omboro MHOrooOpasus
M3BECTHBIX MEXaHHUYECKHUX CITIOCOOOB HEKOTOPBIE MMPUBOAST K BEChMa d(-
(heKTUBHBIM pe3ylIbTaTaM, HECMOTPSI Ha TO, UTO OHH HE YCTPAHSAIOT cCaMy
MIPUYMHY BO3HUKHOBCHHUS WHTEHCHUBHBEIX adpOyNpyTUx KojieOanwil. D¢-
(EKTHBHOCTD a9POJMHAMUYECKUX CIIOCOOOB TallleHus1 KojeOaHui orpe-
JieTIsieTcsl, B TIEPBYIO Ouepe/ib, CTEIIEHBIO YCTPAHCHUS! IPUYHUHBI BO3HHK-
HOBeHUs Kosiebanuit. [Ipu 9TOM paziauyHble CIOCOOBI B 3aBUCHMOCTH OT
TUTIA a3pPOYyNpPYTuX KojeOaHWW OMHMPAroTCs Ha Psl adPOJMHAMHUYECKUX
3¢ PEeKTOB: U3MEHEHHE LUPKYJISIINU MTOTOKA, CO3Aanue ciBura a3 B OT-
pBIBE BUXPEH 110 JUTMHE KOHCTPYKIUH U Ap. MI3MEeHeHne UPKYISIIIAY T10-
TOKa BOKPYT TeJla MOXET OBITh OCYIIECTBIICHO IO JIBYM HAIPaBICHHSIM:
ITyTeM W3MEHEHWsI BHEIITHEW KOH(HUTYpaIiK Tela U IyTeM IPOITyCcKa I10-
TOKOB BO3JlyXa CKBO3b KOHCTPYKIIHIO (CAYB IOTPAaHUYHOTO cliost). Ecmu
MPUYUHON BOZHUKHOBEHUSI MHTEHCHUBHBIX KOJeOaHUI KOHCTPYKITUii, 11O~
MHMO BETPOBOM, SBISIOTCS APyTHE BUIBI HATPY30K (ceficMuyeckast, mo-
BIDKHAs, BUOPAIIMOHHAS U JIp.), CIEAYeT OKMAATh MEPCIEeKTUBHBIX pe-
3yJIBTaTOB MIPU COYCTAHUU (TIPU HAJJIS)KAIEM BRIOOPE) MEXaHUICCKUX U
A3pOIMHAMHYECKHX CIIOCOOOB TaIlICHHSL.

K HOBBIM acniektaM B rpoOieme o0ecredeH s adpOAMHAMIYECKOH yC-
TOWYMBOCTH CTAIBHBIX KOHCTPYKIMHA U MOCTOB CJIEyeT OTHECTH H3y4e-
HUE BPEHOTO BJIUSHUS a’pOyNPYTUX KoJcOaHWN Ha OpraHW3M uelioBe-
Ka U CBSI3aHHAs ¢ 3TUM TpoliieMa BUOpO3aIuThl. Jl0NyCTUMBIN YPOBEHb
a’pOyNpyrux KoieOaHU HEOOXOAMMO OIICHMBATh, UCXOS U3 JABYX PaB-
HO3HAYHBIX KPUTEPUEB:

- KoyeOaHusl, ONIaCHBIE JIJISI KOHCTPYKITHH;

- KoneOaHUs, BHI3BIBAIOIINE HETIPUATHBIC OLTYIICHHUS y YEIOBEKA.

B camom nene, ¢ omHOM CTOpOHBI, MHTEHCHBHBIE KOJIEOAHUS MOTYT
MIPUBECTH COOPYKEHHE K Pa3pyILICHHIO TOTYAC K€ MPH HACTYIUICHUH
a’pOYIpPyrol HEYCTOMYMBOCTH THIIA W3THOHO-KPYTHIIBHOTO (iarrepa,
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Oaddrunra, a TakKe 0 MEpe HAKOIIJICHUS TOBPEXKICHUN MM TUIACTHYC-
ckux aedopmanuii npu a’poynpyroi HeyCTOWYHBOCTH THUIIA BETPOBOTO
pe30HaHca, rajJolupPOBAHUs, CPBIBHOTO (UIaTTepa WK MapaMeTpHUUeCcKo-
ro pe3onanca. C npyroil CTOPOHBI, KOJICOAHHS Tropaszmo MEHBINCH WH-
TEHCUBHOCTH, KOTOPBIC BOBCE HE YI'POXKAIOT COOPYKEHHUIO MJIM OTIEIIb-
HBIM €T0 2JIEMEHTaM, MOTYT OKa3aThCsl HEPUEMIIEMBIMH C TOUYKH 3PEHUS
BO3HMKHOBEHHS HETIPUATHBIX, & HHOT/IA OOJIE3HEHHBIX OLIYIICHUN y 4e-
JIOBEKA, HAXOASALIETOCs Ha KOHCTPYKUUH. [Ipu 5TOM HE0OXOUMO YUHTHI-
BaTh HE TOJBKO (PU3MOIOTHUYECKOE, HO U TICUXOJIOTMYECKOe BO3CHCTBHIE
Ha YeJIoBeKa.

CrnenoBarenbHO, TIOMUMO BBINOIHEHUS TPAJUIMOHHBIX PACUETOB, B
TOM YHCJI€ PACYETOB JIEMEHTOB KOHCTPYKLHUI Ha BHIHOCIMBOCTb, HEOO-
XOOUMO OLICHHBaTh BO3MOKHBIN YPOBEHb a3poOyNpyrux KojieOaHWH Mo
CYIIECTBYIOIIMM CAaHUTAPHBIM HOPMaM, PEerIaMEHTHPYIOLIMM CTEIEeHb
OINIACHOCTH €r0 Ha OpPraHu3M 4dejoBeka. Kpome Toro, At BUCSUMX MO-
CTOB YPOBEHb KOJE€OAHMI JOJDKEH OLICHHUBATHCSI C TOUKM 3PEHUSI BOC-
IIPUATUH YEJI0BEKa, HAXOASILIErocs Ha JBMKYLIEMCS IOAPECCOPEHHOM
JKuMaxe. B aToM cirydae, Kak MOKa3ajlu MCCIEIOBAHUA, TOMYCTUMBIE C
TOYKHU 3pEHUs OE30MaCHOCTHU JBIKEHHS MEPErpy3KH COCTABIISIOT BCETO
0,2-:-0,5 q ¥ 3aBHCAT OT BEJIMYMHBI KPUTHUECKOW CKOPOCTH BO3HUKHO-
BEHMsI OJIHOTO U3 TUIIOB a3pOyNpyroil HEYyCTOWYMBOCTU. B 3akiroueHue
OTMETHM, YTO CO3/aHHE adPOJUHAMHUYECKUX JIabopaTopuii, oCHaIleH-
HBIX COBPEMEHHBIM KOMIUIEKCOM OOOpPYHZOBAaHHUS Ul HYKA CTPOUTEIb-
HOW MHIyCTpHH,0yIeT CII0COOCTBOBATh JaJIbHEHIIIEMY Pa3BUTHIO HOBBIX
KOHCTPYKTUBHBIX (DOPM CTaJIbHBIX KOHCTPYKIIHH.

Pezrome

CoBpeMeHHBIE CTaIbHbIE KOHCTPYKIINU M MOCTHI BECbMa YyBCTBHUTEIb-
HBI K JIeicTBHIO BeTpa. VX peakiys Ha BETpOBOE BO3/ICHCTBHE OTINYAET-
csi OOJIBIIMM Pa3HOOOpA3UEM U 3aBHCUT OT CTPYKTYPBI BETPOBOTO [TOTO-
Ka ¥ CBOMCTB CaMUX KOHCTPYKLMH. PacCMOTpeHBl pas3iinyHbIe aCIEKTh
MIPOBEPKU M 00ECTIeUeHHs a3pOANHAMUYECKON YCTOHYNBOCTH COOPYIKe-
HUH B MOHT@)XHOH M AKCIUTyaTallMOHHOW cTaauu. OTMEUYEHO BIMSHUE
a’3pOyINpyrux KoyieOaHuil Ha OpPraHru3M YeJIOBeKa.
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ABPOJIMHAMUYECKAS YCTOMUYUBOCTD
OJHOCTOEYHOI'O ITMJIOHA B PABHOMEPHOM IIOTOKE*

B mpakTtuke co3maHus BUCSYMX W BaHTOBBIX MOCTOBBIX KOHCTPYK-
[IMH BCTpEYaeTCsl BApUAHT OJHOCTOCYHBIX MHJIIOHOB B BHJIE TOHKOCTEH-
HOTO 3aMKHYTOTO Kopobdaroro 6pyca. Kondurypanus ¢popmsr moreped-
HOTO CEYEHHsI TaKOTro Opyca OIpe/eNnseT He TOJIKO BETPOBYIO HATPY3Ky
Ha Hero B 3aBHCHMOCTH OT HaIlpaBJICHHs MOTOKAa, HO M XapakTep oOre-
KaHUusS MU OOIIyI0 a’pOoJMHAMHYECKYIO0 YCTOMUMBOCTH. lloBbImIeHHas
YYBCTBUTEJIBHOCTh OHOCTOEYHOI'O MHUJIOHA K BETPOBOMY BO3JEHCTBHIO
BCJICJICTBUE OOJIBIION THOKOCTH U €ro BaXKHOE (DYHKIIMOHAIBHOE Ha3HA-
yeHune (0OecreurnBaTh HECYIIYIO CIIOCOOHOCTH COOPYKEHHS) TPEOYHOT
WCCIICZIOBaHUSl adPOJIMHAMHYECKOW YCTOMYMBOCTH M, B HEOOXOIUMBIX
CITy4asx, pa3paboTKu MEPONPUATHH, 00eCTICUNBAIOIINX TTOBBIIICHUE ad-
POIMHAMUYECKON YCTOMYMBOCTH.

C nesipio penieHns MepeyrclIeHHBIX BBIIIE 3a/1a9 OBITH BBITOTHEHBI
WCTIBITAaHUST MOJICIH CEKIIMH THJIOHA B a’dpoguHaMHudeckon Tpyde T-5
3aMKHYTOTO THIIA C OTKPBITOH padoueii yacThio. CTereHb HAYaIbHO! Typ-
OyJIEHTHOCTH TOTOKA B pabodeil wactu TpyOsl coctaBisuia € -0,5%. st
IKCIIEPUMEHTAIIBHBIX UCCIIE0OBAaHHM Obljla M3TOTOBIEHA MOJIETh U3 MHO-
TOCJIOMHOM aBHalMOHHON (haHeps! piuHoM L =450 MM B macmitade 1:20,
TaK 4To TONepedHoe ceueHne nMeno pasmepsl 180x295 mm. Ilockonbky
LIeTIb UCCIICAOBAHUN COCTOSIIA HE TOJIBKO B OIPECICHUH adPOAMHAMHYC-
CKUX XapaKTEPHCTUK, HO U B PEIICHUH BOIIPOCOB CTA0WIIN3AIIUN TTHIIOHA
B BETPOBOM TIOTOKE, B MOJIENIA OBLIM YCTPOEHBI CKBO3HBIC KaHAJIBI B IIIE-
ctu ceueHusix ¢ marom 0,07b u amuHO# 0,17b Kax b, KOTOPBIE B HEOO-
XOJIMMBIX CITy4asiX MOTJIH OBITh 3aryyIeHbl. JIByXMepHOe 00TeKaHne MOo-
JIeJT 00eCTIeYUBAIOCH YCTAHOBKOH JIByX TOHKHX TOPIIEBBIX MIAi0.

Jisa mpoBeieHNsT BECOBBIX MCIIBITAHUH TIPH OTPEEIEHUH a’pOoTuHA-
MUYECKUX XapaKTEPUCTHUK MOJENb KPENMWJIaCh C TIOMOIIBIO CIEIHallb-
HBIX JEPKABOK K a3POAMHAMUYCCKUM TPEXKOMIIOHEHTHBIM TEH30METPH-
YECKHM BecaM, pa3pabOTaHHBIM M CKOHCTPYHWPOBAHHBIM JUISI H3MEPEHHUS
A’pOIMHAMHYECKUX CHJI IOOOBOTO CONMPOTHBIICHNUS, TOABEMHOM CHIIBI U
MOMEHTa OTHOCHUTEIBHO MPOJOIBHON OCH MOJIEIH.

AdpOIMHAMUYECKHE CHUIIBI IOOOBOTO COMPOTURIICHUS X , IOABEMHOM
cunbl Y W OpoROJIbHBIA MOMEHT M ONpENENsINCh B HOTOYHOM (CKO-
POCTHOI) cucTeMe KoopAuHar oxyz (puc. 1).

*OmnyosnukoBano comecTHo ¢ M.1O. I'padckum B Tpynax LIHMUIICK, Mo-
ckBa, 1980.
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CoOTBETCTBYIOIINE 3HAYCHHUS adpOAMHAMUYECKHX KOo3(duimeHTon
BBIYUCIISUIUCH 110 (hOpMyIIam:

X Y M

z
c = > €7 >m, = > (M

z

gs gbs

rie q =0,5pV? — cKOpOCTHO# Harop; b — MIUpUHA TOMEPEYHOTO ceue-
Hus MojenH; S = bL — momaas OCHOBaHUS MOAETU. 11 BEIUUCICHUS
A’POIMHAMHYECKUAX KOI(D(UIIMEHTOB B CBA3aHHOW CHUCTEME KOOPIWHAT
0X,y,z, (puc. 1) noib3yr0TCs CIEAYIONMMU COOTHOMIEHUAMU (B CITyvae
COBIIaJICHUS Havajia KOOpPIWHAT B 00EUX CUCTeMax ):

cxl=cxcosa+cysina;
¢, =—c sino+c cosa; 2)
mzl - mz’

IJIe 0L — YTOJI aTaKH.

Hauanpaast TypOy/leHTHOCTh TMOTOKA IMPH HWCCIIEAOBAHUH BOIPOCOB
CTaOMIIN3AIMH MOJICIIY MTMJIOHA U3MEHSIIACH ITyTeM YCTAHOBKH B TIOCKO-
CTH BBIXOJIHOTO CEUEHUSI COTLIA a9POJMHAMUYECKON TPYOBI CIICIIMaIbHBIX
TypOyTU3UPYOIMKX ceTOK. TypOyleHTHOCTh 3Mepsiiach B paboueil ya-
CTH a3pOAMHAMHYECKOH TPYOBI C MOMOIIBIO TEPMOAHEMOMETPA CUCTEMBI
«TypOyaeHTHOCTB» B 30HE PACIOIOKEHUS MOJCITH.

Juama3oH W3MEHEHHMs yIla arakd [pH  3KCIICPUMEHTAIbHBIX
uccienoBanusax 0 < o < 90° ObuT 0OYCIIOBIICH, C OJJHONH CTOPOHBI, MIPO-
W3BOJIBHOUM OpUEHTAIMel MHJIOHA 110 OTHOIICHUIO K BETPOBOMY IIOTOKY,
C JIpyroil CTOPOHBI, ABOSKOCHMMETPHYHOM (HOpMOIi TIOTIEPEeYHOro cede-
HUS TTHJIOHA.

Pesynbrarhl SKCIEpUMEHTAIBHBIX HCCIIEAOBAHUH TPEICTABICHBI Ha
puc. 1, 2, 3. [lepBoIif pUCYHOK COMEPIKUAT JaHHBIC 00 AdPOJIMHAMHMYECKHX
XapaKTepUCTHUKAX JIOOOBOTO COIMPOTHUBIICHUS (c ), TIOTIEPEYHOMN CHITBI (c
) ¥ TPOAONBHOTO (OTHOCHUTENBHO MPOAOJIIEHON OCH THJIOHA) MOMEHTa
(m_) OIHOCTOEYHOIO MUIIOHA C XaPAKTEPHBIM COOTHOLIEHHEM €T0 CTOPOH
3:5. 3aBUCUMOCTH a3pOAMHAMHYECKHIX KO3()(OUIIMEHTOB OT HANPaBICHHUS
MOTOKA 10 OTHOIICHHUIO K KOHTYPY MOINEPEYHOr0 CEUEHHs UMEIOT HEMO-
HOTOHHBIHN xapakTtep. JIoOoBoe COMpOTHBIEHNE HEMOHOTOHHO HapacTaeT
C YBEJIMYCHUEM YIVIa aTaKH 0. B BHIOPAHHOM JUII MOJEIH CHCTEME KOOP-
JIMHAT, B TO BpeMsl KaK TOIepeYHasi CUJIa M MPOIOJILHBIA MOMEHT HU3Me-
HSIOT HE TOJIBKO BEJIMYHHY, HO U CBOM 3HaK. Kak BuaHO U3 puc. 1, mepe-
MEHa 3HAKOB a9POIMHAMHYCCKAX KOI(PQHIIMEHTOB MOMEPEIHOM CHIIBI C,
¥ TIPOJIOJIBHOTO MOMEHTA, /11, TPOMCXOAUT NPUOIM3UTENLHO B OTHON TOu-
Ke, KOTopasi HaXOIUTCS B HHTepBane 25 < o <30°. Yrom aTaku, IpH Ko-
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TOPOM ad3pPOJANHAMUYCCKHIA MOMEHT OTHOCHTEIbHO I[EHTpPa Macc More-
PEYHOTO CCYCHUS PABCH HYJIIO, B a9POJMHAMUKE JICTATCILHBIX alllapaTroB
HOCHT Ha3BaHUE 0alaHCHPOBOYHOTO YIUIa, IIOCKOJILKY CBSI3aH ¢ OajaHCH-
POBKOIi armapara B IPOIECcCce ero IBUKEHHS.

c c
X - ¥

Puc. 1. I'paguku 3aeucumocmu apoounamuyeckux KoIgguyuenmos c
(kpusve 1, 2, 3), c, (kpusvte 4, 5, 6), m_(Kpueste 7, 8, 9), om yena amaku a ona
Moodenu npumMamuyeckozo nuiona: 1 — npu HauaivHoll mypoynenmHuocmu 6
arpoounamuyeckou mpyoe ¢ -0,5%; Il — enuanue kananoe;
IT - sruanue mypoynusayuu nomoka & 8%; x, y, X, Y, — ceazannas cucmema
Koopounam u coomeemcmeyoujue eil aIpoouHamuydecKue cuibl
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XapakTtep U3MEHEHHS TIONIEPEUHOMN CHITBI B 3aBUCIMOCTH OT YIJIa aTa-
KW CBUJICTEILCTBYET, YTO B OKPECTHOCTH HEKOTOPHIX YIIOB ataku o (20°
< a <45°) rpaaueHT ()Cy/d(x MMeeT OTpHIIaTeIbHOE 3HaueHne. Ecimu mpu
9TOM YJIOBIIETBOPSIETCS] HEPABEHCTBO

ac,
—+c, <0, (3)
da

To cornacHo [len-I'aptory [1] BO3MOKHO BO3HMKHOBEHHE a3pOyIpyroit
,[[I/IHaMI/I‘-IeCKOI\/'I He}/CTOI\/’I“H/IBOCTI/I TUIla TajloNMpoOBaHHd, IIPU KOTOPOM
MPU3MaTHYECKOe TeJIO (IHJIOH) COBEPIIAET MOTEPEYHbIE OTHOCUTEIBEHO
[OTOKA a’pOoyNpyrue U3rnuOHbIe KoneOaHUsl Ha OTHON M3 COOCTBEHHBIX
YacToT.

HccnenoBanue ycTOHYMBOCTH aBTOKOJICOAHNI raOMUPYIOIIETO THIIA
MIO3BOJIMJIO MTOTYYHUTH [2] KPUTHYECKYIO CKOPOCTh X BOSHUKHOBEHHUS.

_28mo, Ca_ai
npb ' od’ )

Ve

o
Cy
e m — TOTOHHAs Macca Teja; o, — OJIHA U3 €r0 COOCTBEHHBIX Ya-
CTOT U3rHOHBIX KoJeOaHuil; & — JorapuMUUCCKHUI JEKpEMEHT Koyieha-

HU; b — XapakTepHBIA pa3Mep MOMEePEYHOro CeUYeHHs Tea; p — IJIOT-
HOCTb BO3/yXa.

-4 4

Puc. 2. Ilposepka arpoounamuyeckoii HeycmouuueoCmu no Kpumepuio
Hen-I'apmoza. 3auumpuxoganvi oonacmu neycmouyugocmu: 1 — npu nauano-
Hout mypoynenmuocmu £=0,5% (kpueas 1); Il — npu mypoynuzayuu nomoxa

&=8% (kpueasn 3); III — npu ycmpoiicmee kananoe (kpueas 2)
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Comnocranenne rpaduKoB ¢ ((x) 1 m (o) OOHApYKUBAET OJHO MHTE-
pecHoe CBOKCTBO l'IpI/I3MaTI/I‘ICCKI/IX TeN, He TIOJYYHBIIEE B JUTEpaType
OTP@XCHHS: OTPHIATETBHOMY IpajgueHTy C* COOTBETCTBYET IIOJIOKH-
TENbHBIA IPATUEHT m_ (m_ = om_/0a). [IocKOIbKy OTpULIATENbHBIN Ipa-
JIMEHT C * U TIOJIOKUTEBHBIA IPAJUEHT /1 UMEKOT MECTO B OKPECTHOCTH
0aTaHCUPOBOYHOTO yIJIa aTaku 0¥, CIEAYET MOJIaraTh, YTO MOJIOKHUTEIb-
HBIH TPAJMEHT /11 XapaKTEPU3YeT HE TOJILKO HEYCTOMYHMBOE MOJIOKEHHE
paBHOBECHSI IPU3MATHUECKOTO Teja pu o = o* [3], HO U BO3MOXKHOCTh
BO3HUKHOBEHMSI a’pOAMHAMUYECKON HeycToHunBOCTH. COOTBETCTBYIO-
e rpaduku (¢ + ¢ ) ¥ m_* NpuBeIeHbI Ha puc. 2 1 3.

VYcnoBue cymectBoBanust (3) ¥ KpUTEpHU BOSHUKHOBEHHUS (4 adpoy-
MIPYTHUX KOJIeOaHM raIONUPYIOIIETro TUTIA TIOITYYeHbI (4) Ha OCHOBE pac-
CMOTPEHHS MaTeMaTHYeCKOW MOJIETH Tela C OIHOW CTETIeHbIO CBOOOIBI
B HaIpaBJICHNH, TEPIICHIUKYISIPHOM BEKTOPY CKOPOCTH MOTOKa. Momeib
YUHUTHIBaeT U3MeHEeHHs d((EKTUBHOTO yIiia aTakd, BBI3BAHHBIE dTUMHU
KOJIeOaHMSIMHU B OKPECTHOCTH YIIa aTaku 0¥ ¢ OTPULIATETFHBIM TPaIieH-
TOM ¢ * . BO3HMKHOBEHHUE KOJIEOaHNI TaIONMPOBAHKSA CBSI3aHO C TIOTEPEi
a’POMHAMHYECKOTO AeMIT(pUpPOBaHNUs, KOTJa CyMMapHOe aeMI(pupoBa-
HUE B CUCTEME MEHSAET 3HaK Ha MPOTUBOIIOJIOKHBIM.

HepaseHcTBO

m_*> 0 4)
SIBIIIETCS €Il€ OJIHUM YCIIOBHEM a’3pOAMHAMUYECKON HEyCTOHYHMBOCTH
MIPU3MATUYECKOTO Tella, KOTOpasi MPUBOJUT K KPYTHIILHBIM KOJIEOaHUSIM
Ha OJHOH M3 €ro COOCTBEHHBIX YacTOT OTHOCHTEIHLHO MPOIOJILHOM OCH
z. B »TOM ciyyae BOBHUKHOBEHHE KPYTHIIBHBIX KOJIEOaHHIA TI0 aHAIOTUN
C TaJOMUpPOBaHUEM OOYCIIOBJICHO MEPEeMEHOH 3HaKa CyMMapHOTO JIEMII-
(hupyromero MoMeHTa. DTH KOJICOAHHS MOKHO B TIEPBOM IPUOIHKCHIH
OTIHCaTh MAaTEMATUIECKON MOJETBIO Tella C OAHON CTETEHBI0 CBOOOIEI,
COOTBETCTBYIOIIEH YIIIOBBIM MEPEMEIICHUSIM TTOMEPEYHOTO CEUYEHUS OT-
HOCHUTEJILHO IMPOAOJIBHON OCH Teja Zz U YYUTHIBAIOIICH M3MEHEHUS (-
(EeKTHBHOTO yIVIa aTaky TP YIJIOBBIX IEPEMEIICHUSX

4 2 2
E1w=d4“+mr2d§‘—(;1d‘j‘ do _
dz dt dz dt
1 I I b b" ©)
212 212 0 o p
=—pvb'mia+—pvbi[fci(a*+a)——n—] —
7P Ly [ey( )= ] 128 2

IIPH CIIEAYIONINX JIOMYIIEHUIX, HE 0Tpa>KaIOH_II/IXC${ Ha OOITHOCTH TOITY-
YEHHBIX PE3YIIBTaTOB!

— MPU3MATUYECKOE TEJIO PACcCMaTPHUBAETCS KaK TOHKOCTEHHBIH 3aM-
KHYTBIN TIPSMOTMHEHHBIH OpycC;

— TIOTIEPEYHOE CEYCHHE TeNa ABOSKOCHMMETPHYHOE;

— BIWSIHAC HHEPIIMOHHBIX CHJI, 00YCIIOBICHHBIX POIOJIEHBIMU (BIOTH
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OCH z) CEKTOPUAIBHBIMH TEPEMEIICHUSIMHU, HACTOIBKO Majo, YTO HM
MOJKHO TIpeHeOpeYb.

3mech MPUHSTHI CIEAyone 0003HA4YeHHs: m — TIOTOHHAs Mmacca
tena; El , GI,— cexTopuanbHas U KPyTHIIbHAs JKECTKOCTH TIONEPEIHOTO
CeUeHMsI Tena;, b, r — XapakKTEpHBIN pa3Mep W paanyc WHEPIHH (OTHO-
CUTEJIHHO TIEHTPA HHEPITUH ) TIOTIEPEUHOTO CEUCHUS; 0¥ — OaTaHCUPOBOU-
HbIA yIroj aTak, COOTBETCTBYIOIIMI HEYCTOMYUBOMY IOJIOKEHHUIO PaB-
HOBECHSI; 0. — YTOJI IOBOPOTA MOTIEPEYHOTO CEUEHUSI OTHOCUTENIBHO YIvia
araku o* , n — KodQUIUEHT 3aTyXaHus KPYTHILHBIX KojeOanuid. [1po-
CThIE TIpeoOpa30oBaHUsl yPaBHEHUSI CBOOOTHBIX KPYTHIBHBIX KOJICOaHMI
MIPU3MaTUIECKOTO Tena B hopme (6) Aarot

npb*
128

+[mr’w’, +%pv2b2(mj +%c;)]a =0,

(m” + Yo+ (l 3,0, +%npb3v)(x +
T

(7

e 6, ; ®, — JIOrapu(h)MUYECKUH IEKPEMEHT U COOCTBEHHAS YaCTOTA KPy-
THUJIBHBIX KOJeOaHuil:
, EI, n'n* GI,6 n’n’
O =t ®)
mre | mr- |
Amnanu3 ypaBHeHHUs (7) MOKa3bIBACT, YTO B OKPECTHOCTH OaaHCUPO-
BOYHOTO yIiia o* a3popnHaMUYECKHI MOMEHT OKa3bIBA€T JeCTaOMIU3U-
pytomiee BiusHue (m* > 0) Ha KPYTUJIbHbIE KOJNeOaHHs Tesla, OHMKAs
JMHAMUYECKYI0 KPYTHIIBHYIO JKECTKOCTh, B TO BPEMs Kak IOIbeMHas
cuia — crabumsupyoee BiusHue (¢ < 0), MoBbilIas THHAMHYCCKYIO
KPYTHIIBHYIO JKECTKOCTb. T10MHAs II0TEPS a3POANHAMUYECKOTO JAeMI(H-
POBaHUS, ONpeeNIonas HeyCTOWINBOCTh KOJIeOaTeIbHOM CHCTEMBI, Xa-
paxkTepu3yeTcsl BBIPAKCHUEM KPUTHIECKOW CKOPOCTH

2
mr
Vip =0, |5 T €))
2 o a
—pb (m] +—c?)
2 47
P COOMIOEHNH YCIOBHS
o
m? >—lcll, un

| 4 (10)

B OKPECTHOCTH yriia araku o* . Eciu yenosue (10) He BBINOIHSAETCH,
TO ITOJIOKCHUC paBHOBeCI/ISI HpI/I (1 ycTOI/II‘IHBOC, n HpI/I3MaTquCKoe TCJIO
COBEPUIAET YCTOMUYMBBLIE KPYTUIILHBIE KOJNEOAHUS OTHOCHUTENLHO 3TOTO
TTIOJIOKCHHUS B I10JIC BHCIIHUX BO3MyH_Ia}OH_H/IX MOMCHTOB.
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Puc. 3. Ilposepka KpymuavHOU aIpoOUHAMUYECKOU HeEycmouuusocmu. 3a-

WImMpUX08ansl 0dnacmu neycmouuueocmu: 1 — npu nauanvroi mypoynenm-

nocmu £=0,5% (kpueaa 1); II — npu mypoyauzayuu nomoxa €=8% (kpueasn
3); Il — npu ycmpoiicmee kananos (kpueas 2)

BaxHoll WH)XKEHEpPHOU MPOOIEMOM SBISCTCS CTAOWMIM3aIlUs Tejla B
MmoTOKe Bo3ayxa. Kak Mmoka3piBaloT SKCIIEpUMEHTATBHBIE NCCIIEIOBAaHUS,
CYIIECTBEHHBIE PE3YNIBTAaThl M0 MPEJOTBPAIICHUIO TOTEPH adPOTUHAMHU-
YeCKOTro eMII(UPOBAHUS MOTYT OBITh JOCTUTHYTHI ITyTEM CO3JJaHHUS TYP-
6yn1/13au1/11/1 IIOTOKa HUJIKW IMIYTEM HU3MCHCHUA 06TeKaHI/I$I IIOTOKOM T€Jia C
ITOMOIIIBIO CKBO3HBIX KaHasI0B [4]. BTopoii criocob u3BecreH kak 3 dex-
THUBHOE CPEJICTBO raieHus kojaebanuii. Ha puc. 2 u 3 npuBeicHbI pe3yiib-
TaThl UCCIICAOBAHUS BIMSHUS TypOYJIN3allMu MOTOKA U CKBO3HBIX KaHa-
1oB (rtog yriiom 30° k OoJibliiel CTOPOHE TIONIEPEYHOT0 CEUCHUS — PUC.2)
Ha 00JacTH a’pOJMHAMUYECKOH HEycTOMYMBOCTH. Kak BHIIHO W3 3THUX
PHUCYHKOB, YCTPOHCTBO KaHAJIOB TIOBHIIIAET KPUTHIECKYIO CKOPOCTh a3-
POYNPYTUX KOJIEOaHWI TaJOMUpOBaHus B 3 pas3a, a TypOyHu3aliys oTo-
ka — B 2,5 pasa. B cirydae KpyTHIIBHBIX KOJIeOaHH yCTPOMCTBO KAaHATIOB
s dexTuBHEE TYpOYTM3anUK MoToKa B 1,7 pasa. IIpu aToM B 06oux ciry-
YasX 3HAYNTENIBHO CY>KUBAETCs 0071acTh HEeycTOHYMBOCTH. OTHAKO, €CITN
YCTpOﬁCTBO KaHaJIOB B IMPU3MAaTUYCCKUX TEJlaX, UCIIOJb3YEMBIX B Kade-
CTBC€ MHIXCHCPHBIX COOpy)KeHI/Iﬁ NN UX OTACIIBHBIX 2JICMCHTOB, Tpe6y-
€T KOHCTPYKTUBHOI'O BMCIIATCJILCTBA, TO Typ6yn1/13auml IIOTOKa ABJISICT-
CA pCaIbHBIM CBOMCTBOM BETPOBOI'0 MOTOKA B HUKHEM IIPU3EMHOM CJIOC
armMocepsbl.
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Puc. 4. I'pagpuku 3a6ucumocmu apoounamuyeckozo KoIppuuyuenma no-
006020 conpomuenienus Mooenu OMceKa NUIOHA C_ 0Nl CKOPOCHUL NOMMOKA V
(uucna Peiinonvoca Re) npu paznuunvix y2nax amaxu

XapakTep M3MEHEHHUS! adpOJMHAMHUUYECKOro KoddduuneHta 1000B0-
IO CONpPOTHUBIIEHUS C_OT CKOPOCTH MOTOKa v (umcia Pelinonbaca Re),
CBUETEIHCTBYET (pUC. 4) 00 aBTOMOIETFHOM peXHMe OOTEKaHUS, T. €.
00 OTCYTCTBUM SIBIEHHS KpH3nca OOTEKaHHs, YTO MO3BOJSET C MOJTHOU
JOCTOBEPHOCTBIO MCIIONB30BATh PE3YIbTaThl MOAETBHBIX HCIBITAHUN B
A’POTMHAMHYCCKOHN TpyOe MPH pacueTax PealbHBIX COOPYKCHUH.

Jlumepamypa

1. den-T'apror. Mexanuueckue xonebanus. — M.: @uzmarrus, 1960.

2. KazakeBnu M.M. AsponuHamuueckas yCTOMYMBOCTD HAA3EMHBIX U
BUCSUUX TpyOorpoBoaoB. — M.: «Henpa», 1977.

3. Kpacnos H.®., Komesoii B.H. Ynpasnenne u cradunuzauus B
aspoanHamuke. — M.: «Boicmias mikonay, 1978.

4. ®enserckuii K.K., biiromuna JI.X. ['mapoaspogunaMuka oTpbIBHO-
ro obrekanms Tel. — M.: «MammuHocTpoenuey, 1977.
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IKCHHEPUMEHTAJIBHBIE NCCJIIEJOBAHUA
AIPOIJUMHAMMNYECKUX XAPAKTEPUCTUK SJIEMEHTOB
KOHCTPYKIIMU COBPEMEHHBIX BAHTOBBIX MOCTOB*

XapakTepHbIMH YepTaMHd KOHCTPYKIMH COBPEMEHHBIX BaHTOBO-
OaJIOYHBIX MOCTOB SIBJSIFOTCST IX 0OTeKaeMasl i OJIM3Kasi K 00TeKaeMOit
(hopMa NOMEepPEeYHOro CEUCHUsI 1 TOHKOCTEHHAsl KopoOuaTasi 0aJika yKecT-
koctr. O0Tekaemas opma MONEPEUHOTO CCUCHHSI TOHKOCTEHHON OakKu
YKECTKOCTH CO3/1a€TCsl HAKJIOHOM IJIaBHBIX OaJIOK OTHOCHTEIHHO BEPTH-
KaJli, T. €. TPAINeleBUIHOCTRIO0 KOPOOUaToii 0aIKH, a TAKKE YCTPOHUCTBOM
TpareneBuHONW WM KPUBOJIMHEHHOW C IIABHBIM OYEPTAHUEM OOIIWB-
ku. Takue KOHCTPYKTHBHBIC ()OPMBI OOJIAJAF0T YIYUYIICHHBIMUA a3pOJIH-
HaMUYEeCKUMH KaueCTBAMH, JIY4IIle COPOTUBIISIFOTCS BETPOBOMY BO3/ICH-
CTBUIO M MEHEE YYBCTBUTENbHBI K (MIYKTYaI[UsIM yIJIa aTakKu BETPOBOTO
MIOTOKA B MPU3EMHOM CIIO€ aTMOC(EpHI.

B o0miem cirydae BETpOBOTO BO3AEHCTBHS HA COOPYIKEHHUS THITA BUCS-
YUX W BAHTOBBIX MOCTOB HallpaBJICHUE BETPa MOXKET COCTABIIATH C TOPH-
30HTaJILHOM MJIOCKOCTbIO HEKOTOPBIXA Yroi araku o. IIpu 3Tom Bocxojs-
IIEeMYy IIOTOKY IPUHATO MNPUIIMCBIBATH IMOJIOKUTCIIBHOC 3HAUYCHUEC YyITia
aTaku, a HUCXOASAIIEMY MOTOKY — OTpHIlaresibHoe 3HaueHue. Ilpu omnpe-
JACJIICHUHN BCTpOBOfI Harpy3ku Ha KOHCTPYKIIUHU MOCTOB, HyBCTBUTCIIbHBIX
K BETPOBOMY BO3/I€HCTBHIO, HEOOXOANMO YUUTHIBATH BO3MOYKHOE OTKIIO-
HEHUE HaNpaBJICHUS BeTpa OT ropu3oHTanu. OYeBUIHO, YroJl aTaku SB-
nsieTcs PyHKIMEH CKOPOCTH BETpa U 3aBUCUT TAKXKE OT peiibeda MECTHO-
ctu. KonruecTBeHHas 3aBUCHMOCTh yIJIa aTaKu OT CKOPOCTH BETpa ObLia
YCTaHOBJICHA TIPY MPOXOKJIEHUH yparaHa «Jlopa» depe3 mponus Hapa-
ra"cer BOnm3u Hpromopra, rae coopykeH BUCSYMNA MOCT Pox-AfineHn,
Ha KOTOPOM B TOT MOMEHT OBLITH YCTaHOBJIEHBI METEOPOJIOTHUECKHE TIPH-
OOpBI, a Takke NpHU HAOMIONCHHUSIX Ha BHCSUMX MocTax CeBepH B AH-
muu, Akacu Happoys u Toitocaro B Sinorww. [lomydeHnast 3aBUCHMOCTh
CBUICTCILCTBYCT 06 YBCIMYCHUHN yIJla aTaKu C YMCHBUICHHUEM CKOPO-
ctu moToka. CieIoBaTeibHO, YeM HUKE pacyeTHasi CKOPOCTh BETpa, TEM
OONBLIMI YTOJl aTaky JIOJKEH OBITh YYTEH NIPH PacuyeTe Ha BETPOBYIO Ha-
rpy3ky. [lockonbky penbed MmectHocTr HbhrO-MOpKCKOTO BHCSIUEro MocTa
BeChbMa XapaKTEPEH JJIs TOI0OHOTO THITA COOPYKSHHIA, 3TH SKCIICPUMECH-
TaJIbHBIC JIAHHBIC MOTYT CIIY)KHTh OCHOBOH B ITPAKTHKE MTPOSKTUPOBAHUS
BHCSYMX ¥ BaHTOBBIX MOCTOB. Ellle OoJiee BaykeH ydeT BIUSHUS yTIia aTa-
KW TIPH HMCCIECIOBAHUN SIBJICHUN a’pOTUHAMHUYECKOW HEYCTOWYHBOCTH,

*OmnyonukoBano coBmectHo ¢ M.10. I'padckum B UzBectusix AH Jlars. CCP,
Pura, 1982.
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3HAYECHUsI KPUTHYECKUX CKOPOCTEW KOTOPBIX MOTYT OBITH CYIIECTBEHHO
HWKE PacyeTHON CKOPOCTH BETpa.

i mpoBeieHnst adpOAMHAMUYECKUX MCCIIEIOBAaHUI OBLTH M3TOTOB-
JIEHBI MOJIeTTH OaJIK! YKECTKOCTH KOopoOdaToir (hOpMBI ¢ BepTHKATHHBIMHA
00KoBBIMHU cTeHKamMH B Maciitabe M 1:50 takum oOpa3om, 4T00bI MOXK-
HO OBUIO KPEeUTh OOKOBYIO OOIIMBKY JIJIs1 00pa30BaHUs TPAINCHEBUIHOMN
(dbopmbl ToniepeyHOro ceueHus. JlmHa cekimoHHbIX Monenei 400 M.
B kadectBe nportoTuna Obuta BEIOpaHa 0aiKa >KeCTKOCTH BAHTOBOTO MO-
cta nposetoM 312 m uepes p. [ayrasy B I. Pure, mmpuna npoesxei ya-
CTH KOTOpO#i coctaiseT 30 M, BEICOTa OalIKK JKECTKOCTH — 3 M, IIUPUHA
HWDKHETO Mosica KopobuaToi 6anku — 16 M. [Ipoesxkast yacTh UMeeT KOH-
COJIM C BBUIETOM 10 7 M Kaxkaast. YTOOBI UCKITIOUUTH TIPU OOTEKAHUH MO-
nereit KoHIeBoi 3(peKT, K X TopIaM KpersTcsi TOHKHE MIali0bl, 4TO IK-
BHBAJICHTHO HCIIOJIb30BAaHUIO MOJIETH «OECKOHEYHOT0Y YIITHHEHMS.

DKcIieprMeHTaIbHBIE MCCIEIOBAHNS OCYIIECTBIISUICH B a’pOIUHA-
muueckoit Tpyoe JAI'Y T-5 3aMKHYTOrO THITa ¢ OTKPBITOH pabodeil da-
cThio. HawanbHas TypOyJgeHTHOCTh TOTOKa B pabodeil YacTH TpyOsI
€=0,5%. AsponmHamMudecKue CHIBI (T000BOE COMPOTUBICHHUE, TOIBEM-
Has cuja ¥ MPOIOJIbHBIA MOMEHT) ONPEAEIISUINCEH C TIOMOIIBI0 TPEXKOM-
MMOHEHTHBIX TCH30METPUUECKUX BECOB B MOTOYHOU (CKOPOCTHOM) cucTe-
M€ KOOpJMHAT, B KOTOPOI OCh X HalpaBjieHa BJ0Jb BEKTOpa CKOPOCTH V.
ITo u3mMepeHHbIM 3HAYCHHSIM adPOAUHAMUYECKUX CHI X, Y u M_ ¢ momo-
b0 hopmyn

c 2y c 2X " 2M .

o o Ty W
OTIPENEISIOTCS.  COOTBETCTBYIONIHE  3HAYEHHS  adpPOAMHAMUYECKUX
k03 unrenTos, Tae b — xopaa (MMpUHA) MOAENH, [ — JUTMHA MOIEIH.
I'paduku 3aBUCHMOCTEH a’dpogHAMHYECKUX KOA(DPHUIIMEHTOB OT yria
aTaKy MOJIEJM OTCeKa OalKH KECTKOCTH MpUBeAeHbI Ha puc. 1. Kak Bua-
HO u3 pUC. 1, B IOTOYHOH cHCTEME KOOPAMHAT KOAPPHUIIMESHT ¢, C yBenu-
YeHHEeM a0COIOTHOTO 3HAYCHUS YIJIa aTakH |0 pe3Ko BO3pacTaeT, JOCTH-
ras npu |o =15° BaBoe OoJbluero 3HayeHus, a npu |of = 30° — BueTBepo
OosblIero 3Ha4eHus1, yeM npu o = 0. 3aMeTHO Takke HapacTaHHE ITOIb-
E€MHOM CHJIBI C YBEJIMYCHHUEM YITIa aTaku |o|. BBemeHne B pacueTsl mpo-
JOJTPHOTO MOMEHTa TO3BOJISIET yYeCTh MCTUHHOE TOJOKEHUE IIEHTPa
JaBJICHUS, B OOIIEM cly4ae He COBIAIAIOIIETO C IIEHTPOM H3ruda more-
peYHOTO ceueHus OaIKu )KeCTKOCTH BAHTOBOTO MOCTA.

Pesynbrars! ncciegoBaHus BIUSHUS OOIMIMBKY (TpareneBUIHON Qop-
MBI TIOTIEPEYHOTO CEUeHHs) Ha adPOINHAMUYECKHE XapaKTePUCTUKHA MO-
JIeNT OTpakeHBI HAa TeX ke pHcyHKax. lIpm HymeBom yrie aTaku Halu-
Yyre OOIIMBKU CIOCOOCTBYET CHIKEHHIO CHJI JIOOOBOTO COMPOTHBIICHUS
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Ha 23%. [logpeMHas cuia mpu HaJTMYUU OOIITMBKY HECKOJIBKO CHIKAETCS
(TpomopuroHaNEHO yIITy aTakH |o|. Ha BernunHy po1oIsHOT0 MOMEHTa
OOIIMBKA MMPAKTHYECKH HE BIIUSET.

PesynbraTs! nccinenoBaHus BIUSHAS dricen PeitHombaca (CKOpoCTh Imo-
TOKa) Ha JI0OOBOE CONPOTUBIICHUE MOJIC/TN YKa3bIBAFOT HA IMOCTOSTHCTBO KO-
a¢unrenTa 1000BOro cornpoTuBieHus kak mpu o = 0, Tak u npu o # 0
(0=—15°), 9TO CBUIETENLCTBYET 00 OTCYTCTBHUU KpH3HCA OOTEKAHHS MOJIE-
JIY, T. €. aBTOMOJICTIBHOM PEKUME €€ 00TEKaHHs. DTOT BBIBOJ] UMEET BaXK-
HOE ITPAKTUYECKOE 3HAUCHUE, TaK KaK MO3BOJISICT IICPSHOCUTD PE3YJIbTaThl
MOJICITbHBIX UCIIBITAHUH B a3POIMHAMUYECKON TPyOe Ha HATypy.

B mpaktuke cozmaHusi BUCSIYMX M BAaHTOBBIX MOCTOBBIX KOHCTPYK-
LMH 4acTO BCTPEUAESTCS BapHAHT OJHOCTOCYHOTO MWJIOHA B BUJE TOH-
KOCTEHHOTO 3aMKHYTOro KopoOuaroro Opyca. Kondurypammst ¢opmbr
MOTIEPEYHOTO CEYCHHS TaKOTO Opyca OmpesessieT He TOIhKO BETPOBYIO
Harpy3Ky Ha HETO B 3aBHCHMOCTH OT HalpaBJICHHS ITOTOKA, HO M Xapax-
Tep OOTEKaHHUS U €T0 OOIIYI0 adPOAMHAMUIECKYIO YCTOHINBOCTD.

[ToBbIllICHHAsT YYBCTBUTEIBHOCTh OJHOCTOCYHOIO IIMJIOHA K Be-
TPOBOMY BO3IIEHCTBUIO BCICACTBUE OONBINON THOKOCTH M €r0 BaXK-
HOe (YHKIMOHAJIbHOE Ha3zHa4YeHUe, 00eCIeUUBAOINIee HECYIYI0 CIIO-
COOHOCTB COOPYKEHUsI, TPEOYIOT TIIATEIILHOTO MOJX0/a K Ha3HAYCHUIO
A’POIMHAMHYECKUX XapPaKTEPUCTHUK, OOYCIIOBIMBAIOIINX BETPOBYHO Ha-
Ipy3Ky, UCCIICIOBAHUS €T0 a3POJMHAMUYECKON YCTOWYMBOCTH U, B HEOO-
XOJIMMBIX CITydasiX, pa3pabOTKU MEpOTNPHUATHI, 00eCIIeYnBatONINX MOBbI-
[ICHHE adPOIUHAMHYECKON YCTOMYUBOCTH.

C 1eipro penieHns MepeyrclIEeHHBIX BBIIE 3a/1a49 ObLTH BBITOTHEHBI
TaK)Ke HCITBITAHNS MOJIENIN CEKITUH THITOHA. J{J151 9KCIIepMEeHTaIhbHBIX HC-
CJIeZIOBaHUH ObIJIa M3TOTOBJIEHA MOZEIh U3 MHOTOCIIOWHOM aBUAITMOHHOM
(hanepsr mmuHOM L =450 MM B Macmtabe M 1:20, Tak 94TO ee TorepeuHoe
ceuenne nMeso pazmepsl 180x295 mM. [TockombKy 1ens HUCCIeIOBAHIS
COCTOsIJIa HE TOJILKO B OTIPEICICHUH a3POAMHAMUYCCKUX XapaKTePUCTHUK,
HO U B PELICHUH BOTIPOCOB CTAOMIM3AIMH [THJIOHA B BETPOBOM IOTOKE, B
MOJIEJIA OBUTH YCTPOCHBI CKBO3HBIC KAHAJIBI B IIIECTU CEUCHUSIX MOJICIIHU C
maroMm 0,07 b u nmunou 0,17 b Kaxabld, KOTOPIE B HEOOXOIUMBIX CITy-
YasiXx MOTJIM OBITh 3aryIylIeHbI. J[ByxmMepHoe o0TekaHue Mojenu obecrie-
YUBAJIOCh YCTAHOBKOM JIBYX TOHKUX TOPIIEBBIX IIAHO.

HauanpHast TypOyJIIEHTHOCTh MOTOKA IPH HWCCIIEAOBAHUH BOIPOCOB
CTaOMIIM3AIH MOJIENH MTHJIOHA H3MEHSJIACh ITyTeM YCTAHOBKH B TIJIIOCKOC-
TH BBIXOJAHOTO CEUEHUS COIIa adpOJMHAMUYECKON TPYOBI CIIeTIHaIbHBIX
TypOyIH3UPYIOMUX ceToK. TypOyneHTHOCTh n3Mepsiiach B paboueii Ja-
CTH a3pOIMHAMHUYECKOHN TPYOBI C TOMOIIIBIO TEPMOAHEMOMETPA CHCTEMBI
«TypOyneHTHOCTb)» B 30HE PACIIOIOKECHUS MOJICIIH.

Jluama3oH H3MEHEHMs yIjla aTakd 0, [OPH SKCIIEPUMEHTAIbHBIX
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uccienopanusax 0 <o <90° ObLT OOYCIIOBIIEH, C OXHOH CTOPOHBI, TIPOM3-
BOJIEHOW OpWEHTAIMel MUIIOHA MO0 OTHOIIEHHUIO K BETPOBOMY ITOTOKY, C
JPYTOH CTOPOHBI, ABOSKOCHMMETPHYHON (HOPMOIA TTOTIEPEIHOTO CEUSHUS
MHJIOHA.
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Puc. 1. I'paghuxu 3asucumocmu aspoouHamuiecKux KoIgpuyuenmos
710006020 conpomuenenus c, NPOOOIbHO20 MoMerma n_ (a)
u noovemnoii cunvt C (6) om yena amaxu a 0ns mooenu 6aiKu yHeecmkocmu
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Pesynbrarsl SKCIEPUMEHTAIBHBIX UCCICAOBAaHUN TPEICTABICHBl Ha
puc. 2, 3. IlepBblii pUCYHOK COJEPKHUT JaHHBIE 00 adPOTUHAMHUYECKUAX
XapaKTepUCTHKAX J000BOTO COMPOTUBICHHS ¢, MONEPEIHON CHIIBI ¢
TPOJIOIBHOTO (OTHOCHTENBHO MPOIOJIBHON OCH MUIIOHA) MOMEHTA /m_ OJI-
HOCTOEYHOTO NUJIOHA C Han0oJiee XapaKTepHbIM COOTHOLLIEHNUEM €I0 CTO-
poH 3:5. 3aBUCHMOCTH a3pOJHAMUYECKUX K03 QHUIIMEeHTOB OT Hanpas-
JICHUSI TIOTOKA TI0 OTHOIICHUIO K KOHTYPY TOMEPEYHOTO CEUEHUS] UMEIOT
HEMOHOTOHHBIH XapakTep. JIoOoBoe conmpoTHBIEHHE HEMOHOTOHHO Ha-
pacraeT ¢ yBelIMUEHHEM YIJIa aTaKH a B BBIOPAaHHOM AJIsl MOJIENTH CUCTEME
KOOpAMHAT, B TO BpeMsI KaK IoNepeyHast CHijia U MPOAOJIbHBII MOMEHT H3-
MEHSIIOT HE TOJILKO BEJIMUYUHY, HO U CBOHU 3HaK. Kak BuIHO U3 puc. 2, ne-
peMeHa 3HaKa adPOAMHAMUYCCKUX KOI(PQHIMCHTOB MONEPEIHO CHIIBI €
¥ IPOJIOJIHOTO MOMEHTA /71_ IPOMCXOUT NPUOIM3UTENILHO B OTHOM TOY-
K€, KOTOpasi HaXOAUTCSI B HHTepBaJIe 25° < <30°. XapakTep U3MEHECHHUS
nonepeqnoﬁ CHJIBI B 3aBUCUMOCTH OT yIJIa aTaKd CBUIETEIbCTBYET, YTO
B OKPECTHOCTH HEKOTOPHIX YIJIOB aTak o (7° < o < 65°) rpanueHT ()c /0a.
nMeeT oTpuuaresibHoe 3HadeHue. IlockonbKy B quana3oHe yIiioB araKu
10° < a <45° (puc. 3) yaoBIeTBOpsIeTCS HEPABEHCTBO

ac,

—+c, <0, 2)

ac,
T0 cornacHo Jlen-I'aptory [1] BO3MOXXHO BO3HMKHOBEHHUE adPOYNPYToi
JUHAMUYECKOM HEYCTOMYMBOCTH THUIMA TaJONMUPOBAHUS, MPU KOTOPOM
MPU3MaTUYECKOe Telo (ITHUJIOH) COBEPIIACT MONEPEYHbIE OTHOCUTEIIEHO
MOTOKa a’pOyNpyrue U3rHOHBIe KOJIeOaHHWS Ha OJHON M3 COOCTBEHHBIX
yacToT. MccienoBanue yCTOWYMBOCTH aBTOKOJICOAHHI TaIOTHPYIOMIETO
THUIIA MTO3BOJIWIIO MOJIYUYHUTh [2] KPUTUUYECKYIO CKOPOCTh UX BO3HUKHOBE-

HIS _ 28may, o_ Jc,
Kp s
oo (3)
rJie /1 — MOTOHHAs Macca Tela; O, — OJIHA U3 €r0 COOCTBEHHBIX YacTOT
W3THOHBIX KoJieOaHui; O — JIorapu(MUUSCKUIl JTEKPEMEHT KoJeOaHHIi;
b — XapakTepHbIi pa3Mep MOMEePEYHOro CEYeHUs Tela; p — IUIOTHOCTD
BO3/yXa.

AnHanu3 rpaguKoOB Ha pHC. 3 MOKA3bIBACT, YTO YCTPOWCTBO KaHAJIOB
MOBBIILIAET KPUTHUYECKYIO CKOPOCTH a3pOyNpYrHx KOoleOaHWi Trajionu-
poBanus B 3 pasza (cMm. ¢opmyny (3)), a TypOynuzanus moToka — B 2,5
paza. [Ipu 5ToM B 000UX CTydasx 3HAYUTEIBHO CY)KUBAETCsI 00J1acTh He-
ycroitunBoctd. OJTHAKO €CIM YCTPOWCTBO KaHAJIOB B IMPU3MAaTHYECKUX
KOHCTPYKIHMAX TpeOyeT KOHCTPYKTHBHOTO BMEIIATENILCTBA, TO TypOyIH-
3aIys TIOTOKA SIBJISIETCS pealbHBIM CBOHCTBOM BETPOBOTO ITOTOKA B HIK-
HEM MPU3EMHOM CJI0€ aTMOC(EPBHI.
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Puc. 2. I'paghuxu 3asucumocmu a3poounamuieckux Koagpuyuenmos c,
1, 2, 3), c, (4,5,6) um_(7,8,9) om yena amaxu a ons modenu npusmamu-
yeckozo nunonay: I — npu HauanvHoU mMypoynrenmHocmu 6 aIPoOUHaMUYe-
ckoit mpyoe & = 0,5%; Il — enuanue kananos; Il — enuanue mypoynusayuu
nomoka, € = 8%; x, y, X, Y — nomounaa cucmema u coomeemcmeyoujue ei
a’zpoounamuyeckue cuuvl; X, y, X, Y, — ceazannaa cucmema koopounam u

coomeemcmeyiouue el aIpoouUHaMuUecKue Cubl

B nmocnennue roapl B Halle cTpaHe U 3a pyOe:KoM Bce Oouibliiee pac-
MIPOCTPAaHEHHUE MONTyyaeT MPUMEHEHUE BaHT JUIsl BAHTOBO-0AJI0OUHBIX MO-
CTOB M3 IapajuIeJIbHBIX MPOBOJIOK. B 3aBUCHMMOCTH OT IJIMH IPOJIETOB
TAKUX MOCTOB BAaHTBl COCTOSIT M3 OJHOTO MJIM HECKOJIBKUX KaHATOB IiIe-
CTUI'PAaHHOH (POPMBI IIOIIEPEUHOTO CeUEHHsI, 00pa30BaHHbBIX U3 AOCTATOU-
HO OOJIBIIOTO KOJIMYECTBA NapajuIesIbHBIX IIPOBOJIOK. B KauecTBe mpume-
pa MOXHO yKa3aTh Ha HUCIIOJIb30BAHNE TAKUX KAaHATOB IIPH COOPYKEHUU
BaHTOBOTO MocTa 4epes p. Juemnp B . Kuese miaBasiM nposetom 300 M 1
BaHTOBOTO MOCTa 4epe3 p. Jlayrasy B . Pure mpomerom 312 m. Asponu-
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HaMUYeCKHE MCIIBITAHUS MOJICIICH BaHT ISl TIOCTIEIHETO U3 HUX BBIIION-
HSJTMCH B TOHM K€ adpOIMHAMHUYECKOU TpyOe, 4To M OaJKK )KeCTKOCTH U
MPU3MATHIECKOTO MIIOHA. MoJienb BaHTHI, COCTOSIIEH U3 MIECTH KaHa-
TOB IECTUTPAHHON (POPMBI, H3rOTOBIIeHA B MacTimradbe M 1:4 Harypaib-
HOHM BENMYWHBI W3 TOHKOJHCTOBOW HepskaBerommei cramu A = 0,15MM.
[TakeT kaHaTOB, 0OpPA3yIOIINX BaHTY, CHAOXKEH 1O TOPIIaM TOHKUMH KBa-
JIpaTHBIMU TmaiibamMu. Mojienb 3JeMeHTa OJUHOYHOTO IIECTUTPAHHOTO
KaHaTa U3roTOBJIEHA B HATYPAJIbHYIO BEIMYUHY.

Puc. 3. Ilposepxa azpoounamuyeckon Heycmouuugocmu no Kkpumepuio /len-

Tapmoza. 3awumpuxoeanwvt oonacmu neycmoituueocmu: I — npu nauanvnoi

mypoynenmnocmu & = 0,5% (1); Il — npu mypéynusayuu nomoxa, € =8% (3);
III — npu ycmpoiicmee kananos (2)

[Ipu ucnbITAaHUAX B adPOJAMHAMHUYECKON TpyOe OBbLIM OIpeaesICHbI
a’pOIMHAMHYECKHE CUITBL, JICUCTBYIOIINE Ha MOJIEITh OIMHOYHOTO IIIECTH-
IPaHHOTO KaHATa M Ha OJIHY BaHTY, 00pa30BaHHYIO IIECTHIO TAKMMHU KaHa-
Tamu. J{s onpeeneHus BO3ASHCTBUS BETPOBOTO IIOTOKA HA BAHTHI MOJTY-
YeHbI TpaUKH 3aBUCUMOCTH KO3()(OUIIMEHTOB JI0OOBOTO CONPOTUBIICHHS
¢, ¥ TTOJbeMHO¥ CHITEI €| B IOTOYHON CHCTEME KOOPJMHAT B 3aBUCHMOCTH
OT yIJIa aTaky o. YTOJ aTaku U3MeHsuIcs oT HyJst 10 90° (puc. 4).

203



CrrCyr My N

Puc. 4. I'pagpuxu 3aeucumocmu apoounamuueckux KoIgpguyuenmos 1060-

6020 CONPOMUGNIEHUS C U NOOBEMHOIL CUIIbL C, O Y2/ld AMAKU @ 011 00UHOY-

HO20 WeCMUZPanno20 KAHAma u 6aHmul, oﬁvpmoeannoﬁ uiecmoio maxkumu
Kanamamu

Kak Bunno u3 puc. 4, k03hHumeHT 1000BOr0 CONPOTUBIICHUS CYILLe-
CTBEHHO 3aBHMCHUT OT yIJla aTaKu O, IPH OTOM XapaKTep U3MEHEHHUS ¢ (o)
JUIsL ONMHOYHOTO KaHaTa U BaHTHI pa3iaudeH. Tak, ¢ yBEIMYEHUEM yITIa
araky KOO(QGUIMEHT ¢ _JUIs BAHTBI BO3PACTAET, a JUIS ONMHOYHOIO KaHaTa
CHIDKAeTCsl. YUeT yIvla aTaky MpH OIPeNeIeHNH BETPOBOM HArpy3Kd Ha
BaHTY B OTJINYME OT OAJKN )KECTKOCTH OCYIIIECTBIISETCS 00JIee CI0KHBIM
00pa3oM, UTO BHI3BAaHO HAKIIOHHBIM TTOJIOKCHUEM BaHT.

W3menenne nmogbeMHOIM CHIIBI, paBHO KaK M JIOOOBOTO COMNPOTHB-
JICHHUsI BaHTBI, ONMpPEAETSICTCS ero KOHCTPYKTHBHOH (OpMOii, T. e. Xa-
paKkTepoOM KOMIIOHOBKM KaHAaToB B BaHTy. OTpuUareiabHBIA TI'pajueHT
M3MEHEHUs OABEMHON CHUIIBI OIMHOYHOIO KaHaTa 1o yIIy aTaky B Jua-
na3one 15<0<45° cBujeTenbCcTBYET 0 BO3MOKHOCTH TIOSIBIICHHST a9PO/TH-
HaMU4ecKoi HeycToitunBocTH 1o JleH-I"aptory [ 1], yTo HEoOxoauMoO, 10~
BUAMMOMY, YUUTBIBATh IIPHU BBIOOPE CXEMbl MOHTAKa BaHT.

Jumepamypa

1. Jlen-I'apmoe /[ric. Mexanndyeckue konebanus. M.: Dusmarrus,
1960. — 580 c.

2. Kazakesuu M.H. AspoauHaMudecKkasi yCTOWYMBOCTb HAA3EMHBIX U
BUCSUMX TpyOorpoBoaos. M.: Heapa, 1977. — 200 c.
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AIPOJUHAMMUNYECKASA UHTEP®EPEHIMA
JABYX KPYTI'OBbBIX HUJIMHAPOB*

[lIupokoe pacmpocTpaHeHNE B CTPOUTENFHBIX H MAIIHHOCTPOUTEh-
HBIX KOHCTPYKIMSX Pa3TUYHOTO HA3HAYEHUS TONYYHIIH DJIEMEHTHI Kpy-
TOBOH MIIUHAPHIECKOH (POpPMBI. B 3THX KOHCTPYKIHSX YacTO BCTpeUa-
IOTCS AJIEMEHTHI, PACIIONIOKEHHBIE TAKUM 00Pa30M, 9TO OJWH HAXOTUTCS
B a3POJMHAMMYECKOM CIIE/Ie APYroro. A’poauHAMUUYECKUN Clle/l Xapak-
TEPU3YETCs KPYITHOMACIITA0OHBIMU MYJIbCALIUSIMU JIABJICHUS, KOTOPBIE 00-
YCIIOBIINBAIOT MIEPEMEHHOE a3pOAMHAMUYEeCcKOe BO3/IEHCTBHE KaK Ha dJie-
MEHT, HaXOJSIIIUICS B ClIeAE, TAaK U HA JIEMEHT, CO3IAIOIIHNI 3TOT CIEI.
B pesynbrare nMeet MeCTO adpoJUHAMUYECKOE B3aUMOJICHCTBUE — ad9PO-
JTUHAMHYECKasi HHTEP(PEPEHITHS — IBYX IEMEHTOB KPYTOBOM IIMIIMHAPH-
4eCKOi (OPMBL.

C uenpro M3y4eHHs XapakTepa oO0TeKaHWUs, MEXaHW3Ma BO3HUKHOBE-
HUS U BO3MOXKHBIX PEXKHMOB a’pOyNpyTHUX KOIeOaHWH ABYX KPYTOBBIX
IMIMHIPOB, PACIIONOKEHHBIX O/INH B CIIE/IE IPYTOTO, B 3aBUCUMOCTH OT
CKOPOCTH IIOTOKAa, B3aWMHOTO WX PACIIONIOKEHUS (PacCTOSHHE MEXTY
HUMH, CKOC TIOTOKA), COOCTBEHHOM YaCTOTHI HJIEMEHTOB OblJ1a H3TOTOBJIIE-
Ha ycraHoBKa. Ha MacCMBHOM KOOp/AWHATHHUKE B paboyeil yacTu a’sposu-
HaMHUYECKOH TPYObI C IOMOIIIBIO YIIPYTHUX CIIHUIL KPSITHIUCH JIBA )KECTKUX
uunuaapa auamerpom 0,03 M u nuHoM 0,4 M, U3TOTOBIEHHBIX U3 TOH-
ko (TommumHoi 0,1 MM) HarapToBaHHOM Heprkaseromeil cranu. Yacrora
COOCTBEHHBIX KOJICOAHUU LIWIMHPOB PETyIHPOBANIACH JIUHON YIPYTUX
CIHII, TIPH 3TOM OOECIEUNBAIOCH OJJUHAKOBOE WX 3HAYCHHE IS 000MX
IWIHHIPOB. A3pOyIpyrue KoieOaHus NUIHHIPOB PErHCTPUPOBAINCH C
MTOMOIIIBIO MaJI0Ta0apUTHBIX JILIE30KEPAMHUYECKUX JIATYUKOB YCKOPEHUIA.
VYrpyroe KOHCOJNBHOE 3aKpETUieHHe IMIUHAPOB C IMOMOIIBIO CIHIl 00e-
CTIIeYMBAJIO HU3KWE AMCCUTIATHBHBIE CBOMCTBA MOjEJei: morapudmmde-
CKHI TEeKpEeMEHT KoJieOaHmil m3MeHsics B npeaenax 0=0,08 ... 0,11. st
M3MEpEeHH MTHOBEHHOTO JaBJIEHUS B OJIFKHEM adpOINHAMHYECKOM Clie-
JI€ 32 BTOPBIM 110 TIOTOKY IIMJIUHAPOM HETIOIBIDKHO YCTAHABIUBAJICS aKy-
CTHYECKHUHN maT4yuk aasienus JIX-610.

OO0pa3iibl OCIHUIOrPaMM MTPOCTPAHCTBEHHBIX KOJICOAHUH 000UX I1H-
JIUHJIPOB TIPU TPEX 3HAYCHUSX CKOPOCTHU IMOTOKA, COOCTBEHHON 4acTOTHI
Y B3aUMHOI'O UX PACIIOJIOKCHHSI TIpeICTaBlicHbl Ha puc. 1. Ha ongHol u3

*OmnyosnmkoBano coBmectHO ¢ N.1O. I'padcxum B Tpynax AI'Y «I'mapoaspo-
MeXaHWKa U Teopus yrnpyroctny, Bemr. 31, 1983, JlnenponeTpoBCK U TOT0KEHO
Ha V Bcecoro3HoM cheszie 1Mo TeOpeTHYeCKor U MpuKIaaHon mexanuke, 1981,
Anma-Ara.
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OCHMJIJIOTPAMM TMOKa3aHbl MYJIbCAIIMM MTHOBEHHOTO JIABJICHHS B CIEAC,
MPOCIICKHUBACTCS OTPHIB KpyIMHOMAcITaOHOTO BUXps. Mccnenosanus ya-
CTOTBI OTPBIBA, BUXPEH 0 MYJIbCAIUAM CKOPOCTH B CIIE/IE 3 JIBYMSI JKECT-
KO 3aKpeIUICHHBIMH ITMJIMHIPAMHU TIPH HAJIWYWAN CcKoca MmoToka [1] ocy-
HIECTBISIIOCH C TOMOIIBIO TEPMOAHEMOMETPOB.

Xoay

E i % < f\
t ;\*;é /}‘L /‘?‘z o = ;"\\\ [ AL/

Puc. 1. Ocyunnozpammel nepemewienuil YUiIUHOPO8 U NYi1bCAUUOHHOZ0 0A6-

nenus 6 cneoe (0, —0 6...0,8): @) V=1,4 m/c; f,=3,61 I'u; 6=0,08; I=1/d=0,67;

1=0; 6) V_IIM/C,fm =6,5 TI'y; 6=0,12; I=1; 1,=0,9; ¢) V=10,7 m/c; f,=9,6 T'u;
0=0,11; I= l 0

Bruto oOHapysxeHo stk oonacteit yucen Crpyxains (Sh=0,05...0,38),
KOTOPBIC XapaKTEpU3YIOT YaCTOTy OTPhIBA BUXPEH B CIIEE 3a ABYMS LIU-
muHApamu. JloMuHUpYyOmmMMU (hakTopamMu, OMPEICIISIONUMHI CTEIIEHb
ATOTO BIUSHHS, SIBIISTIOTCS KHHEMAaTHKA JBW)KCHUS IWIHH]IPOB, YaCTOTHI
OTpBIBa BHXPEW, CHHXPOHHOCTh CPBIBA MX MO JIJTMHE IHIUHIPA, (QIyK-
Tyalluu TOYEK OTPhIBA, B3AUMHOE PACIIONIOKEHUE IIMINHAPOB U ap. Bo3-
HUKAIOT MHTEHCHBHBIE TIOTIEPEUHbIC MOTOKY MEPEMEINEHHS [THITHH/POB
1oj JeUCTBUEM nepmo;:mqecxon cuibl R (puc. 2). MakcumaiibHOE 3Ha-
YeHHe MEePeHOCHOH CKOpocTH (¥ + X) LIIMHAPH UMEIOT B MOJOKEHH-
ax 1 u 3 B MoMeHTHI Bpemenu T =1/4 u cooTBeTcTBeHHO T =3T/4, Kor-
na R" = 0. Jlanee u3 nonoxxeHus: 1 nepBbli HAIMHIP JABMIKETCS BHU3, a
BTOPOU — BBEPX. B 3TOT MOMEHT MEKly HUMH 00pa3yeTcs pa3pekeHue.
DTy KapTHHY MOYXHO HaOJIOATh BU3YyaJIbHO C TOMOIIBIO CTPYHKH ABIMA,
KOTOpasi MOJaeTCs B IPOCTPAHCTBO MEKAY KOJCOIMFOIUMUCS IIUINHAPA-
Mmu. B kpaitaux nonoxenusx 0, 2, 4 8 MomeHThl Bpemenu 1t =0, 1= "T/2
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n 1 =T, xorma y = 0, monepeyHoe IBMKCHNE IWIMHIPOB 3aMeIIsIeT-
CSl 1 MHTEHCUBHOCTh Pa3pEeKEHUS CHUKAETCA. DTOT MOMEHT COBITaJaeT
CO cx07IoM C(OPMHUPOBABIINXCS KPYITHOMACIITAOHBIX BUXPEU C IIHITMH-
npoB. Ilo mepe cOmmKkeHus MITMHAPOB aBICHUE MEXTy HUMH Hapac-
TaeT ¥ B MOMeHT T = 3T/4 (monoxenue 3) MPOUCXOAUT OTXOJ ITapa3uT-
HOTO BUXPA. J{BIMOBOI1 ciient 3a KOIeOMONUMICS IUIHHIPAMA TIPH BUE
CBEpXY MpEICTaBIsAET COOO0N YepenyIomIyocs MUI000Pa3HYIO JOPOKKY
KpYITHOMACIITaOHbIX BUXPEH, a COOKY — IBIMOBBIC BUXPEBBIE CTOJIOBI 1O
BCel JITMHE WIMHIPOB. B mporecce koiebanuii Ha UITHHPHI neﬁCTBy-
€T KpOMe MEPUOIMIECKON CHIIBI (PeaKLMK yIPYro 3aKPEIUICHHON Mojie-
) R = X1 +Y" cuna K Benencrsue [PA3PEIKEHHs MEXKTY LMITHHIPAMH,
u cuia L, BrI3BaHHAs yNPYTUME CBOHCTBAMH OTIOPHBIX AJIEMEHTOB IHU-
JIUHJIPOB.

ﬁf

Puc. 2. Kunemamuka yununopoe npu apoounamuueckoii unmepepenyuu
6 omHocumenbHoM (a) u abconiomuom (0) 3HaUeHUAX

IIpencraBneHnble Ha puc. 3 TpaeKTOpHH ABMKeHus (0 = ol /d; i=x, y;
j=1, 1I) cBOOOAHBIX KOHIIOB KOHCOJIBHBIX LMJIMHIPOB JAIOT HAIJISIHYIO
KapTUHY BIUSHUS B3aUMHOTO PacIooKeHuUs ImuHIpoB. Ha puc. 3, 1,
MIyHKTHUPHOW JIMHUEH M300paKeHbl OTHOAONME MTHOBCHHBIX 3HAUCHUI
nepuoandeckux cuit X7 u Y7, nefCTBYIONIUX HA MEPBbIA 1 COOTBETCTBEH-
HO BTOPOH IO MOTOKY LUMIMHAPLL. [Ipu aHamu3e nerko mpociueKuBaeTCs
ABOITIOIUS TPAEKTOPHUI MPU H3MEHEHNUH TOJIBKO OTHOTO (haKTopa — cKoca
HOTOKa ¢, paBHOTO @ = arctg /, /1.

O0paboTka pe3ybTaToB AKCIEPUMEHTAIBHBIX UCCIIEIOBAaHNH MTO3BO-
JISIeT YCTAaHOBUTH 3aBUCUMOCTD aMIUIUTYM M YacTOT KOJIeOaHWM, TIepHo-
JIMYECKUX CHIl X, Tyn Y.” (j = 1, II), melicTByronux Ha 00a HMUJIMHIPA B
Trporiecce KOJIe6aHI/II/I oT CKOPOCTH HAOETaIOMIEro OTOKA, IPUBEICHHOMN
CKOPOCTH, CO6CTB€HHOI/I YaCTOTHI KOJIEOAHUH IIIITMHIPA, B3AUMHOTO pac-
MOJIOKEHUS UX OTHOCUTEIBHO HalpaBieHUsl MOTOKa. X aHaiu3 mo3BO-

207



JISIET CJIeNaTh CISIYIOIINE BIBOJIBI:

— MaKcUMaJjbHble KOJeOaHuUs NEPBOro HUIMHAPA NOIEePEK OTOKA Ha-
OmonatoTcs mpu 3a3ope Mexay nunuaapamu /= 0,1...0,5. boxpmmm 3Ha-
YEHHSIM TIPUBEIEHHONW CKOPOCTH COOTBETCTBYIOT MEHBIIINE 3HAUYCHUS 3a-
3opa. C yBeTMYCHHEM COOCTBCHHOW YacTOTHI KOJCOAHWHA ITUIMHAPOB
aMIUIATYy/la 3TUX KoJieOaHUW CHUXKaeTcs. MakCUMallbHbIe KOJIeOaHHs
MMEIOT MECTO TIPU OOTEKaHMH CO CKOCOM MOTOKA, XapaKTEPU3yEMbIM Be-
mrauHol [ = 0,3...0,4, KOTOpas MOXKeT CMeIaThes 10 3HadeHui /=0,9...1,0
NpU YBETUYCHUHU CO6CTBCHHOI/I YacTOThl KOJCOAHUIN LMIHH]POB. 3TOT
BBIBOJ] PACIIPOCTpaHsIeTCs Ha KoyieOaHMsi 000X IWIMHIPOB KakK TOIe-
PEK, TaK ¥ BIOJb [TOTOKA;

— aMIUIMTY/bl BEPTHKAJIBHBIX KOJEOaHWU BTOPOTO MUJIMHIPA BO3pac-
TaIOT TI0 MEPEe YBEITUYCHUSI CKOPOCTH TTOTOKA;

— 9acTOTHI Koyie0aHMii 000MX IUIMHIPOB BHIIIE 3HAYCHHUI COOCTBEH-
HBIX YaCTOT ¥ YBEIMYMBAIOTCS C POCTOM CKOPOCTH TTOTOKA, IPUYEM, TEM
OoJIbIIIE, YEM HMJKE 3HAYEHHE COOCTBEHHOM YacCTOThI KOJIEOAHMH LIMIJIMH-
JpoBOH (MiK) yeM OnmKe BeJIMYMHA 3a30pa MEKAY LIUIMHAPAMU K 3Ha-
YEHHIO lkp: 2..3;

— 3aXBaT 4acTOThI f, 4acToToi f, mpoucxomut npu Sh= Sh, =0,1
(V,,=10) o ocroBHo (bopMe Ipu KacaHuu WIMHAPOB (1=0) KoneGa-
HUSL HAYMHAKOTCS © V=20 (Sh= Sh, =0,5);

— MaKcHMalbHble KoJIeOaHus BToporo MWIMHJPA TIPU HETIOBHIKHOM
HEPBOM HAOJIIONAIOTCA, KOIZA 3a30p MEXIy LMIMHIPAMH COCTaBIIseT
[=0,2...0,4 — qns koneOanuii BAoas notoka u [ < 0,2 — aj1s1 KoaebaHui mo-
MepeK MOTOKA, ITPH ATOM aMIUTHTY/IBI BO3PACTAIOT C YBEIINYCHHEM CKOPO-
CTH ITOTOKA.

XapakTep 00TeKaHUs ABYX IWIMHIPOB HCCIIENIOBAIICS BU3yaTH3allH-
el TeueHMs W Tpollecca OTPhIBa BUXPEil, a TaKXKe JBIKEHHSI BUXPEBOTO
ciesa 3a IByMS IIMIIMHAPAMH. DTa BU3yalU3alusl OCYIIECTBISIIACH C I10-
MOIIIBIO CTPYH JbIMa, HCTEKAIOIIUX U3 CIICIHAIbHON TPEOCHKH pa3MepoM
200x80 MM uepe3 TpyOku auamerpom 2 mm. Illar Tpyook — 20 mm. J{ist
BBIPAaBHUBAHUS Pacxojia JibiMa K rpeOCHKE MPUCOCTUHECHO PacIpeieiin-
TEJIBHOE YCTPONCTBO, & OUUCTKA JIbIMa POU3BOIIIACH (DUIIETPOM.

Yacrora cpbiBa BUXPEH ONpeeNseTcss U3 COOTHoLEeHus f, = V/B, rae
B — paccrosiHue MEXy IByMs CMEXHBIMHU CXOJHBIMH BUXPEBBIMU CTOJI-
Oamu. TpaekTopum JBUKEHUS IBYX IMIUHAPOB NPHU (HUKCUPOBAHHBIX
3HAYCHHUSAX MMapaMEeTPOB MOTOKA U IWIIMHAPOB M OTPEACICHHOM B3aWM-
HOM WX PaCIIOJIOKEHUH 32 OJIMH TepUO N300paxkeHsl Ha puc. 4. Paznmy-
HBIM (hazaM KoJieOaHHi IIMITMHAPOB COOTBETCTBYIOT PA3INIHbIE KAPTHHBI
BHXpeoOpa3oBaHus, 3aQUKCUPOBAHHBIE HA KHHOTUICHKY W MPECTaBIICH-
HBIE HA 3TOM K€ PHCYHKE.

208



5: \w:iaa;f@ \NTS.EQ u

f6°0="1 (0 M1 9°9="{9%0="1 (2 W[ L9="F *£°0="1 (® ML L9="f }cI'0="1 0 ‘MU 8°9="F {0="1 (v *$'T=""0 *0'I=1 ‘CI'0=0 NI
£9=""F o 1=4 .:::m.:@ﬁe:ue& xn wonnnvEnd ndu 9odounini 90nmnox x19100909 snuancn9p nndouniandy ¢ ong

209



-
el IR o, L S N R s
Ermas R WD o

e

.0)

fa
=00k 5“1)
A
IS
i" ‘
{ {
Iy
1By
.Z.:.{}‘ngs l‘ "l
A
©
i k:
; e,
} iy ’Kj.ri E o .
; d"”_im";::r_\ :_ﬂfi
2 e e — )
reoits 1AM Sy &L,
RN
a i
| ;
L
L
T = pisY \gb
M
W
i
I
}
i
\
5 \
292 0,208 bobl \K

£y
&

<
)

210

.
8

V=1,1 m/c

Puc. 4. Tpaekmopuu osusicenus u aipoOUHAMUYEeCKUIl c1ed NPU GU3YATUZAUUU MEUeHUSl ObLMOM
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Puc. 5. Bauanue wepoxoeamocmu no6epxXHoCmu YUIUHOpPos

HA OMHOCUMETbHYIO ammmmydy Kwteﬁanuu. V=4 m/c; 1=0,3; 1=0; a} — am-
naumyowvt konebanuii a, *, a ", a7, ay™, a — amnaumyowt npu h= Z 510+

Jis u3ydeHHs BIMSHUS IIEPOXOBATOCTH IMOBEPXHOCTH MOJIENICH H
TypOyJEHTHOCTH TOTOKa HAa WHTEHCHBHOCTH adpOYIpPYTUX KoJjeOaHUit
MOJIeITh TIOKPBIBAJIACH HAXKAYHON Oymaroil pa3nuyHoi 3epHUCTOCTH U B
paboyeii yacTu a’poANMHAMHYECKON TPYObl YCTAHABIUBAINUCH CIICIHAIb-
HbIC TYPOYIH3UPYIONIHE CETKH C PA3IMYHON XapaKTEPUCTHKON PeIIETKH
(pa3mep stueek, JuaMETp MPOBOJIOKH) [2].
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Puc. 6. Briusanue cmenenu mypoyieHmHocmu nomoxka Ha AmMnaumyoy
Konedanuii: V=3 m/c; I=0,3; 6=0,08; f, =3,6 I'y
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PesynbraThl uccnenoBaHus pa3IMYHBIX CIIOCOOOB CHMKEHUS aMILITH-
TYJT a3pOYIIPYTHX KoJieOaHWi HAIIIIIN OTpaskeHHe Ha prc. 5. YCTaHOBJICHO,
YTO TOBBIMICHHE KOA(PUIMEHTA IIEPOXOBATOCTH ITOBEPXHOCTH MOJIe-
Jiel TWIIMHIPOB CHIDKAET aMIUTHTYABI KOJleOaHnH. DKCTIEpUMEHTHI TPO-
BOJMJIUCH TIPH 6 —1 ,4 st Tpex 3HaueHWH MIepoXoBaToCTH. Kak BHIHO
u3 puc. 5, MOBbILICHHAS [IEPOXOBATOCTh OKA3bIBAET CTAOMIM3UPYIOIIEe
BITUSHUC. Typ6ynn3aun;1 MMOTOKA HE OKA3bIBACT (CM. pHC. 6) CyIIeCTBEH-
HOTO WJIM CKOJIbKO-HUOY/Ib 3aMETHOTO CTaOWIIM3UPYIOLIETO BIMSHUS Ha
aMILTUTYy KoJieOaHHH.

Jlumepamypa

1. Kus, Apu, Tamypa, Mapu. OTpbIB BUXpel Npu CTYyIEHYATOM pac-
MOJIOKEHHS IBYX KPYTOBBIX IMIMHAPOB. — B kH.: TeopeTnueckue ocHo-
BBl UH)KEHEPHBIX pacueToB. — M.: Mup, 1980, Neo 2.

2. I'mapenxo B.IL., I'padcxuit 1.10., Kazakesua M.U. Onpenencaune
AIPOTUHAMHYECKUX XapaKTEPUCTHK BUCSYETO MOKPHITUS TUIIA TUTIAP HA
oBaJbHOM TIaHe. — B ¢6.: I'mapoaspomexannka U TeOpusi YIMPYyTrOCTH.
Juenponerposck: AI'Y, 1979, Beimn. 25, c. 53-67.
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CYBIT APMOHI/I‘IEC[(I/Iﬁ 3AXBAT ADPOYIIPYT'UX
ABTOKOJIEBAHUU KPYT'OBOI'O HUJIMH/APA*

BszaumopeiicTBue KpyroBoro IWJIMHIpPAa C HaOEraroInuM MOTOKOM
YKUJIKOCTH WJIHM Ta3a COMPOBOXKAAETCS SBICHUEM 3aXBaTa 4acTOTHI CPHI-
Ba Buxpeil Kapmana gacToToll a3poynpyrux aBTOKOIEOaHWN IFITMH/PA,
COBIIQIAIONICH C OJHOW M3 COOCTBEHHBIX YACTOT KPYTOBOTO IMIMHJpPA.
DT0 sBIIeHHE, KaK OTMe4aeTcsl B padore [1], cocTaBiseT KIIFOUEBO MO-
MEHT B MEXaHU3Me BUXPEBOTO BO30YXKICHHS a’poOyNpyrux aBTokojeOa-
Hui. MccienoBanus SIBICHUS 3aXBaTa 4acTOTHl CPbIBA BUXPEU 4aCTOTON
BBIHY)KACHHBIX KOJ€OaHUH IMIMHAPA MIPH UX MPUHYIUTEILHOM BO30YXK-
JICHUH TIOKa3anu [2], yTo 00aacTh 3axBara MO CKOPOCTH MOTOKa J0CTa-
TOYHO BelHKa. B ciydae cBOOOAHO KOJEOIFOIIEroCs MIMH/PA SIBICHUE
3axBara HaOmomaercs [3, 4] B Oonee y3KkoM AManazoHe CKOPOCTEH MoTo-
ka. O0nmacTh OCHOBHOTO 3aXBara, €ro Pojb B MEXaHM3Me BUXPEBOTO BO3-
Oy>KIeHHS adpOyNpPyTUX aBTOKOJIeOaHUH 00CTOSITeThHO U3yUueHsl [ 1-5].

B manHOM cOOOMIIeHNN SKCTIEpUMEHTAIFHO YCTAHOBJIEHO CYIIIECTBOBA-
Hue 001acTi cyOrapMOHHYECKOTO 3aXBara rnopsaka 1/3 Ha ckopocTsx mo-
TOKa, MPEBBIIIAIONINX KPUTHIECKYIO CKOPOCTh OCHOBHOTO 3aXBaTa B TPH
paza. DKcriepuMeHTaIbHbIE UCCIIE0BAHM TPOBECHBI B a3pOAMHAMUYE-
CKOU TpyOe ¢ OTKpBITON paboueii yacThio. C MEIbI0 U3YUCHHS BIIMSIHUS
CTereHH TypOyJIIEHTHOCTH MOTOKA Ha M3MEHEHHUs1 00JIacTell OCHOBHOTO U
CyOrapMOHHUYECKOTO 3aXBaTa, a TAKKE COOTBETCTBYIOIIMX UM aMILIUTYI
a’3pOyINpPyrux aBTOKoJeOaHUK ObUTH MPUMEHEHBI CIIeHaIbHbIE TYPOYyIH-
3UPYIOIINE CETKH, YCTAHOBIICHHBIE HA CPE3 COIUIa adpPOAMHAMUYECKOM
TpYOBI. YIIpyroe 3aKperieHre MOJIE KPYTOBOTO IIMIINHAPA THAMETPOM
0,1 M 1 mmHO# 0,4M ¢ TOPIEBBIMY MIA0aMHU OCYIIECTBIICHO C TTIOMOIIBIO
IIAPOBBIX MIAPHUPOB C TPEMs CTETICHSMHU CBOOOBI HAa MPOAOIBHON OCH
MOJIENIA K BECOBBIM dIIEMEHTaM «X» M «Y» TEH30BECOB, PETHUCTPUPYIO-
M a3pOANHAMUYECKHE CHUIIBI JJOOOBOTO COMPOTHUBIICHHS U MO THEMHBIE
CHJIBI COOTBETCTBEHHO. BECOBBIE 27IEMEHTHI BBITIOIHEHBI B BUJIE TNTOCKUX
YOPYTUX TUTACTHUH BO B3aUMHO MEPIEHANKYISPHBIX TNIOCKOCTAX C HaKJIe-
E€HHBIMHU Ha HUX T€H30PE3UCTOPHBIMU JaTYUKAMHU.

3aBUCHUMOCTb OTHOCHTEIBHBIX aMIUIUTY] a’pOyINpyrux aBTokojeOa-
HUI g=a/d OT npuBefeHHOI ckopocTy notoka V, =V/fd npu pasmd-
HOM CTENeH! TypOyIeHTHOCTH MOTOKA npe;wTaBneHa Ha puc. 1. O6nacts
CyOrapMOHHMYECKOTO 3axBaTa mopsaka 1/3 cymectBeHHO Oombiie (10
CKOPOCTH TTOTOKa) 001aCTH OCHOBHOTO 3aXBaTa, a COOTBETCTBYIOIIHNE aM-

*OnyomukoBano coBMecTHO ¢ M.IO. I'padcxum B [loxin. AH YCCP, Cep. A,
Ne 4, Kues, 1983.
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TUTUTY/IBI ABTOKOJICOAHUH UMEIOT ONTU3KHe 3HaYCHUs. [IpH 9TOM YacTOThI
aBTOKOJICOaHUIT B 00enX 00JIaCTSAX COBMAIAIOT ¢ COOCTBEHHOI YaCTOTON
Ji- Kak BuHO U3 puc. 1, yBenmuuenue creneHu TypOylIeHTHOCTH MOTOKaA
CMEIIAET 3HAUYCHUS KPUTHUCCKON CKOPOCTH adpOYIIPYyTHUX aBTOKOJICOaH i
B CTOPOHY MEHBIIIMX 3HAYCHUH. MaKcUMasIbHbIC 3HAYCHUST aMILTATY]T aB-

TOKOJIeOaHU HAOMIOAAOTCS TP TYpOYJICHTHOCTH 1OTOKa € = 1,5 %.

a I
%
A jf %
o i
iy
0,05 —+ E ¥, 1A—
f;!
1 55:"5
Y D 20 ¥y

Puc. 1. Amnaumyowt Konedanuii Kpy206020 yuauHopa ¢ 00aacmu 0CHOGHO20
U CyocapmMonu4ecKo20 3aX6ama npu pasiuiHol mypoyienmuocmu nomoKa;
RYHKMUPOM OmMMeueHbl IKCnepUMeHmaabHbvle OanHble u3z pabomot [6]

AHanu3 pe3yabTaToB SKCIEPUMEHTAIbHBIX UCCIIEI0BAHUI MTOKa3bIBa-
T, UTO adpoiuHamuueckoe yuciao Crpyxans Kak B 00JacTH OCHOBHO-
ro, Tak U B 00JIaCTH CyOrapMOHHYECKOTo nopsiaka 1/3 3axBara mnpu cre-
MeHH TYPOYJISHTHOCTH MOTOKa € =5 % Onmu3ko k 3HaueHuto Sh = 0,2, uro
yKa3bIBaeT Ha YpEe3BBIYAHO yNOpPsI0OUeHHBIN OTpbIB BUXpel Kapmana B
o0enx obnacTsax. BiusiHue creneHn TypOyJIEHTHOCTH MOTOKA Ha YHCIIO
Crpyxais B 06eux o0nacTsix 3axBaTa OTpaKeHO Ha puc. 2.

Sh ]
820 V/’____f—“?
9551—, 27
rd Puc. 2. Bausanue mypoy-
JIEHMHOCMU  HOMOKA Ha
aIpoounamuueckoe Huci10
) 2 4 & E% Cmpyxans
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MexaHU3M BO3HUKHOBEHHUS U TIOIJIEPIKAHKS YCTOWYHBOTO PEKUMA ad-
pPOYTIPYTHX aBTOKOJIEOAHHH B OONACTH CyOrapMOHHUYECKOTO 3axBara Io-
psanxa 1/3 oOyciioBieH HEMMHEWHBIME HECTAIIMOHAPHBIMHA a3pPOJMHAMHU-
veckumMu cunamu. OH XapakTepusyeTcst COOTHOLIEHUEM Buaa f,/f = 1/3,
CBSI3BIBAIOIIMM YaCTOTY aBTOKOJICOAHUI B 00JIaCTH CyOTapMOHHYECKOTO
3aXBara f,, COBNAJAKOILYI0 ¢ COOCTBEHHOH YaCTOTOW MOJENH, ¥ 4acTo-
Ty BHEIITHETO BO3JIEHCTBUS f, paBHYIO YacToTe OTphiBa Buxpeir Kapmana:
f=Sh V/d. Cxemarudecku 00JacTH OCHOBHOTO M CyOrapMOHUYECKOTO 3a-
XBaTa M0 CKOPOCTH MOTOKa n300paykeHbl Ha puc. 3. Kak BUIHO U3 3TOTO
pHUCYHKa, 001aCTh OCHOBHOT'O 3aXBaTa COMPOBOXKAAETCSI 3aXBaTOM 4aCTO-
ThI CPbIBA BUXPEH [ 4aCTOTOH aBTOKOJIE€0aHUI MOJENH [, a 0051acThb Cyo-
rapMOHMYECKOIO 3aXBara — yTPOSHHOM 4acToTOM 3f,.

Puc. 3. 3axeam uacmomul cpviéa euxpeii Kapmana ¢ oénacmu ocnoeénozo u
cybzapmMoHuuecKo20 3axeama

[Tpu cyObrapmonuueckux KojaeOaHHUX mMopsiaka 1/3 B TeueHue 0JHOTO
HepHoja MoNepeyHbIX MOTOKY KojaeOaHui BO3MyIIAoNIas CHila CO3/4aeT-
Csl OTPBIBAIOLIMMUCS C MMOBEPXHOCTH IMIMHApPA BUXpIMU (puc. 4), a¢-
(DeKT KOTOPBIX HEa eKBaTECH.

Bosmymaromias cuiia co3faercs KakKAbIM TPETbUM BUXPEM, & CyMMap-
HBIH 3 QEKT IBYX MPOMEKYTOYHBIX BHUXPEH, OTPBHIBAIOIIMXCS BOIM3H
MaKCHUMAaJIBHOTO OTKJIOHEHMSI IIWJIMHAPA, OYE€Hb HE3HAUYNTENEH, TaK KaK
00a 3TH BUXPSI UMEIOT IPOTUBOIOIOKHBIE 3HAKH, IEPEHOCHBIE CKOPOCTU
U nonepeyHoro ABMKEHMS LUIUMHIPA B 3TUX (a3ax Majbl U HE COBIAIa-
IOT C HaIlpaBJIICHUEM JICHCTBUS a3pOAMHAMUYECKON CUIIbI F; BO3HMKAIO-
LIEH TIPU OTPBIBE BUXPSL.

B 3axirroueHue OTMETHUM, YTO B CHITYy KBaIpaTUUHOM 3aBUCUMOCTH CKO-
POCTHOTO Haropa OT CKOPOCTU HAaOEeraroIero NoToKa adpoynpyrue aBTo-
KoJIe0aHMsI SIEMEHTOB KOHCTPYKLUH KPYTOBOH HUITUHIPUIESCKON (OPMBI
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B 00J1aCTH CyOrapMOHUYECKOTO 3aXBara CJIeIyeT CYNTATh 00Jiee OMaCHbI-
MU C TOUKH 3PEHUSI UX IPOYHOCTH U HAICHKHOCTH, YEM aHAIOTUYHBIC KO-
J1ebanus B 001aCTH OCHOBHOIO 3aXBara.

fi - 1
it 1 ;*

B T E
S

G- ——— -
=

B

Puc. 4. /luazpamma 603myuialonyux cut 6 paziudHvix pazax nonepeunsvix Ko-
Nedanuill yuaunopa é 0onacmu cybcapmMoHUYecKozo 3axeama

Jlumepamypa

1. becnpozeannas U.M., Coxonos A.I', @omun I'M. Bo3neiicTBue Be-
Tpa Ha BBICOKHE CIUIONIHOCTEHYAThle coopykeHus. — M.: Crpoitusuar,
1976.-185 c.

2. @eosesckuit K.K., buromuna JI.X. T'unapoadpoMexaHuka OTPBIBHOTO
obrekanms Ten. — M.: Mammuoctpoenwue, 1977. — 120 c.

3. Kasaxeeuu M. 1. Aspoynpyrue KoneOaHus Tea KPYTIOMMIAHIPH-
yeckoit (opMBI B IOTOKE BO3AyXa, — B kH.: ['mMipoa’pomexaHuka u Teo-
pust ynpyroctu. — Jlaenpomnerposck, 1973, Beim. 16, c. 53-61.

4. Hartlen R.T., Carrie G. Lift-oscillator model of vortex-induced vi-
bration.— I. Eng. Mech. Div. ASCE, 96, N EM 5, Proc. Paper 7606, oct,
1970, p. 577-591.

5. Kazaxeeuu M.HM. K maremaTn4eckol TEOPUH CHHXPOHH3ALNU ad-
pOYNpYTUX KONeOaHWH KPYTIONMIMHIPHYECKAX TNl B BETPOBOM IOTO-
Ke. — B kH.: JluHaMuKa ¥ NpOYHOCTh MAIIMH. — XapbKoB, 1977, Bbii. 26,
c. 115-121.

6. Jlopooicun, Mapy, Jleghesp. Konedanust MUITHHIPOB O HU3IIEH COO-
CTBEHHOH (hopMe B MTOTIEPEIHOM TTOTOKE KHUAKOCTH. — T€0p. OCHOBHI MHIK.
pacueros, 1980, Ne 12, ¢. 123-126.

216



UIAEHTU®UKALUA YIBTPATAPMOHUYECKUX
ABTOKOJIEBAHUI TIPU ADPOJIMHAMMYECKOM
UHTEPOEPEHIUUU TAHAEMA KPYTI'OBBIX IUJIMH/IPOB
B CKOILIEHHOM INIOTOKE*

st m3ydeHnsT MEeXaHU3Ma BOSHHUKHOBEHUS adpOYIPYTHX KOJICOAHMI
IIpU  adpPOAMHAMHUYECKON HHTEP(EPEHIINH NBYX KPYTOBBIX IUIMHIPOB
OBLITN BBITIOJIHEHBI YKCIIEPUMEHTAIBHBIC MCCICIOBAHUS B a3pOIUHAMU-
4yeckoi TpyOe. XapaKTepuCTUKU TPYObl, METOJI UCCIICIOBAHMIA TTOAPOOHO
onucansl B padote [1]. Mogenu mumuApoB auameTpom 1o 75 u 100 MM
u juymHO# 400 MM, CHaO)KEHHBIC TOPIEBBIMU MIAHO0AMU M3TOTOBJICHBI U3
nanbe-Mallie, 3arpyHTOBaHbI, OTIUIA(OBAHBI M MTOKPHITH SMaJbi0 B TPU
cJIos.

"t i Ly i |
|
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hd

Puc. 1. Aspoounamuueckue Korppuyuenmsl 10006020 CONPOMUCTEHUA C_U
NONEPeUHoll CUNLbL C, 6MMOPO20 NO NOMOKY yununopa npu X =1,5: 1 — 8—0 5
% (V=25 m/c, Re=I, )3 10°); 2 — e=2,5 % (V=20 m/c, Re=1,07-10°); 3 — =8 %

(V=20 m/c, Re=1,07-10°; X =x/d, ¥ =y/d

* OnyonukoBano coBmecTHo ¢ M.1O. I'padckum u C.®. Peapko B JJoxin. AH
VCCP, Cep. A, Ne 4, Kues, 198S5.
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XapakTepHoi 0COOEHHOCTHIO JaHHBIX HCCIICIOBAHUN SIBIISIETCS KECT-
KO€ 3aKperIieHHe MePBOro 10 MOTOKY IMIIMHAPA, YTO MO3BOJSET Oojee
CTPOTO OIEHUTH €TO BIUSHHE Ha MMapaMeTphl 00TEKaHUsI BTOPOTO IO I10-
TOKY IWJIMH/IPA, TEHCTBYIOIIIE TIPY 3TOM a3pPOANHAMUYECKUE CHITBI U ad-
POYTIPYTYIO peakiuio BTOPOro IinHApa. OHHU MO3BOJIMIN YCTAHOBUTH
3aBUCHMOCTH a3pPOAMHAMUYECKUX CH (KO3 HIIMEHTOB) J1000BOIO CO-
MIPOTUBJICHUS U MOEMHON CHIIBI OT BEJIMYMHBI CKOCA TIOTOKA TIPH (PHK-
CHPOBaHHOM PAaCCTOSHAM MEKAY OCSMH LWJIMHAPOB BIOJb MIOTOKA B BbI-
OpaHHOI crcTeMe KOOpAWHAT M Pa3iIMyHON cTerneHu TypOyJIeHTHOCTH €
TMOTOKA, KOTOPBIC MPE/ICTABICHBI HA PHC. 1. Ha rpaduke ¢ (y) npocie-
KHBACTCsI BAKHOE CBOMCTBO OOTEKaHMs TaHAEMA HI/IJ]HHI[pOB CBA3aHHOE
C PE3KUM MAJICHUEM a>POIMHAMMYECKOTO JiemMiipuposanus (dc /d y<0)
B JIOCTaTOYHO MaJIOM WHTEpBaje W3MEHEHHH BEIMYHMHBI CKOCA ITOTOKA.
AHaJH3 ceMeicTBa N300paXKeHHBIX Ha pHC. 1 3aBHCHMOCTEI C ( V) npu
PasMYHbIX 3HAYEHHUSIX X TO3BOJIMII MONYYHTH O0JIACTh MapaMETpoB X ,
¥V (B3aumHOE pacrioyioxKeHue Byx IIITHHIPOB) C OTPHUIIATEIHHBIM Tpa/iv-
CHTOM ITOTICPEUYHON CEUTBI dc /d y , KoTOpast XapaKTepu3yeTcs HHTCHCHB-
HBIMH, TTOTIEPEUHBIMA HOTOKy KOJIeOaHUSMH BTOPOTO IHJTHH/PA (puc. 2).

KpI/ISI/ICHLII/I 3¢ eKT oOTeKaHus, CBI3aHHBIH C HATMHEM OTPHIIATENb-
HOTO Tpajuenta dc /dy (eMy ajekBaren rpauent ¢, =dc, /d@ B cuty
COOTHOILEHUS () = arctgy /X, 06ycn013neH HHTepq)epeHuHeM HeCTaluo-
HapHBIX a9pPOIMHAMUYECKHX CHJI, BO3ICHCTBYIOIINX Ha 00a HWIMHAPA U
OZHOBPEMEHHO B3aHMMOJCHCTBYIOMINX MEXIY COOOM, YTO HAXOAUT OTpa-
JKCHHE W B KapTHUHAX nHTepdepeHnnn adpoauHaMmudeckux uncen Crpy-
xans [2].

[Ipu nccrnenoBanuy a3poynpyrux KoredaHui TaHaeMa IAIHH/POB TIep-
BBII IO TIOTOKY IWJIMHIP ObLT yIpyTo 3aKkperuieH. [Ipu 7 ToM coOCTBEHHBIE
gacToTh! IHHAPOB (ipu V = 0) pazmuyanuck He 6onee yem Ha 10 %.

YacToThl a’poynpyrux KojaeOaHWH MWINHIpPA B ITOTOKE, KaK OTMeda-
JI0Ch paHee [3], HECKOIBKO HIDKE COOCTBEHHOW YACTOTHI 3a CUET CHJIO-
BOTO BO3JICHCTBHUSI CKOPOCTHOTO HAropa. AHaJIH3 OCIUIUIOTPAMM a’poy-
Mpyrux KosueOaHuii BTOPOro Mo MOTOKY UJIMHIPA IO3BOJIMIT YCTAaHOBUTD
CIIE/IyIOIUE 3aKOHOMEPHOCTH: MEPEMEILICHHST HOCST SPKO BBIPAYKCHHBIN
aBTOKOJICOATEIbHBIN XapakTep; B OMrapMOHHMUYECKOM PEXUME a3poympy-
TUX aBTOKOJIEOAHUH ¢ 4aCTOTaMU ® M 200, JOMUHHUPYET YJIbTParapMOHH-
YecKas COCTaBJIAIOIIAs ¢ YacTOTOM 2w, (yIbTparapMOHMKa mopsjka 2),
1€ ®, — COOCTBEHHAs 4acTOTa BTOPOTO 110 NOTOKY LMMHApa (ipu V= 0);
aBTOKOJIE0ATENBHBIN MPOIECC C JOCTATOYHOUN CTEIEHBIO JOCTOBEPHOCTH
MOYKHO almpOKCHMHPOBATH C MTOMOIIBI0 OUTapPMOHNUYECKOH (DyHKITHH

&)

y(a, + a,coswyt — a,sinw,yt)cos2w,yt,
rae a,=28,a =4,a,=7 MM, ©, = 52 paz/c.
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Puc. 2. Obnacmu 603HUKHOGEHUA UHMEHCUBHBIX AIPOYRPYZUX KONCOAHUIL 6
none napamempos x, ¥ npu Re=1,07...1,3-10°: 1 — e=0,5 % ; 2 — ¢=0,8 %;
3-e=L5%

B kauecTBe MaTeMarHueCKOU MOACIN B33HMO,Z[CIZCTBI/I$I BTOpPOro 110
MOTOKY HWJIMHApPAa € BO3MYUICHHBIM IMOTOKOM, 0Tpa>1<a10meﬁ nepeyuc-
JICHHBIC BBIIIC 3aKOHOMEPHOCTHU, IIPUMEM HEJIMHCHHOE ,Z[I/I(l)(bepeHLII/IaJ'IL—
HOC YpaBHCHHC BHJ1a

Yoy +Pi+2ny + oy = fi,cos(opt + )+ fo,cos(20,t + ). @)
OrneHkn HEM3BECTHBIX KOdGOUUMEHTOB a, B, fi, U f,, HeCTamuoHap-
HBIX a3POAMHAMUYECKUX CHJI, MPEACTABICHHBIX B MOCJIEIHEM ypaBHE-
HUM (2), ompeNesIiM Ha OCHOBE TEOPHH HJICHTU(DHUKAINU HETMHEHHBIX
CHUCTEM MO peanu3anuu mporecca y (t) (1), momydeHHO# B pe3ynbrare
AKCIIEPUMEHTAIIBHBIX UCCIICIOBAHMIA B a3pOIMHAMUYECKON TpyOe, Ha KO-
HEYHOM MHTEpBaje BpeMeHu Habmonenus ¢ € [0, 1], T = 2nk/o, k = 1,
2,3,....
VYpaBHeHue (2) 3anuiieM ciaeayrinuM 00pa3om:

r(t)p="b (1. (3)

3necb r (1) — [y, y° —cos (ot +y,), —cos (2ot + y,)] — BeKTOp-
CTPOKa MPOIIECCOB, BXOMANINX B YpaBHEHNE (2) IPH HEM3BECTHBIX KOA(-
ummenrax; p = (o, B, f, f,)" — BeKTOp HEM3BECTHBIX KO>PDHUIIMEHTOB
(mamexc «1T» 03HaYaeT MAaTPUIHYIO OMEPAITHIO TPAHCTIOHUPOBAHMUS); D(2)
=—) — 2ny— o). YmHOKas BblpaxeHue (3) ciesa Ha 1’ () u uHTe-

rpupys o ¢ B mpezaenax ot 0 1o T, moiryyaeM CUCTEMY alreOpandecKux

219



ypaBHEHUH BUAA
rae

R= lfrr(z)r(t)dt; 6= lfrT(t)b(t)a’t, “)
To To

R —marpuna pa3mepa 4 x 4, d — BexTop npasbix dacteid. Ecian matpu-
1a R ABJISIETCS HEBBIPOXKIEHHOM

detR#£0, Q)

TO p=R’'d, r1e R"'— marpuua, ooparHas R, 4TO COOTBETCTBYET OLICHKE I10
METO1y HAMMEHBINUX KBaApaToB. [Ipy peanus3aniy TaHHOTO aJrOpHTMa
Ha lIBM nHTerpansl (4) 3aMEeHSIOT CyMMaMu

1y, 1y,
R=—Yr"r; d=—3r"b,
= =

e r, = r (1At); b, =(1At); At mar KBaHTOBaHHUS.

VYenosue uneHTHUIEpyeMOCTH (5) HEM3BECTHBIX KO3(dUIMEeHTOB
ypaBHEHUS (2) CBOIUTCS K yCIOBUIO TUHEHHON HE3aBUCUMOCTH DJIEMEH-
TOM BEKTOpa 7(?); T. €. pynkumii y, 7, —cos (ot +y ), —cos 2ot +y,),
KOTOpOE B JAHHOM CJTy4yae BBITTOJIHSETCSI.

Pesynbrare! pemenns JaHHOW 3a/1a4ll HICHTU(HUKALINH, TIOJTyUYCHHbIE
IyTeM PElIeHHs CUCTEMBI alreOpanvecKux ypaBHeHHU Rp = d mpu ue-
TBIPEX PA3JIMYHbIX 3HaUYeHUAX Pasbl y (Y, = 0) u npu n=2,29 ¢!, N =600,
At= 0,002 ¢, mpuBeneHkI B TabIHIIE. Hpoueccm y u y BXOJIAIIINE B r(l)
u b(t), momydens! myrem auddepernnupoBanus BeipakeHus (1).

i e

%'/\ﬂ/

A fe

Puc. 3. Cpasnenue pezynomamoes peuienus 3a0auu uoeHmupurayuu
aIpPoynpyux ybmpazapmonueckKux agmoKoae0anuil (CRaowHas TUHU)
U IKCnepuUMeHma 6 apooOuHamMudecKol mpyoe (mouxu)
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Ha puc. 3 npeacraBneHspl pe3yabTaThl COMOCTABICHUS TIOCTPOSHHOM
MaTeMaTHYeCKOW MOJIENH YIbTPArapMOHUYECKUX TOpsIKa 2 adpoyIpy-
TUX aBTOKOJEOaHUI ¢ SKCIIEpUMEHTAIBHBIMHA JaHHBIMH, KOTOPOE IOKa-
3BIBACT, YTO ypaBHEHHUE (2) AOCTATOYHO XOPOIIO OIMCHIBAET PEaTbHBIN
MIpOIIeCC aBTOKOJIEOAHNH MPH adpOIMHAMUYECKON MHTepPEPEHITNN TaH-
JA€Ma KPYroBbLIX HMWJIMHAPOB B CKOIICHHOM ITOTOKE IIPpH I/II[CHTI/I(bI/I]_II/IpO-
BaHHBIX 3HAYEHHUAX APAMETPOB V¥, 0, B, £, , f,, (Tabnuua).

Hapamempot ypaeuenusn (2)

v, a, B, c/mm3 £, Mmm/c? f,, Mmm/c?
0 -5,36 9,34:10°% 1370 -2,26-10°
/2 -5,03 4,74-10°% 297 -2,26-10°
T -5,36 9,34-10°® - 1370 -2,26:10°
3n/2 5,03 4,74-10° 297 ~2,26-10°

[TomyueHHble Pe3yNIbTaThl MO3BOJSIOT, C OAHOH CTOPOHBI, C JOCTa-
TOYHOHN CTENEHBIO TOCTOBEPHOCTH M3YYHUTh MEXAHHW3M B3aMMOIECHCTBH
KpPYTOBOTO IIMJIMHAPA C BOSMYIIIEHHBIM ITOTOKOM, C APYTroi, 000CHOBAHHO
[IJIJAHUPOBATh JaJbHEHIINI HayYHBIM SKCIIEPUMEHT € LB YTOUHEHUS
HECTALMOHAPHBIX a3POAUHAMUYECKUX CHJI, BOSHUKAIOIIUX IIPU B3aHMO-
JCCTBUH TaHJIeMa KPYTOBBIX IHIHMHIPOB C IOTOKOM U ME¥KIy COOOM.

Jlumepamypa

1. I'pagpcxuu U.IO., Kazaxesuu M.M. A3dponnHaMuKka TUIOXO00TEKae-
MbIX Tell. — Jlnenponerposck: M3n-Bo nenponerp. yu-ta, 1983. — 116 c.

2. Kus Apu, Tamypa Mapu. OTpblB BUXpEH IPU CTYIIEHYaTOM PacIIo-
JIO)KEHUH JIBYX KPYTOBBIX IIMIIMHIIPOB. — TeopeT. 0CHOBHI pacueTos, 1980,
No2.—C. 181-189.

3. Kaszaxeeuu M.M. AdponmHaMudecKas yCTOWIUBOCTh HAA3EMHBIX U
BUCSTUMX TpyOorpoBoaoB. — M.: Hexpa, 1977. — 200 c.
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AIPOYIIPYTUE XAPAKTEPUCTUKHU
SJIEMEHTOB MOCTOBBIX KOHCTPYKIIUU*

W3BecTHa poib a3poAMHAMUYECKHX CBOWCTB IUIOXOOTEKAEMBIX 3iie-
MEHTOB KOHCTPYKIIMH B MEXaHHM3ME BO3HHKHOBEHHS a’pOyNpyrol Hey-
CTOWYHBOCTH THIIA BUXPEBOTO BO30YKICHUS aBTOKONIeOanmil. iccimenoBa-
Hus [ 1] MO3BONHIHN MOTYYUTH AOCTATOYHO YHUBEPCAIBHYIO 3aBHCUMOCTh
HOPMAaJIM30BaHHBIX aMIUTUTY]l adpOYIPYTUX aBTOKOJIEOaHHI 3J€MEHTOB
KOHCTPYKIIHH ¢ MPOU3BOJIBHON (hOPMOi TOMEPEHOTO CEHEHHS

- a _ 3

‘4T wsn’s, —135(1-037C, ) Sh M

B 3aBHCHMOCTH OT TaKHX adPOYNPYTHX XapaKTEPUCTHK, KaK YHCIIO Crpy-
xanst Sh v ko3pGUUKEHT MonepeyHoi CHITbI TPH KOJICOaHMSIX C B npu-
BEICHHOMW (hOopMyJie IPUHATHI CICAYIOIUE 0003HAYCHUS: a — aMl'[J'II/ITy,Ha
a’pOYTPYTUX aBTOKOJIeOaHU I BHXPEBOTO BO30YXeHMs; d — XapaKTepHBIi
pasmep; C — adspoanHaMUIECKUH KO3P(UIMEHT IOOOBOTO CONPOTHBIIE-
HUS, 8 — anBez[eHHoe nemMipupoBaHUe, 6 =2md/pd?, e m — MOroH-
Hast Macca YIPYTOro dJIeMEHTa, p — ILUIOTHOCTb. BO3JlyXa, & — Jlorapupmu-
YyeCKUM JCKPEMCHT KOHe6aHI/II/I. KpI/ITI/IT-IeCKaSI CKOPOCTb BOBHUKHOBCHUA
a’pOYIPYyrux aBTOKoJIeOaHHH paccMaTpUBaEMOr0 THIIA ONIPEEISETCS TI0
n3BecTHOH Gopmyre [2]

Vie = 4 2
T-Sh

rae T — mepron cBOOOIHBIX KOJEOaHUH 3JIeMEHTa TIOTIEPEeK IMOTOKa.
OO60CHOBaHHOE Ha3HAYEeHHE a’dpoynpyrux xapakrepuctuk Sh u C*
ONMpaeTcs, KaK IPABWIO, HAa SKCIEPHUMEHTAJIbHBIE HCCIECIOBAHUS B
A’POIMHAMHYCCKUX TpyOax. B To ke BpeMs OHO 0OecreunBaeT MOCTO-
BEPHOCTh PAaCYETOB HA IPOYHOCTh U CIY)KUT FapaHTHEW HAJEKHOCTU U
JIOJITOBEYHOCTH coopykeHui. CyIecTBYIONIHIA MPOU3BOI B HA3HAYEHUHT
BEJTMYHMHBI XapaKTepucTuk Sh u Cy* 0COOEHHO HaIISIIEH i1 OQHOM U3
HaunboJee pacupoCTpaHeHHBIX (HOPM IMOMEPEUHOTO CEYCHHUSI KaK CTPOU-
TEJIbHBIX, TAK U MAIIMHOCTPOUTEIBHBIX KOHCTPYKUUI — Kpyrosoil. Ha
3TO OOCTOSTEIBLCTBO o6pamanoc5 BHUMaHME B paborax [3, 4]. B yacTHO-
ctu, B CHulle [2] npunsTo C = 0,25, B TO BpeMs Kak BO MHOT'MX MEX-
JYHApOJHBIX HOpMaxX 3TO 3HAUCHHE B HECKOMBKO pas BbILLE: C "=1,0[5, 6,
7, 8, 9]. CooTBercTBYIONIHUIT 0030p OBLIT BBHITIONHEH B [4], T/C HpI/IBOL[HTCSI

*OnyomukoBano B Tpymax ITHUUIICK «MccnemoBanue MeTalTHUuECKUX
KOHCTPYKIMI MOCTOBBIX COOpYkeHui», Mocksa, 1985.
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3HaYEHUs C *=1,0-1,5. B HEKOTOPBIX MCCIIE/I0BAHMSAX oOpariieHo BHUMa-
HHUE Ha pa3n14qne 3HauUeHUH ko3 PuIreHTa C IIPU JOKPU3UCHOM U 3a-
KPU3UCHOM pexumMax o0Tekanus. O030p MHOIHX W3 9THX HCCIIEI0BaHMUIA
comepkutes B padore [10] u mpuBeaeH Ha puc. 1.

10
a8 9
0&

ok 1

0z

e 40 i 0 109 e il 07
Re
Puc. 1. 3asucumocms aapoounamuueckozo koI guyuenma nonepeunoil cuipl
npu Konedanuu om yucaa Peitnonvoca: 1 —udeanvhuie ycinosus meyenus (me-
opusa Uincensn); 2 — peanvnoie ycnosus mevenus; 3 — Kosaunol, @Qununc;
4, 8 — /Drceppapo; 5 — Buwon u Xacan; 6, 7 — Kugh; 9 — Maroscku; 10 — @vin

CormocrasieHde pe3y/bTaToB JAPYruX MCCIEN0BaHUN JaHO B Ta0. 1.
BMmecre ¢ TeM, MHOTOYHMCIIEHHBIE HATYPHBbIE M3MEPEHHs Ha JBIMOBBIX
Tpybax GOJBIIOrO JAMaMETpa MPU IPEUMYIIECTBEHHO 3aKPU3HCHBIX pe-
KUMax o0TekaHus mokasanu [13] , uro Cy*=0,66+1,0.

Tabnuya 1
3nauenue ko>ppumuenta C_* npyu pesxume 00TeKaHUs
. Hcrounuk
JIOKPH3UCHOM 3aKPH3HCHOM
0,5+0,75 - [12]
0,8 0,2 [12]

Xapaktep u3MeHeHus ko3pduirenHTa C C POCTOM CKOPOCTH MOTOKA
nokasad [14, 15] na puc. 2. On OTpaxaet H3MEHEHHe HECTALIMOHAPHOU
A’POMHAMHYECKOW CHITBI, BBI3BAHHOM TIOMIEPEYHBIMH TIOTOKY BHOpAIIH-
SIMH, B 30HE CHHXPOHHU3AIINHU U OOBSCHSIET MEXaHN3M BO3HUKHOBEHHS a3-
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POYIIpyroil HEyCTOHYMBOCTH PacCMaTPUBAEMOTO THIIA.

Uucno Crpyxanst Sh 17151 351eMEHTOB KPYTOBOH IIMIIMHAPUIECKOH hop-
MbI 110 JIaHHBIM MHOTOUYMCIICHHBIX HCCIlieJoBaHuM [16] kak mpu JoKpH-
3MCHOM, TaK U IPH 3aKPU3UCHOM PEXHMMax OOTeKaHUs (Kpome KpH3HC-
HO#t 30HBEI) pasHO 0,2. Aapoynpyme XapakTepucTuku  Sh u C TUTS
3IIEMEHTOB MOCTOBBIX KOHCTPYKIIHH, HMEIOIIUX MOIEPEYHOe CedcHHe ¢
YIJIOBBIMH TOYKaMH (KBaJIpaTHOE, MPSIMOYTOJIBHOE, IIECTHTPAaHHOE, Tpe-
YTOJBHOE), CYIIECTBEHHO 3aBUCST OT UX OPHEHTAIIMU OTHOCUTEIBHO T10-
Toka. Eciu U1 TOpH30HTAIBHO PaCTONOKEHHBIX 3JIEMEHTOB KOHCTPYK-
Uil — OanoK >KeCTKOCTH (TPOJIETHBIE CTPOCHUSI), BETPOBBIX OTTSKEK,
TOPU30HTAIBHBIX JIEMEHTOB MUJIOHOB PEIIETYaTOH KOHCTPYKLHUH U JIp.
— Mara3oH U3MEHEHUS YITIOB aTakd HeBenuK (£10°), To 111 BepTUKaIIb-
HO PacIONIOKEHHBIX JIEMEHTOB — MUJIOHOB, BEPTHKAJIbHBIX 3JIEMEHTOB
peleTyaTbix NPOJICTHBIX CTPOCHHUM, HAKJIIOHHBIX KaHATOB M BaHT U Ap.
— paBHOBEpPOATHA NPOM3BOJIbHAS OPUEHTALMsI OTHOCHUTENIHHO HaIpaB-
nenus noroka. Ha puc. 3 TPEJICTaBICHbI rpadMKy 3aBUCUMOCTHU a3pO-
YHPYrUX XapaKkTepuCTHK Sh u C or yria araku [17, 18] mans anemen-
TOB KOHCTPYKIIHI C pa3InIHOM (bopMon MOTIEPEYHOro ceueHus. Brusiaue
TypOyJIEHTHOCTH TIOTOKA HA 3HAUYCHHS ATHX XapaKTEePUCTUK MPHUBEICHO
Ha rpadukax puc. 4 [19], a 3aBucumocts yucia CTpyxajis OT COOTHO-
LICHUSI CTOPOH MPSIMOYTOJIBHOTO MPU3MAaTHYECKOTO JIEMEeHTa — Ha Tpa-
¢uxe puc.5. Ananu3 rpagukoB Ha puc.3,4 MOKa3bIBACT CBIA3b MEXKIY H3-
MeHeHusiMu uncna Crpyxanst Sh um aspoynpyroro xosdduuuenra Cy* c
YBEJIMUCHHUEM YyIJIa aTaKy . IOJIOKUTEIbHOMY Tpaauenty d(Sh)/da coor-
BETCTBYET OTPULIATEIbHBIN TPaIUEHT dC */da 1, HA0GOPOT, OTpHLIATEIb-
Homy rpanuenty d(Sh)/da — TOJIOKUTEIbHbIN rpajfeHT dC */da.

a &
as -
Puc. 2. 3asucumocmsp
AIPOOUHAMUYECKO20
o - . v Koappuyuenma
& & g 7 Van= Ysh nonepeunoii cuiol
ﬁ‘) cy™ npu Koneoanuax om
Yy npueeoennoil
al - /——\\ CKOpocmu nomoka V”p(a)
Iy U OMHOCUMENbHOU
o . ’ . CKOpoCcmu ROmMoKa
ag 40 11 2 Ve VIV, (0)
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Puc. 4. Bauanue mypoyienmuocmu nomoKka Ha apoynpyzue Xapakmepucmuxu
Cy*(a) u Sh(6): 1 — pasenomepnstit nomox; 2 — mypoynenmulii HOMOK
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0201
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= A«
0 ] 2 J % B/h

Puc. 5. Hucno Cmpyxansa 0na npamoy2onbHOi RPUMbl
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MHuoroo6pa3ue ¢GopM TIOMEPEYHBIX CEYSHUN MPOJIETHBIX CTPOCHHM
MOCTOBBIX KOHCTPYKIIUH HE TIO3BOJISIET JIaTh HCYEPIBIBAIOIINE U TIOCTO-
BEpHBIE PEKOMEHJANNU TI0 HA3HAUYEHHUIO a’pOYyNPYTHX XapaKTePUCTHK.
JI1st HEKOTOPBIX U3 HUX B Ta0J1. 2 IpUBeNeHbI 3HaueHUs gucia CTpyxans
Sh, 3aumcTBOBaHHBIE U3 paboThl [20]. HexoTopwie maHHBIE MO YUCIAM
Crpyxans coneparcs B padorax [21-25] npuMeHUTENbHO, TTPEUMyIIe-
CTBCHHO, K OaJIkaM JKECTKOCTH BHUCSUHX U BaHTOBO-62UIO‘IHI)IX MOCTOB.
COOTBCTCTBYIOHII/IC SHAYCHUA HaAXOOATCA B Npeacjiax BEJIWYHH, IMPUBE-
JeHHBIX B Ta0n. 2. B pabGore [21] oOpamieHO BHUMaHUEe Ha U3MECHEHHE
yrcia CTpyxais ¢ U3MEHEHHEM yIyia aTaku: IIPH MOJIOKHUTEIbHBIX 3HaUe-
HUSIX YIVIa aTakd (BOCXOAAIMK MOTOK) yuciao CTpyxaisl yMEHBIIAeTCs,
a TIpY OTPUIIATENIBHBIX (HUCXOJSIINIA MTOTOK) — Bo3pacTtaeT. Yncna Crpy-
Xans A HanOollee pacpoCTPaHEHHBIX B CTPOUTEIBHBIX KOHCTPYKIIHSX
AIIEMEHTOB TIpe/ICTaBJIeHbI B Ta0x. 3. Biusaue Oanroctpaas! u nediaexTo-
poB Ha uucio Crpyxamus s KOpoOUaThIX MPOJIETHBIX CTPOEHUH TOKa-
3aHO B padore [23]. Tak, yCTpoOHCTBO OaFOCTpaabl CHIDKAET 3HAUCHHUE
gucima CTpyxanis, B TO BpeMs Kak yCTaHOBKa Ne(IeKTOpOB, CTAOUIU3U-
PYIOLIMX a’pOYIHpPYryr0 HEYCTOMYMBOCTbH, IOBBIIIAET 3HAYEHHE YUCIA
Crpyxans.
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AIPOJJUHAMHUYECKOE JEMII®UPOBAHUE
KOJIEBAHUU TIJIOXOOBTEKAEMBIX TEJI,
OBYCJIOBJIEHHBIX BUXPEBBIM BO3BY KJIEHUEM*

B3anMonelicTBre MI0X000TEKaeMBIX JJIEMEHTOB KOHCTPYKITHH C
TTOTOKOM JKHJIKOCTH FUTM Ta3a OTIMYAeTCs OOIBIMM pazHooOpasneM. 3a
nocleiHee AECATHICTHE JOCTUTHYT 3HAYNTENLHBIN Mporpece Kak B IM0-
HUMaHUM MEXaHW3Ma BO3HHUKHOBCHHS MHOTHIX a’3pOYNpPYyTHX SIBICHUH,
TaKk U B MOCTPOCHUH COOTBETCTBYIOLIMX MM JIOCTOBEPHBIX (DU3UUECKUX
Mozeneir. OqHUM U3 HanOosee U3BECTHBIX adpOyNpPYyTUX SIBICHUH MOXK-
HO CUMTaTh aBTOKOJIeOaHUsI, 00yCIIOBJICHHBIC BUXPEBBIM BO30OYKICHUEM,
BO3HHKAIOLIMM IPH B3aUMOJCHCTBUH C TNI0OX000TEKaeMbIMHU TEJIAMH KpPY-
TOBOH MJTH MHOM ITPOM3BOJIBHOM (hOPMBI TOIIEpeyHOro ceueHus. Buxpesas
nopoxka Kapmana, oOpa3yromasicsi mpu 3ToM, 00yCIOBIHBAET MPOIIECC
CUHXPOHHU3AIIMHU YaCTOTHI CphIBa Buxper KapMaHa ¢ oiHOI U3 cOOCTBEH-
HBIX 4aCTOT yNPYToi cucTeMbl. PexXrMBI 3aXBara Kak OCHOBHOTO, TaK U
CyOTapMOHHYECKOTO B 30HE CHHXPOHH3AIMH adpOyIMpPYyTUX aBTOKOIeOa-
HUW BUXPEBOTO BO30OYXKACHHS TOAPOOHO omucaHbI B padote [1].

2 -

|
aar e —T
ar 2 EO I (7B & & 51 Z b F by

Puc. 1. 3asucumocmo npusedennoii amniumyovl Koiedanuil euxpesozo 803-
Oydrcoenusn Kpy208020 4UIUHOpa om npueeoenno2o demngpuposanus. Toukamu
ommeuensvl IKCnepuMenmanbvhole 3Havenus: I — sncecmkuil yunuHop na ynpy-
2ux onopax [5]; Il — ynpyzuii yununopuueckuil cmepcens Ha WAPHUPHBIX ONO-
pax [5]; III — ynpyzuil yununopuveckuit cmepiiceHb KOHCONbH020 muna [4]

* OmyommkoBaHo B Jlokin. AH YCCP, Cep. A, Ne 9, Kues, 1987.
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B ocHOBy aHanm3a pexXHMOB a3pOYNPYTHX aABTOKOJICOAHUI TMOKHX
SIIEMEHTOB KOHCTPYKIIMH, OOYCIOBJICHHBIX BUXPEBBIM BO30YKICHUEM
MIPU UX B3aHUMOJICHCTBUH C PABHOMEPHBIM BETPOBBIM ITOTOKOM, MOJOMKE-
HO HeTMHEetHoe muddepeHnrantbHoe ypaBHeHHE [2, 3], pemeHne KoTopo-
TO JIJIS1 aMIUTHATYT YCTAaHOBUBIINXCSI KOJIeOaHM B anrebpandeckoi popme
HMEET BU]I

[12(1-se) Lo o] 205 —(1- &) Yea-
L \ cy | wp | el \ v )] @ (1)
¢ e
wcl wp

31eck a — amIuIMTYy/Ia aBTOKONEOanuid; V' — CKOpOCTh MOTOKA; C_
Koacl)(bI/IuHeHT 71000BOTO COTIPOTHUBIICHUS; ¢, — rpaineHT Koaq)(bnuneHTa
TONIEPEYHOM CUIIBI TI0 YTy aTaku o; ¢ * — aMrumTyzmoe 3HAYEHHE a’Po-
JIUHAMHYECKOTO Koaq)(bnuneHTa nonepequn CHJIBI B aBTOKOJICOATEIIb-
HOM pexume; D — XxapaKTepHBI pa3Mep MOMePEeUHOro CEUSHUSI AIIEMEHTa
(xopna—uameTp, WIMPUHA U T. 11.); 7 — Macca 1 Mor. M sneMenTa; d, o,
— JiorapudmMuueckuii JekpeMeHT (npu V = () — paccessHUE SHEPTUH B Ma-
TepHase U KOHCTPYKIIUOHHOE JIEMII(PUPOBAHUE CHCTEMbI) U COOCTBEHHAS
4acTOTa U3rHOHBIX MOMEPEYHBIX KOJICOaHUN AJIEMEHTa COOTBETCTBEHHO;
p — IJIOTHOCTH MOTOKA.

AHanu3 nony4eHHOro penreHust (1) TO3BOJSIET, ¢ OJHOW CTOPOHBI,
MIPOCTIEIUTh 332 XOIOM Pa3BHUTHs KOJeOaHWH TIOX000TEKaeMOro Tena B
3aBHCHMOCTH OT CKOPOCTH TOTOKa V, C IPYyroil CTOpOHBI, IPOTHO3UPO-
BaTh MHTEHCHMBHOCTH aBTOKOJEOATENFHOTO PEXUMa B 3aBHUCHMOCTH OT
JUCCUIIATUBHBIX CBOMCTB CUCTEMBI. McciieaoBanne nepBoi 3aBUCUMOCTH
npuBeneHo B padore [3]. Bropas 3aBUCHMOCTH TIpecTaBicHa Ha Tpadu-
kax (puc. 1 u 2). CooTHOLICHHSI TPUBEACHHBIX aMIUIUTY]] aBTOKoJeOa-
HUI BUXPEBOTO BO30YyX1eHUs a4 = a/D 1 PUBEJCHHOTO [IeMH(prOBaHH;I
6 =2md/mpD? (uncna CkpaToHa) MO3BOJAIOT C JOCTATOYHOW CTEMEHBIO
TOYHOCTH MIPOrHO3UPOBATh MPOIIECC a3POYNPYroil HEYCTOHYHBOCTH Tipu
V=V, , ¥ ynpaBiIiTh UM IIyT€M HOBBILEHUS IHCCHIIATHBHBLIX CBOKCTB
cucteMbl. Ha 3Tux rpadukax JUisi COMOCTABICHUS MMOKa3aHbI IKCIIEPH-
MEHTAJbHbIE 3HAYCHHS aMIUIUTYZ, 3aMMCTBOBaHHBIE W3 pabor [4—0].
3HaYeHHUs adPOIMHAMHUYECKIX MAapaMeTPOB, IPUHATHIC ITPH MTOCTPOSHUHT
rpadukoB Ha puc. 1 (15 SIIEMEHTOB ¢ KPYTOBO# (hOpMOI TIOMIEPETHOTO
CEYCHMsI) ¥ Ha pHC. 2 (TSI SJIEMEHTOB C TIPOU3BOJILHOM (pOpMOii Torreped-
HOTO CCUCHUS), IPUBEICHBI B TAONHIIE.
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Puc. 2. 3asucumocms npugedennoil amnaumyosl Ko1e0aHuil 6UxXpesozo 603-
Oyscoenus ynpy2020 31eMeHma ¢ nPou36oabHOIl hopmoli nonepeunozo ceue-
nus. Toukamu ommeuensvt IKcnepumenmansuole 3uavenusn: I — keaopamuwlii
npoguns [5]; Il — npamoyzonsvhwtii npogpuns ¢ omuoutenuem cmopon 1:2 [4]

Kak BuaHO 13 3T0# Tabnuipl, Ha puc. 1 BepXHss IpaHnLa COOTBETCT-
BYeT 3aKpU3UCHOMY OOTEKaHHMIO KPYIOBOIO LIMUIMHIAPA NPU MAKCUMAJIb-
HOM 3HaYCHNH a9POIMHAMHYCCKOTO MapaMeTpa ¢, *=1,0, a HIDKHAA rpa-
HUIIA — JOKPU3UCHOMY IIPU MHHHUMAaJIbHOM 3HAYCHHU napamerpa ¢ ¥ =
0,2. AHaOrnyHO Ha pHC. 2 BEPXHsS TPaHHIIa COOTBETCTBYET MHHHMAIb-
HoMy 3HaueHuto uncia Crpyxans Sh = 0,10 ¥ MakCUMaJIbHOMY 3Haue-
HUIO a’pOJMHAMMYECKOIO Iapamerpa cy* = 3,0, a HIWKHAA TpaHUIA—
MakcuManbHOMY 3HaueHuto uncia Crpyxans Sh = 0,20 ¥ MUHUMaTbHOMY
3Ha4eHMIO mapameTpa ¢ = 0. Jiis mpoMeKyTOYHBIX 3HAYCHHIA a9pOIHHa-
MHUYECKUX MapaMeTPOB AOMYCTHUMO MIPUMEHSTh HHTEPIOJISILIHUIO.
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3nauenus aIpoounamMuyuecKux napamempos

Homep Sh c, ¢ c*

KPUBOH | pyc. 1 | puc. 2 | puc. 1 | puc.2 | puc. 1 | puc. 2 |puc. 1| puc. 2
1 0,2 0,1 0,7 1,5 3,0 3,0 1,0 1,0
2 0.2 0.1 0.7 1.5 2.5 3.0 1.0 0.6
3 0,2 0,1 0.7 1,5 3.0 2,0 0,6 0,6
4 0,2 0,1 0,7 1,5 2,5 1,0 0,6 0,6
5 0,2 0,1 1,2 1,5 2,5 0 0,6 0,6
6 0.2 0,15 0.7 1,5 3.0 3.0 0,2 0,6
7 0,2 0,15 0,7 1,5 2,5 2,0 0,2 0,6
8 0.2 0,15 1.2 1.5 2.5 1.0 0,2 0,6
9 — 0.15 - 1.5 — — 0.6
10 — 0,20 — 2,5 — 3.0 — 0,6
11 — 0,20 — 1.5 — 2,0 — 0,6
12 — 0,20 — 1,5 — 1,0 — 0,6
13 — 0,20 1,5 — 0 — 0,6
14 — 0,20 — 1,5 — 3.0 — 0,2
15 - 0,20 - 1,5 — 2,0 — 0,2
16 — 0,20 — 1,5 1,0 — 0,2
17 — 0,20 - 1,5 — 0 — 0,2

13 Beex asposMHAMIYECKUX 1apaMeTpoB C,, ¢, cy* ¢ u Sh (uucno
Crpyxais), BXOASIIUX B peenue (D), HaHMeHee M3YUYCHBI C *u Sh ms
YOPYTUX TEN ¢ MPOU3BOIBHON (HOpMOIi TOMIEPEYHOTO ceuerns. PaGora
[7] comepkuT 0030p NaHHBIX 00 ITHUX MapaMeTpax Uil Pa3IUYHbIX Tell,
BCTpEYAIOMINXCA B KAYECTBE JIEMEHTOB MAIIMHOCTPOUTEIHHBIX U CTPOH-
TENBHBIX KOHCTPYKITHH.

TenmeHrs N3MEHECHHSI 3HAYSHUH TIPUBEICHHBIX aMIUTUTY] KOJIeOaHMIA
IIPY BO3pACTAaHUU a9POIMHAMUYECKUX ITAPaMETPOB B HHTEPBAJIC 3HAYCHHH
Sh=0,10+0,2 (puc. 2); ¢ = 0,7+ 1,2 (puc. 1); ¢ =2,5+3,0 (puc. 1) u c*,
=0+3 0 (puc.2); c, *=0,2+1,0 yKazaHa Ha 06onx pHUCYHKaX CTpeJIKaMI/I

AHaJm3 pemeHym (1) MOKa3bIBACT, 4YTO TPHU O 7 TIpUBEJICHHbIE
aMILUTUTY/bI KoJIeOaHN| CyIECTBEHHO CHIKAIOTCS 8 << .

Yenoue 8 > 7 TO3BOISET MOMYYNTh MPUOTHKCHHBIE POPMYIIBI aM-
IUTATY]] KOJIeOAHHUH TJI0X000TEKaeMbIX TeJ MPOU3BOIBLHOTO MONEPEYHOTO
CeueHUs .

- C
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a Julsl KpyroBOro LWJIMHJIpa (c"‘y =27, Sh = 0,2) npu KOKpU3UCHOM
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(c.=1,2) u 3akpusucHoMm (¢, = 0,7) pexumax 0OTEKaHHSA COOTBETCTBEHHO
e

R
- Cy - e Cy
C= 046y —156 ° T 0,46, —2,0 )
[Ipu cnaboii muccumanuy B CHCTEME (6np<5) C TOCTAaTOYHOU CTETICHBIO
TOYHOCTH JIJIsl KPYTOBOTO HI/IJII/IH}lpa MO)KHO TTPUHUMATh
a =0,2/Sh. 4)
OtMmeTuMm, 4TO 00IaCTh 3HAYCHUI TPUBEICHHOTO AemnupoBaHus 8
< 5 xapaxTepu3yeT MPEeUMYILIECTBEHHO B3aHMMOJACHCTBUE YIPYIUX oe-
MEHTOB C IOTOKOM XHIKocTH (p=> 1000 kr/m*), a obnacts 8, > 7 — ¢ mo-
TOKOM Bo3ayxa (p = 1,225 xr/m?).
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THE AERODYNAMIC PROBLEMS
OF CABLE-STAYED BRIDGES UNDER ERECTION*

1.THE BRIEF DESCRIPTION OF THE OBJECT

The bridge passage across the Volga in Ulyanovsk is intended for the
motor —vehicle transport in four lanes and high-speed tram. The design of
the construction is done by the Giprotransmost Institute due to the order
of Ulyanovsk Civil Engineering Department.

The scheme of the bridge passage double-deck structure takes into
consideration the influence of the geomorphological, hydrological and
geological conditions:

— the water area of the water storage basin in the river bed navigable
part is more than 30m deep;

— the right bank rises over the water storage basin level for more than
100 m;

— the season changes of the water storage basin level achieve 8m;

— the wave height achieves 3m;

— the thickness of ice covering is more than 1m, the dimensions of ice
fields achieve 700x700m:;

— the right bank slope is subjected to the landslide processes.

The bridge under construction includes four major parts (see Fig. 1):
— the river bed part with one-pylon double-deck cable-stayed steel span
structure of 220+2x407+220m scheme;

— the scaffold bridge on the water area of the water storage basin with
the double—deck metal binary continuous span structures 9x(2x220)m;

— the right bank and left bank reinforced concrete platforms.

The cable system consists of two planes with the dispersed arrangement
of the cables. The reinforced concrete pylon of the frame structure is of
212m height.

The construction of the bridge passage started in 1986 and in 1995 it
was planned to be finished. But the serious problems connected with the
financial difficulties due to the inflation in Russia make this date of the
beginning of bridge exploitation impossible.

2. THE FIXING OF THE METEOROLOGICAL LOADS

The meteorological loads (wind, snow and glaze ice) are fixed in ac-
cordance with the existing in Russia standards. Usually it’s quite possible
for the plain structures. But for the unique structures, especially flexible
and long, very sensitive to the wind effects, such approach is absolutely

*OmyosnmkoBano B Tpynax Koudepenunu EECWE’94, Bapmasa, 1994.
236



wrong. It concerns the Volga Bridge passage (Ulyanovsk).

To define exactly the meteorological loads the analysis of the long—
term meteorological data was done on the basis of the observations in the
period of 1955-1985 at the meteorological stations of the Volga Hydro-
meteorological Service Department. The following meteorological ele-
ments were analysed at that:

— the average monthly and annual wind velocities;

— the repetition of the wind directions;

— maximum monthly wind velocities and corresponding directions
with the indication of the wind sensor — type and the interval of the av-
eraging;

— maximum monthly heights of the snow covering;

— glaze ice and frost accretion on the glaze ice machine wire;

— maximum monthly ice accretions.

L5
_Fx2E0m

Fig. I. The scheme of the bridge passage across the river Volga in Ulyanovsk

2.1. Wind loads

As during 10 years of constant observations (1975-1985) the wind
velocity V > 23 m/sec at the 10 minutes interval of averaging repeated 5
times, V > 24 m/sec — d times and V > 25 m/sec — 3 times, the following
was recommended for the span structure element calculations:

— the 5th wind region according to the Standard with the normative
value of the pressure Wo= 0.6kPa (60 kg/m?);

— the coefficient of safety of the wind load y,=1.5 corresponding to the
design durability of 50 years.

The recommended parameters of the wind load take into consideration
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the relief of the terrain (the existence of the right steep bank of more than
100m height over the water storage basin level) and the corresponding
domination of the wind rose along the river bed and the large areas of the
water storage basin mirror along the bridge range.

2.2 Snow loads

The largest height of the snow covering according to the snowstake
at the Ulyanovsk meteorological station for the whole period of
meteorological observations (1978-1979, winter ) is fixed h=76sm. This
value of the snow covering height corresponds to the normative value of
the snow load

p,= p, h =213 kg/m?
where p_is the snow covering density, p.=0.23 g/sm’.

On the basis of these data the following was recommended: — the
Sth snow region according to the Standard with the normative value
of the snow covering weight on the horizontal surface of the ground
So=2kPa(200 kg/m2); y.= 1.4.

The coefficient of conversion p from the ground snow covering weight
to the snow load on the horizontal projection of element covering in the
formula

S=8§,

is fixed according to the tables of the Standard depending on the element
covering cross-section type.

2.3. Glaze ice loads

Glaze ice and frost accretions on the cables and other flexible elements
of the span structure are formed:

— at the settling and freezing of the supercooled water drops, i.e. at the
existence of the fog, moisture, rain, mist, when the temperature is below
0°C;

— at the freezing of the settling wet snow;

— at the sublimation of the water steam.

The type of the glaze ice and frost accretions depends on the dimensions
of the dro’ps and their freezing speed at the moment of their contact with
the structure elements and also depends on the structure spatial orientation
and the closeness of water storage basins.

Maximum thickness of glaze ice wall for Ulyanovsk for the whole
period of observation is b=12.4 mm and maximum fixed value of wet
snow accretion is h = 30mm. The equivalent thickness of glaze ice wall
corresponding to the height of wet snow accretion h=30mm is calculated
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according to the existing formula

b = /P,
where p_— is the density of wet snowaccretion; P, — is the density of
glaze ice.

According to the reference information p = 0.1-0.7 g/sm’, p =0.9g/sm’.
Consequently, b =23.33 mm and it is almost twice more the observed
value b=12.4 mm. Therefore, for the bridge passage considering its
arrangement over the water area of the water storage basin that promotes
the glaze ice and frost accretions, the following was recommended:

— the 5™ glaze ice region according to the Standard with the normative
value of glaze ice wall thickness b=23.33 mm;

— the coefficient of safety of the glaze ice load y, = 1.3.

2.4. The necessary measures

It was decided necessary to settle down two meteorological stations
along the range of the bridge passage on both banks of the Volga in order
to store and then to define exactly the meteorological effects, especially
the wind mechanical structure. These stations must be equipped with the
modern meteorological devices to provide the eight-time meteorological
observations in every 4 hours. The long term observations allow to define
exactly the correlation of the meteorological effects along all the 5736m
length of the bridge passage and also allow to provide the security of
erection operations at the pylon, span structure and cable construction.

3. AERODYNAMIC INVESTIGATIONS

Aerodynamic experiments of the span structure, pylon and cable mod-
els were carried out in Dnepropetrovsk and Moscow Universities and in
Joukovski-Institute. In particular, span structure models were investigat-
ed simultaneously in the wind tunnels of Joukovsky-Institute and Dnepro-
petrovsk University, pylon models in the wind tunnel of Moscow Univer-
sity to make the results more reliable.

3.1. Span structure aerodynamics

Choosing the forms of the cross section for the span structure truss due
to the Giprotransmost Institute order two variants were discussed: verti-
cal planes of the trusses making the span structure and inclined planes of
the trusses making the trapezoid form of the span structure cross—section.
At first the small models of both variants on the scale 1:50 were tested in
Dnepropetrovsk University wind tunnel of the closed type with the open
test section of 0.75m diameter. The model length was 0.44m. The incipi-
ent turbulence of the flow in this wind tunnel was € =0.5% and with the
turbulent nets of two types — 2.5% and 8%. The models were supplied
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with the round washers at their end planes for providing the plane—paral-
lel flow round. The models were fastened on the three—component tenso-
metric balance. It helped to obtain the integral aerodynamic characteris-
tics in the coordinate flow system.

Fig.2. The aerodynamic characteristics c,, c, and m_of the span structure
cross-section with vertical trusses in the range of attack angles a =+ 15

240



The results of the experiments are given in Fig.2 for the first variant
of the span structure cross section form, and in Fig.3 — for the second
variant.

For the testing in Joukovski—Institute wind tunnel with the closed test
section of 3m diameter a four—section model on scale 1: 27.5 was made
due to the second variant of the span structure cross section form. The
results of the model testings are shown in Fig.3 by means of the points.
For the calculation of all aerodynamic forces on the length unit in the
period of the bridge designing the following formulae were used:

X=qc S: Y=qcyS; M =qm SB,

where S=B; B — is the width of the deck of the upper deck of the span
structure. The aerodynamic fulcrum coinsides with the centre of mass of
the span structure cross section.

Fig. 3. The aerodynamic characteristics C, Cy and m_of the span structure
cross-section with the inclined trusses in the range of attack angles a =+ 20
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In spite of the better aerodynamic properties of the second variant with
the trapezoid form of the cross section the preference was given to the
first variant with the vertical planes of the trusses as the more technologi-
cal in the process of manufacturing and erection.

3.2. Pylon aerodynamics

The reinforced concrete pylon is formed by two vertical
A-type frames, which are parallel to the bridge longitudinal axis
and are joined by the lateral cross—bars in three decks in a sin-
gle space system. Due to the high dissipative pro— perties of rein-
forced concrete and as a result of the a large value of Scruton number
0., = 2md/pB*= 590, the amplitude of aerodynamic self-oscillations of
vortex inducement and galloping is extremely small. At the same time,
the aerodynamic testing is caused by the necessity to determine the wind
load on the pylon. It allows to provide the reliability and stability of the
pylon under erection and exploitation in the wind flow considering the
pulsation, i.e. dynamic effect of the wind in the gusts.

The major parameters which condition the reliability of the calculat-
ed wind load are the aecrodynamic characteristics of drag, cross force and
pitching moment. The corresponding forces effect the pylon simultane-
ously and cause the complex strained-deformated state of the pylon.
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For the testing in the small wind tunnel four models on different scales
were made. The first model on scale 1:450 was intended for the determi-
nation of the integral aerodynamic forces on the pylon generally at dif-
ferent wind directions (rhumbs). The corresponding results are shown in
Fig.4: here the distance between two planes of the frames (B=35m) is
considered as a typical dimension. The second, third and fourth models
on scale 1:100 represent the sections of the isolated leg of the pylon; py-
lon frame and pylon fragment at two different marks (lower — at the pylon
leg base, upper—at the joint of both legs A — type frame), correspondently.
The two last models allowed to evaluate the influence of the pylon leg
flow round interference at different distances; it is particularly important
for the calculation of the pylon wind load at the different stages of erec-
tion. The aerodynamic characteristics of the isolated pylon leg are shown
in Fig.5. The largest dimension of the pylon leg (B=6.5m) is considered
to be the typical dimension.
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Fig.5. The aerodynamic characteristics of the pylon isolated leg
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3.3. Cable Aerodynamics

One of the most important elements, providing the safety, stability
and durability of the river bed cable-stayed span structure, are the cables.
While choosing the constructive form of the cables at least five aspects
were discussed:

— the dissipative properties of new bimetal (steel-aluminium covering)
wire and cable as a whole;

— aerodynamic properties of the isolated cable with the cross section
of hexahedron or circular form; cable tandem considering their wind flow
round interference;

— aeroelastic properties of the cables from the view of the possibility
of the appearance of aeroelastic instability phenomena of the type of vor-
tex—inducement, galloping, parametric resonance;

— cable fatigue properties, caused by bimetal wires considering diffu-
sion and galvanic processes inside the wires and between them;

— cable stabilization in the wind flow and at the parametric pylon os-
cillations at the different stages of erection and exploitation.

Here the results of the aerodynamic experiments of the interaction of
isolated cable and cable tandem with the wind flow are given. The sec-
tional full-scale models were blown in the large wind tunnel of Moscow
University with the open test section of elliptical cross—section 4x2.34m
in the flow velocity range V=0-50 m/sec at different angles of attack.
The length of the model sections is 1.Im; the diameters of the model of the
hexahedron (circumscribed circle) cable and of the circular section are,
correspondently, D=0.17m and D=0.155m. The experimental values of
aerodynamic characteristics of drag coefficient C, cross force C, pitch-
ing moment m , Strouhal number Sh, Den—Gartog gradlent (C“ + éx) and
also derivative m“ are given in Table 1.

Table 1
Cable Aerodynamic Characteristics
Isolated Cable Cable Tandem
Aerodynamic :
Paranylrelters Céiglslgr Hexahedron Circular Hexahedron
. Cross-section | Cross-section | Cross-section
section
c, 0.8 1.025 (18°) 1.75 (46°) 2.15 (49°)
c, 0 0.35 (-20°) —0.179 (52°) —0.83 (21°)
mz 0 0 —4.32 (90°) —-3.82 (84°)
C“y +C, 0 2.1 (£14°) -2.5 (45°) =5.1 (9°)
me 0 0 2 (+24°) 1.7 (30°)
Sh 0.2 0.16 — —
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At the same time the possibility of the appearance of the aeroelastic
instability phenomena was investigated on the basis of the obtained ex-
perimental values of the aerodynamic characteristics (see Table 1).

The dynamic properties of the cable are given in Table 2.

Table 2
The Dynamic Properties of the Cable
Cable Cable Numbers

1-7 811 12-13 14-15%)

Lm 86-190 211-275 296-318 340-361
N, 400-650 200600 100450 700
S HZ 0.53-0.67 0.25-0.45 0.16-0.33 0.37
fowo HZ 1.16-1.48 0.33-0.57 0.17-0.37 0.38

The evaluation of the possibility of the aeroelastic self-oscillation
appearance can be done on the basis of the well-known [1] formulae:
— for the vortex-inducement
= fD/Sh;

Ve =4mdf I(Cy +C,

where m — is the cable running mass, m = 10 kgc*m? ; § — logarithmic
decrement of the oscillations, 6 = 0.03.

The calculations on the basis of these formulae show that for the isolat-
ed cable V¥ _=(0.12-1.53) x m/sec for the i—form of the oscillations, and
vel =4, 3-44.2 m/sec for the first form of the oscillations. For the cable
tandem the critical velocity of vortex—inducement is close to the value for
the isolated cable, and at the galloping V&' = 1.8-36 m/sec.

Thus as it is seen in Table 2, the range of the changes of the natu-
ral frequency of the cross bending oscillations of the cables is so large
(f=0.16-1.48 Hz), that practically at any wind flow velocity at least one
of the cables may appear in the conditions of intensive aeroelastic oscilla-
tions. This fact shows that it is necessary to work out the measures to sta-
bilize the cables in the process of erection and for the period of the long
exploitation.

— for galloping

4. STRUCTURE STABILIZATION

The necessity of the stabilization of the bridge passage structures
—pylon, split span structures,river bed cable—stayed span structure and
cables — is called forth by their interaction with the wind flow. First, the
appearance of aeroelastic instability is possible. Second, the oscillations
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caused by the low natural frequencies of the space oscillations and
pulsation character of the real wind flow, appear at the interaction and
may bring down the labour productivity and the quality of the erection
work. Third, as the structures are being erected, their deformation and
strained state may exceed the standard values.

4.1. Pylon stabilization

As the pylon is being erected, the analysis of its dynamic parameters
shows that at the unfavourable technology of the erection the lowering of
the natural frequency in the oscillation first form in the minimum riqidity
plane may become from the value f=1,31 Hz to the value f=0,17 HZ (see
Fig.6). This circumstance will extremely hamper the erection work from
the view of vibroecology. The period of the erection team work on the
oscillating structure is regulated and limited by the Standard ISO 6897—
84(E) due to the criterion of the labour productivity drop. That’s why it
was recommended to install the temporary erection cross-bar between
two planes of A-type pylon frames at the height mark 150 m.

The accepted method of the pylon stabilization in the process of
erection allows to increase the pylon dynamic rigidity from the bridge
plane and to improve the sanitary conditions at the erection work.

;E Har——---

o |- - -

L.

Fig.6. The evolutions of the natural frequency of the pylon oscillations in the
process of erection

4.2. Continuous span structure stabilization

There are two kinds of technology assumed as a basis of the erection
work of 2x220 m continuous span structures:

— the setting with the help of floating piers in spans of 10-23 split span
structures with 220 m span each with the further binary joining (Fig. 1);
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— the semimounted erection in 5-10 spans (Fig. 1).

It is due to the fact that in these spans the height of the bridge design
situation is larger (Fig. 1).

The providing of the stability at the setting of span structures in 10-23
spans by means of the floating piers is connected only with the observance
ofthe definite meteorological conditions. During the semimounted erection
in 5-10 spans, which is considerably long, the additional technological
measures are required. Here all span structure elements under the erection
must answer the demands of durability, strength, deformation and stability
at all the stages of erection. The Standards introduce the limits of the
natural space oscillation period values for the cantilever erection. They
are caused by the demands to limit the rigidity and aeroelastic stability. In
particular , for the periods in vertical and horizontal planes it is T=2 sec
and for the periods of torsional oscillations it is T = 1.5 sec.

On the basis of some investigations [2] 15 bridges out of 143 analysed
cases were damaged under erection because of the wind. This is really a
large figure, as in each case we see heavy sacrifice and material losses.

In reference [3] the analysis of the maximum permissible spans for the
cantilever erection is given for the large—span railway bridges.

The evolution of the dynamic rigidity of the continuous span structures
depending on the erected cantilever length was investigated at the working
out of “Special Technical Conditions of the Bridge Construction across
the Volga in Ulyanovsk”. The results are for three variants of erection

— without intermediate temporary supports;

— with one intermediate temporary support according to 110+110 m
scheme;

— with two intermediate temporary supports according to 66+88+66
m scheme are shown in Fig.7. The frequencies of bending vertical and
horizontal oscillations are so close that they practically coinside on the
diagram.

For the torsional oscillations the approximate formula

f =833/1 Hz,

t

is quite reliable, where / — is the length of cantilever.

The influence of intermediate supports may be also observed on the
evolution of the erected cantilever end static deflection, which is shown
in Fig.8 for the same three variants of erection. At the same time the
preference may be given only considering the financial reasons.
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Fig. 7. The evolutions of the natural frequency of the continuous span structure
in the process of linged erection: 1 — without intermediate supports;
2 — with one intermediate support; 3 with two intermediate supports
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Fig. 8. The cantilever end static deflection in the process of hinged erection;
1 — without inter mediate supports; 2 — with one intermediate support;
3 — with two intermediate supports. The right scale concerns only curve 1
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4.3 The stabilization of the river bed cable—stayed span structure

The choice of the optimum variant of the river bed span erection is
based on two major criteria:

— the absolute providing of the structure aerodynamic stability
under erection independently of its duration, season of the year and
meteorological conditions;

— the erection work cost.

The given investigation is based only on the first criterion. At the
beginning of the design period (1987-1989) three ways of stabilization
were discussed, shown in Fig.9. The first represents the usage of four
anchors laid on the river bottom. As the cantilever lengths are enlarged at
the semimounted erection the additional erection guys are set. Owing to
it the space system with the structure increased rigidity in horizontal and
vertical planes and also of the torsion is formed. The similar decision was
accepted for the stabilization of cable—stayed bridge “NORMANDIE” in
France [4] with 856m main span.

The second way (Fig.9) is connected with the arrangement of the
additional one-sided flexible coupling at the cantilever end; this way
changes the calculation scheme of the structure. It is achieved by the
suspension to the outerend of each span structure border section some
floating facilities (for ex. a group of pontoons) in the half-dipped state.
The technology of this stabilization way is provided by means of inventory
cross—piece, which is gradually transposed while the cantilever erection
at the favourable meteorological conditions.

The third way (Fig.9) predicts the arrangement of the intermediate
temporary supports, semimounted erection of the whole river bed span
and the further setting of the cables.

At the optimization of the erection span length on the temporary
supports due to the agreement between the contractor and the planning
organization two variants were discussed:

— I variant: the whole erection of the river bed span structure 1-5 with
the further cable setting and temporary support dismantling;

— II variant: the erection of the half river bed span 1-3 with
the further semimounted erection of the second half river bed span
3-5, counterbalanced by the cables. The I variant has the following
advantages:

1. The speed of the river bed span structure erection isn’t connected
with the terms of cable delivery and their preparation to the setting;

2. The possibility of the cable setting without further stress regulation
in them;

3. The designed geometry of span structure is guaranteed by the exact
observation of manufacturing technology and preliminary cable stretching.
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Fig.9. The variants of the river bed span structure stabilisation
in the process of erection

Its disadvantage is the arrangement of twice more number of
the temporary supports in comparison with the second variant. The

disadvantages of the II variant are:
1. Asymmetry of both halves of the river bed span structure in the

process of erection;
2. The necessity of calculation high accuracy for the erection of each
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cable, which demands the consideration of the changes of the parameters
in the process of erection:

— the geometry of the pylon and adjoining sections of span structure
depending on the level of the constant loads and meteorological effects
(wind, snow, glaze ice);

— the elongation of the previously arranged cables;

— the temperature extension of the cables.

3. The possibility of the appearance of the extreme stresses in the pylon
elements with the unpredicted consequences at the local wind effects in
gusts.

Both variants may be impartially assessed excluding the financial
aspects on the basis of the analysis of the dynamic parameter evolution
and cantilever end static displacements. In particular,the investigations
show that the optimum is the technology of the oncoming erection
from anchor tower 3 to towers 2 and 4 according to the scheme
220+110+110+170.5+33+170.5+110 + 110+220 m. Here 1=33 m span is
situated in the boundary of the pylon with the support on collar beams at
55 m mark. Such technology allows to use only two temporary supports
on both sides of the pylon.

The evolution of the natural frequencies of vertical (and horizontal)
oscillations in the process of erection is shown in Fig. 10 and the evolutions
of the end static deflection of the cantilever erection repeat those, shown
in Fig.8 in the previous chapter. The elastic lines of the span structure at
the oncoming erection before and after the joint are shown in Fig.11.

4.4. Cable stabilization

The stabilization of cables presents a number of constructive and
practical measures to avoid the appearance of resonance oscillations of
any of the cables under cable erection and bridge exploitation.

The cable system stabilization doesn’t prevent the appearance of the
space oscillations of the river bed span structure and pylon because of the
wind effects and moving load.

While discussing the problem of the cable stabilization of the cable—
stayed bridges it’s necessary to consider cable oscillations having various
origins:

— aeroelastic instability, caused directly by the wind flow;

— oscillations, caused by the pylon dynamic behaviour at its interaction
with the wind flow;

— oscillations, caused by the span structure dynamic behaviour in the
wind and moving load field;

— rain oscillations, caused by the wind flow at the shower rains.
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Fig.10. The evolutions of the natural frequency of the river-bed span structure
oscillations in the process of the oncoming hinged erection with two interme-
diate supports according to the scheme 220+110+110+170.5+..m
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Fiq.11. The elastic lines of the river bed span structure in the process of the

oncoming hinged erection with two intermediate supports according to the

schemes 220+110+110+110 m and 60.5+33+60.5 m before and after the joint
according to the scheme 220+110+110+170.5+... m
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The last were observed at the large lengths of the cables and described
in [5,6]. The cable oscillation amplitudes may be so large that they can
destroy the casings at the places of the fastening of cables to the girder and
also destroy separate cable protective envelope. That’s why the problem
appeared — to work out the measures to reduce the cable oscillation
amplitudes under erection and exploitation. We divide the different ways of
cable stabilization into four types: the dynamic damping of the oscillations,
constructive damping, constructive ways, aecrodynamic ways [7].

The dynamic damping of the oscillations is based on the joining of
additional mass to the oscillating structure (cable). Together with the
coupling elements it is called dynamic damper of the oscillations.

The constructive damping presents the energetic losses, which appear
due to the effects of the dry friction forces on the contact surfaces in
different joints, units, supporting and other elements of bridge structures
at their oscillations. The constructive ways of oscillation damping
provide for the changes in the calculations, the increase of the bending
and torsional rigidity, etc.

The aerodynamic ways present the changes of the character of the
structure and its separate elements flow round by the wind. They differ
from the above—mentioned ways by the removing of the causes of the
aeroelastic instability appearance.

The analysis of the different ways of cable oscillation damping and
their usage under erection and exploitation considering a wide range
of cable natural frequencies (for the first form of oscillations f=0.16—
1.48 Hz) showed that the most resultative measure was the reduction of
the cable free length. In particular, the setting of the additional strainers
between the cables was suggested in accordance with the aesthetic norms,
stabilization effectiveness, erection and manufacturing technology
simplicity, maintainability, vehicle and pedestrian safety.

For the cable stabilization of the cable—stayed span structure Volga—
Ulyanovsk the system of strainers was accepted, which forms the com-
mon cable system together with the whole group of cables. To find out
the optimum geometry of this system, considering the possibility of the
usage simultaneously under erection and exploitation, three variants were
discussed (Fig.12). The peculiarity of all three variants is the hinged fas-
tening of the strainers to all the cables. The fragment of the fastening is
shown in Fig.12.

According to the first variant the strainers form the beams — the geo-
metrical places of the points which coinside with the quarters, thirds and
halves of all the cables. This variant has a considerable disadvantage: the
synchronous group oscillations of all the cables in the system are possible
and consequently the pylon and span structure oscillation excitement.
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Fig.12. The variants of cable stabilization and the fragment
of the hinged fastening of the strainess to the cables

According to the second variant the beams where the strainers are set-
tled come from the point of intercept of pylon and span structure axes and
go through the quarters, thirds and half of the longest cable. At such dis-
position of the strainers the effectiveness of cable stabilization increases.
At the same time this variant has the following disadvantages:

— the complicated calculation of the geometry of the joints of the
strainers to the cables;

— the given geometry is more sensitive to the natural sagging of the
cables;
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— the regulation of the strainer lengths during the preparation of the
bridge to the long exploitation is necessary to provide the cable calcu-
lated geometry.

The third variant, accepted to the final realization, is identical to the
second one but the beams make the angles 10°, 70° with the horizon. At
that the labour—intensiveness of the strainer setting is considerably de-
creased and the number of angles of strainers to cables fastenings is 2.5
times decreased.

The original discontinuous spectrum of the cable natural frequencies
(f=0.16—1.48 Hz) reflects the variety of cable lengths, their loads in the
process of erection and exploitation. It’s clear, that at the third variant due
to the formation of the common cable system the frequency spectrum
transforms from discontinuous to continuous (so—called «spread»).

At such qualitative changes of the cable dynamic properties neither
resonance oscillations of any separate cable nor oscillations of the whole
cable system are possible. The energy of one cable oscillations through
the system of strainers is immediately transmitted to all other cables and
damps quickly.

For the providing of the technology of joint and unit manufacturing
and erection; regulation in the process of erection and exploitation; effec-
tive work of cable system in the conditions of dynamic loads; maintain-
ability of strainers and joints of their fastening to the cables, the cable sys-
tem has the following peculiarities:

1. Hinged junction of strainers with cables;

2. The presence of the turnbuckle on both ends of each strainer;

3. The strainers are settled in all four planes of the cables (two planes
of binary cables) in the bank and river bed spans;

4. The angles of strainer fastening to the cables are constructed on the
following conditions:

— the banning of their slip along the cables;

— the technology of the settling accessible in the conditions of erection
and maintainance at the exploitation;

— maintainability;

5. The upper edge and junctions of each joint are stuffed with
waterproofing mass (mastic) to avoid the moisture;

6. All the elements of the joint must be protected from corrosion (zinc
plating, aluminium plating, cadmium plating and so on ).

The diameter of the strainers made of double—twisted ropes may be ac-
cepted 30—32 mm; it is quite enough to perceive the inertial loads caused
by the swaying of one of the cables. At the same time such diameter
proved to be aesthetic enough and doesn’t contradict the cable bridge ar-
chitecture.
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The presence of the fastening joints on the cables avoids the forma-
tion on their surfaces long streams at the shower rains and consequently
rain oscillations.

To avoid the collisions of binary cables the spacers with vibrodamping
elements are settled between them at the pitch of 15-20 m. These spacers
are settled on all binary cables in the bank and river bed spans of cable—
stayed span bridge.

At the same time it is expedient to settle the cross—shaped coupling of
twisted ropes between two planes of the binary cables in two—three places
of each span to increase the space rigidity of the cable system.

The lugs for the strainer fastening are situated along the axis making
angle Vi with the normal to the longitudinal axis of the cable

Y= ot Bj -90°,

where o, —is the angle between i-cable and horizontal; 8. —is the angle be-
tween j-strainer and horizontal. According to the joint geometry the cas-
ing lengthis /= (3+5)D

cab’
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ANALYTICAL SOLUTION
FOR GALLOPING OSCILLATIONS*

INTRODUCTION

Self-excited oscillations of bluff bodies have been treated extensively
in technical literature by Forsching (1974), Kazakevych (1981), Simiu and
Scanlan (1986), and others. Oscillations of flexible prismatic structural
elements caused by air flow are generally of three types: vortex induced
oscillations, galloping, and flutter. Each type has distinct characteristics.

The phenomenon of galloping was first explored in connection with
stability studies of ice-covered power transmission lines subject to wind
by Den Hartog (1956). Galloping may be modeled analytically through
the use of steady-state aerodynamic force information. A two-dimensional
treatment of the problems with galloping is justified by the fact that the
cross-sectional dimensions of objects under consideration (e.g., cables)
are small compared with their length.

The mechanism of the origin and sustenance of oscillations is
determined by the flow velocity, damping and elastic properties, as well
as by geometric proportions of the cross section. Aerodynamic properties
of members with rectangular cross sections are depicted as functions
of the angle of attack in Fig. 1 (Kazakevych and Grafskiy 1986). This
data was obtained from a series of extensive tests with parameters a and
b/h conducted in 1985 in the wind tunnel of the Dnipropetrovsk State
University of Railway Transport.. Analysis of the acrodynamic properties
of such members (Den Hartog 1956) shows a number of the following
important phenomena:

* As the width-to-depth ratio, b/h, increases, the lift force gradient,
Cy*= dC}/da, that is associated with galloping shifts toward a lower angle
of attack (Den Hartog 1956).

e There is a threshold (critical) value of the b/h ratio in the range
3<b/h<4, above which neither a positive gradient, Cy*> 0, nor oscillations
of this kind occur.

* Instability is possible -only within the interval, 0 < b/h < 20°, of the
angle of attack.

*OmnyOnmkoBano coBmectHo ¢ A.IL Bacunenko B x-me «JOURNAL OF
ENGINEERING MECHANICS», ASME, june 1996, CIIIA, a Taxxe B Jlokd.
AH YCCP, Cep. A, Ne 3, Kues, 1986 u B x-1ie «Journal of Wind Engineering and
Industial Aerodynamicsy», 1. 65, 1996, ELSEVIER, Hunepnaunsr.
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* The critical velocity of galloping, according to Den Hartog (1956) is
minimal within the range 2.0 < b/h < 3.0.

Existence of the threshold value of b/h is demonstrated in Fig. 2
(Kazakevych and Grafskiy, 1986).

THEORETICAL ANALYSIS
Equation of Motion.
Analytical investigation of Kazakevych and Vasylenko (1986) is based
on the well known equation

pV b
2m

This nonlinear differential equation belongs to the class of potentially
self-exciting oscillating equations and may be solved by an energy
method.

For this purpose, (1) is presented as

y+8 ¥+ o, + Cp, —=0. (1)
T

2
J+o’y=(0 —mé)y—%y &bC}) arctg==0, (2)
i 2m 7
where o, = frequency of in-vacuo oscillations. The aerodynamic
coefficient of the lifting force, C,, is approximated by the first term of its
representation by a McLaurin series

CF

Y

=Cp 9= C}pyarctgl. 3)
L

The vectorial relationship between the relative and absolute velocity
of air flow and the velocity of the cross-flow oscillations is given by the
expressions

. \2
V=v+(=); V=u 1+[%j. @

Analytical Solution (First Variant).
The «apparent» angle of attack, ¢, is presented as an infinite series
(Prudnikov et al., 1981)

. 2k+1
V_ (1)
=arctg== , 5
¢ arcgl) k_02k+1( J ()

which is absolutely convergent for | y/v | < 1.
If the right side of (2) is regarded as the sum of the inner forces acting
on the conservative system

. 2.
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the solution of (6) may be given in the form

y=a-sinot (7)

-

C, C, M,

1o

-5

Ry
R
=
=

Fig. 1. Aerodynamic properties of members with rectangular cross sections
as function of angle of attack
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Fig. 2. Lift force gradient, C* g and critical angle of attack, o,
as functions of ratio b/h

259



Substitution of solution (7) into (2), with consideration of (3), (4), and
(5), results in a system of algebraic equations for the determination of am-
plitude a and frequency co of galloping oscillations

(032 —m(z))a =0;

o (=1) (2k+1 ?
S, aw+p0b Cp ), ( 9N 4w =0. ®)
1 2m 2k 1 kL 20

The previous equality terms with higher frequencies are neglected,
based on the approximation taken from the compendium of mathematical
solutions of the theory of series (Prudnikov, 1981)

2k +1
cos™ it = 2_2"[ . ]cos wt, ©)

B

are binomial coefficients designating the number of combinations of (2k
— 1) elements by £.

In solving the first equation of system (8), the frequency o = , is
found by assuming the existence of the self-exciting system (a # 0). The
second equation of system (8) yields one of the nonzero values of the am-
plitude that may be obtained from the solution of

= (=1)* [ 2k+1 (éjz"_l 0
12)2/(4—1[ Kk \U) U’ (1o

In the preceding equation, the following notations are used (with v =

where

O.) _aw, U:i' o :_2m8030.
2v,, v, 7 C}mpb (11)

cr cr

A

Regarding series (10), its value may be determined after some
transformation of the following terms:

(D' [2k+1 (é}”‘_ ot (_a£Y 1 el .
u+1l & \U) T reenl 07 ) T 5 RGen? (D

where
AZ
p= U (13)
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Itis also known (Prudnikov 1981) that the sum of'the series, | p | < 1/4 or
|[4/U| < 1/2, is given by

g @R 1-y1-4p
& kte+n? 2 (14)
By substituting (12) into (14) and then into (10), it is found that
I=yl-4p 1 (15)
2p U

or, with designations (13)

A=U" J1-L. (16)
U

Analytical Solution (Second Variant).

The result analogous to (16) may also be obtained in another way.
Instead of transformation (12), another transformation is used that is more
complex, but free from the limitations of (14) (Prudnikov, 1981)

1
i 2% Il k+—
ﬂ(”‘“)(ﬂ — (-1 qu (17)

2k+1\ &k \U Jr Kk +1)!
where ¢ = 44?/U ? and the gamma function
r(z)= Te_rtz_ldt. (18)
It is possible to show (Prudnikoov, 1981) that
R F(“;j . 24n (19)
5V gy 0 = )

In this manner, by substituting (17) into (19), and further into (10), an
expression is obtained 2 1

—\Wl+q- 1): —

q U

(20)
from which, with designations (18), (16) results.

For comparison with the known approximate solutions, giving the re-
lationship between the amplitude of aeroelastic self-oscillations and the
flow velocity (Parkinson and Brooks 1961; Novak 1969), two terms of
series (10) are used. In this case, the approximate solution is obtained as
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4=U JI-L. 1)
U

Comparison of rigorous analytical solution (16) and approximate
solution (21) is shown in Fig. 3.

" /
/

-
| /fy :
L=y
-
-
1 ,r-':'-""f
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_,-r""-""
i P
L] 1 1 3

L

Fig. 3. Relationship between normalized-oscillation amplitude, A,
and normalized flow velocity, U [1 — rigorous solution (14); 2 — asymptotic
approximation of rigorous solution (19); 3 — approximate solution (18);
and 4 — asymptotic approximation of approximate solution]

Asymptotic Approximations.

The increase in self-excited oscillation amplitudes of galloping, with
increasing velocity in air flow obtained by the rigorous (16) and approxi-
mate (21) solutions, is illustrated by means of their asymptotic approxi-
mations at U —o.

The polynomial ;
B (x)= Xa,x" (22)
m=0
may be regarded as an asymptotic approximation of function y = f(x)
at x —oo if .
lim[f ()~ £, (x)]=0. (23)

According to the theory of approximate functions, coefficients a  of
polynomial P (x) are obtained by formulas

a, =lim" ()] a, =lim{x‘m[ () ia,.x’}}, (24)
X—>00 X—>00 i=m+1
m=0,1....,n—-1.
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Thus, rigorous solution (16) is written as

2
0= lim 2 1 g = i @)

U—>ooU2 U—w U 2’ (25)
a, =lim| A-U’+ C -
U—x 2 8

and the asymptotic approximation is

U 1
A=U%-——— (26)
2 8
Analogically, the approximate solution (21) is written as
al:Ll/i—r>l;loU_=1 aO_Llfl_rBo(A U):—— 27)

and the asymptotic approximation is
1
A=U——. (28)
2

Graphs of asymptotic approximations (26) and (28) are shown in Fig. 3.
COMPARISON WITH RESULTS BY OTHER RESEARCHERS

The relationship between oscillating amplitude and flow velocity has
been studied theoretically and experimentally by several researchers.
Findings of more recent studies tend to confirm the results presented by
the writers.

For example, aeroelastic response tests of cables by Miyazaki (1989)
show the relationship between the oscillating amplitude and flow veloc-
ity (Fig. 4) qualitatively similar to that given in Fig. 3. At a critical flow
velocity, the amplitudes of galloping oscillations begin to increase cata-
strophically. Quantitative comparisons of the experimental values in Fig.
4 with the analytical results in Fig. 3 require the use of normalized param-
eters, 4 and U, defined by (11) instead of parameters v (m/s) and a/d used
by Miyazaki. However, this is not possible because in Miyazaki’s numer-
ical values of parameters o, m, b, and 6 are not given.

Findings of other researchers (Blevins, 1977; Yokoyama et al. 1977,
Blackmore, 1985; and Mikami, 1989) also agree with the amplitude/ve-
locity relationship in (16), characterized by sudden increases of oscilla-
tion amplitudes beginning at the critical velocity. This type of relationship
is qualitatively different from presentations of these phenomena in earlier
studies by Parkinson (1961), Novak (1969), and others.
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Fig. 4. Relationship between oscillation amplitude, a, of cable and
flow velocity, v [d = cable diameter from tests on aeroelastic response
of cables (Miyazaki 1989)]

CONCLUSIONS

A closed analytical solution has been formulated that defines the rela-
tionship between the amplitude of galloping oscillations and the velocity
of the air flow. This solution agrees well with the results of various wind
tunnel tests on models.

The solution given by (16) permits determination of the critical veloc-
ity, v_, from only one known experimental point in the aggregate of pa-
rameters (a, ®,, and v). The analytical solution (16), using the notation
given in (11), may be presented as

20° v,
1= (29)
O‘)Oocr L

from which the critical velocity, corresponding to the onset of the

aeroelastic galloping instability, is obtained as

a=

2V’ ao;
o =22 | 144 % g
“ do; v’ (30)

The presented solutions and formulas permit better assessment of phys-
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ical phenomena of galloping self-oscillations than the available methods
and may be used for more precise determination of stresses and deforma-
tions of flexible prismatic structures and their components under the ef-
fects of air flow. Structures in this category include pylons of suspension
and cable-stayed bridges, box-type bridge superstructures, prismatic tow-
ers, and transmission line supports. Solutions also apply to closely spaced
cables in tandem arrangement and to structural elements of any cross sec-
tion in the air flow wake.
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THE PROBLEMATIC TASKS OF AERODYNAMICS
OF STRUCTURES ABSTRACT*

INTRODUCTION

In spite of the intensive development of the structure aecrodynamics m
different directions, both of fundamental and applied character, there are
lots of perspective problems waiting for their solution. On one hand it is
connected with the comprehension of the peculiarities of the structure in-
teraction with the effects of the meteorological origin and, on the other
hand - with the evolution in the sphere of the engineering industry.

In the first case the earlier adopted conceptions, assumptions and sim-
plifications may be treated as unsatisfactory. Besides, with the develop-
ment of new structural forms, such as membrane roofings, suspension
and cable-stayed systems, absolutely new or insufficiently explored phe-
nomena appear.

In the second case the problems appear, connected with the explo-
ration and analysis of toe aecrodynamic and aeroelastic qualities of the
above-mentioned new structural forms. There is also me necessity to
solve the problems of the static and dynamic stabilization of the struc-
tures at the initial stage of the design and the problems of the acrodynam-
ic and aeroelastic monitoring in the process of exploitation. There is one
more aim of the given paper: to draw the attention to the structure aerody-
namics. The problematic tasks, enumerated further, do not pretend to give
the complete and full range of the theoretical and practical problems. The
order of their discussion is not connected with their priority, but reflects
to some extent the opinion of the author.

1. The principles of the wind averaging at the structure calculation.

2. The single wind gust effect on the structures.

3. The aerodynamics and aeroelastic interaction of the structure flex-
ible element tandem.

4. The aerodynamics of the structure elements at the icing.

5. The interaction of several phenomena of aeroelastic instability
(vortex excitation, galloping and stall flutter) — the interference of the
critical velocities.

6 The aerodynamics of the membrane roofings.

7. The aerodynamic stabilization of structures — the lowering of the
wind load field.

* OnyonukoBano B Tpynax MexayHaposaaoit Kongepenimu 2 EACWE, June
1997, v. 2, I'enys.
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8. The aeroekstic stabilization of structures — the lowering or elimina-
tion of the structure aeroelastic responses.

9. The chaos in aeroelastic systems.

10. The structure element permissible flexibility at their interaction
with the wind flow,

11. The rain aeroelastic self-oscillations.

12. The aerodynamic and aeroelastic monitoring of structures.

13. The influence of the angle of attack and turbulent flow on the aero-
dynamic parameters of the structure elements and its registration in the
design codes.

14. The aerodynamics of the new structural forms.

THE PRINCIPLES OF THE WIND AVERAGING
AT THE STRUCTURE CALCULATION

This problem, in the opinion of the author, is one of the most important
and at the same time open to discussion. Therefore it predominates in the
given paper.

The existing practice of the structure calculation on the wind flow
dynamic effect is based on the fully formed tradition of the wind velocity
averaging. This tradition and also the peculiarities of the information about
the wind flow velocity values in the ground layer in oifferent countries
led to the fact that at the structure calculationeither [le instantaneous
values of the velocity or averaged values during the definite time interval
are taken. Mainly, /t | = 10 min=600s, or [t ] =1 h = 3600 s is taken
as the interval. Therefore, the dynamic properties of the structures arenot
considered at the choice of the interval.

Meanwhile, exactly the wind pulsation causes the appearance of the
dynamic loads and, as a result the dynamic displacements and stresses
of the structures at their interaction. But me structure dynamic responses
depend mainly on such dynamic properties as the frequencies (periods)
and logarithmic decrements of the structure natural osculations. It seems
important to fix the connection between these properties and the choice
of the interval of the wind flow velocity averaging.

As the wind flow velocity possesses the property of changeability,
the velocity averaged during the definite time interval is taken as the
theoretical value. In the real conditions during this time interval the
value of averaged velocity is influenced by the wind pulsations with
different frequency — amplitude characteristics. The energy spectrum Van
der Hoven presents the wind pulsations the most correctly. The modem
wind velocity transducers like anemometers or anemorumbometers in
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the conditions of meteorological stations permit to receive the averaged
wind velocities during 10 min or 1 hour, and also the instantaneous wind
velocity values (during 1- 3 sec).

Due to the definition, the wind velocity depends on the time of the
averaging. Thus, with me reduction of the interval of the averaging, the
value of the average velocity increases. The interval of averaging [t ]
— 600 s suggested by A.G. Davenport is adopted practically in all the
countries of the world and is the basis of the structure calculation codes
on the wind loads.

At the same time due to H. A. Panofsky /¢ ] — 3600 s should be
taken as the basic interval of the averaging. This 1s grounded by the data
of experimental observations of the existence of the “gap” in the energy
spectrum Van der Hoven of the longitudinal wind velocity pulsations
between the macrometeorological (synoptical) and micrometeorological
(turbulent) areas At me other interval of averaging the value of the average
wind velocity may be determined by the relation given in [1] Simiu and
Scanlan according to the results of C.S. Durst [2]

Bl/zc(t) (1)
2.5In(z/ z,)’

where V and V. are the values of the average wind velocity at the
intervals of averaging ¢ =t and ¢, =3600s; B is the constant depending
on the interval of averaging t_. The relation (1) may be expressed graphi-

cally (Fig. 1). Vv
t

V, =Vigooll+

Fig. 1. The dependence of the average velocity on the averaging interval

The structure dynamic responses on the wind pulsations are character-
ized by some fixed condition of oscillations. To achieve the stable (qua-
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si-stationary) value of the amplitudes of the fixed condition, the definite
quantity of the oscillation cycles 7 is necessary. The existence of the de-
pendence of the cycle number # on the structure dissipative qualities may
be treated as physically established, m the dynamic calculations the mea-
sure of the oscillation energy dissipation of i-tone is logarithmic decre-
ment &,
Therefore,
n=k/3J, ()
where k — is the parameter characterizing the process of the structure
osculation stabilization. In particular, the oscillation condition may be
treated as the fixed one if the amplitude achieves the value a =09a
in n cycles. In this case

max

=23, (3)

max

Taking approximately k£ = 20, for the number of cycles of the oscillation
establishment we get
n=20/6. 4)
The structure oscillations of i-tone are characterized by period T,. Here,
i— tone reflects the most energetically significant mode of oscillations out
of the combined spectrum of the structure space natural oscillations. The
oscillations of i— tone cause the maximum stressed-deformated condition
of the structure. Having the period T, and the number of cycles n, the
formula

oo =nT =20-T/§, 6))

can be suggested for the interval of the wind flow velocity averaging,
which considers the dynamic parameters of the structures. The interval of
averaging calculated according to this formula reflects to a great extent
the interaction of the structures with the wind pulsations. As it is shown in
Fig.2, the higher is the period of the structure oscillations (and the more is
its flexibility) the larger is the interval of averaging.

Thus, owing to the graphic (Fig.l) or relation (I) the transition from
the interval of averaging r = 3600s or¢ = Is to another, arbitrary, de-
termined depending on the dynamic parameters of the structures 7, and
o, (at V' = 0), is not difficult. T. Hanxhurst [3] has drawn the attention to
the conservatism of the traditional approaches to the choice of the inter-
val of the averaging /¢ | = 3600s as well as [t | = 600s in the practice
of calculations.
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THE AERODYNAMICSAND AEROELASTIC INTERACTION
OF THE STRUCTURE FLEXIBLE ELEMENT TANDEM

The structure flexible element tandem is very frequent in different
structures. The sphere of their application is various. They are heat
exchanger pipes in nuclear reactors, main pipelines, transmission line split
phases, cables in cable— stayed bridges. There are lots of research works
devoted to the studying of aerodynamic loads and aeroelastic interaction
of the flexible element tandem of pipe form. At the same time the variety
of neighbouring flexible elements interacting with the wind flow and
between each other is not limited by the pipe form. It is also necessary to
consider the appearance of new aeroelastic phenomena at the wind flow—
around of the pipe flexible element tandem — the galloping in the wake
(Fig. 3,4). In this case we may guess which peculiarities of aerodynamics
and aeroelastic interaction can be found at the investigation of the
tandem response of square, rectangular and other flexible elements of the
structures. Thus, we can surely expect chaotic aeroelastic selfoscillations,
i.e. the appearance of strange attractors.
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The trajectories of the flexible pipe element movement in the tandem,
the aerodynamic interference and aeroelastic instability in the wake are
described in [4].

THE AERODYNAMICS OF THE STRUCTURE ELEMENTS
AT ICING

This problem presents an example of unfavourable influence of the
interaction of two meteorological phenomena — wind flow and glaze ice-
and-sleet accretion — on the durability and reliability of the structures. At
all other equal conditions the structure icing deteriorates their wind flow-
around:

— the components of wind load increase;

— the critical velocity values of the aeroelastic instability phenomena
reduce.

Fig. 3. The zones of the cylinder instability in the wake at different values
of the flow turbulence

L [£] FL LF

A i
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T
-
L

Fig. 4. The dependence of the galloping
self-oscillations intensity in the wake on
the turbulence and flow slope
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The main reason for that is connected with the change of the structure
element cross-section form.

The formation of the glaze ice-and-sleet accretion on the structure
elements of different application, especially on the cables, transmission
lines is connected with the settling and freezing of uncooled water drops
in the rain medium or in the fog, wet snow, at the water steam sublimation.
Depending on the processes of the formation of the accretion, the types
of the element icing are divided into groups and subgroups according to
the physicogenetic classification of the ground icing, made up by A.D.
Zamorsky.

The major factors which influence the formation of the glaze ice—
and- sleet accretion are as following:

— the element high level position mark;

— the characteristic dimensions of its cross— section— diameter, height,
width;

— the wind velocity and direction;

— the character of the underlying surface — forest, pond, plain, etc.;

— the meteorological conditions — temperature, humidity,
precipitation.

The variety of the real forms of the glaze ice-and-sleet accretion based
on the long-term observations and the geography of the glaze ice-and-
sleet on the territory of the former USSR are presented in the Icing Atlas
[5].

The type of the glaze ice-and-sleet accretion depends on the dimensions
of the drops and their freezing velocity at the moment of their touch with
the structure elements. At the settling of the large drops the freezing runs
slowly at the temperature close to 0°C. The large drops are spreading and
forming the water film, frozen as the smooth ice settling — glaze ice. As
the meteorologists confirm [6], glaze ice appears at temperature 0°...—
3°C. As a rule, this type of accretion is observed on the horizontal and
sloping elements. The velocity of the freezing and formation of glaze ice
characterizes the form (geometry) of accretion. It found its reflection in
the choice of the icing field types at the investigation of the aerodynamics
and aeroelasticity of the structure elements at icing [7]. The photos of
the models are shown in Fig. 5. The influence of the icing form on the
aerodynamic characteristics may be followed on the graphics in Fig. 6.
The appearance of the instability of the galloping type may be expected
due to the character of the change of the cross aerodynamic force (C
depending on the angle of attack a and the existenceof the vast zones with
the negative gradient dCy/da.
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Fig. 5. The general view of the models

Fig. 6. The aerodynamic characteristics of two models
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THE AERODYNAMICS OF MEMBRANE ROOFINGS

This type of structures may be singled out as a separate group, as their
interaction with the wind flow is basically different from all the others.
Suspension roofings include proper suspension, cable and membrane
roofings. They very successfully entered the system “a human being — na-
ture” and in many cases resemble the natural phenomena. The suspension
roofings are very widely spread owing to a number of positive qualities:

— the sharpness of the structure schemes;

— the favourable architectonics of structures;

— the lightness and, as a result, large spans;

— the efficient usage of the durable properties of the structure materials
(concrete — for compression, steel — for extension);

— the erection without falsework;

— the insignificant constructive height.

But they are more deformative than the traditional reinforced— con-
crete and steel structures. As a result they are quite sensitive to the non—
uniform distribution of the wind and other meteorological loads. As the
interaction with the wind flow the aeroelastic oscillations are excited very
easily in them.

The panel flutter of membrane roofings and the multiple increase of
the local loads make up the main peculiarity of the interaction of the roof-
ing with the wind flow. Here, the considerable increase of the local wind
loads depends on many factors:

— the configuration of the roofing in the plan;

— the type of the index contour;

— the geometrical dimensions;

— the rigidity of the index contour;

— the wind flow direction;

— the existence of the through holes and openings.

The determination of the wind pressure distribution on the upper and
lower surface of the suspension roofings (pressure epures) at different
angles of attack is connected as a rule with the experimental tests in the
wind tunnels. Some of these results are given in [13]. But the types of sus-
pension roofings given in [8] do not cover all the variety of the existing
forms. The results of the investigations of the wind pressure epures on the
surface of the cylindric membrane roofing of the hangar in Riga Airport
(Latvia) with the dimensions 108 x 60 m in the plan are presented as the
example. At the angles of flow slipping f = 45 ° in the zone of maximum
vacuum the local value of pressure is ¢ = — 4,15 in the case of the closed
gates and ¢ = — 5,0 in the case of the open gates.

274



THE AERODYNAMIC AND AEROELASTIC
STRUCTURE MONITORING

In the most generalized meaning the structure monitoring is the
observation, analysis and prognostication. Regarding the interaction of
the structure with the wind flow monitoring presupposes:

— the meteorological microzoning having the aim to specify the wind
loads;

— the meteorological observations during the construction and
exploitation of the climate changeability, average and maximum winds,
wind rose, average and maximum wind velocity recurrence, atmospheric
turbulence;

— the determination of the real dynamic structure characteristics, such
as frequencies (periods), modes and corresponding values of the space
oscillation logarithmic decrements;

— the studying of the structure response on the real wind effects;

— the evaluation of the effectiveness of the used measures and ways of
structure stabilization;

— the evaluation of the structure life in the process of exploitation;

— the elaboration of the recommendations as for the specification of
the calculated schemes and the improvement of the calculation methods.

The major aim of monitoring is the diagnostics of the exploitation
reliability, durability and safety of the structures. The peculiarities of
monitoring reflect the stages of the structure existence: erection, initial
period of exploitation,process of long— term exploitation.

The observation provides the instrument and visual description of the
load parameters and the effects of meteorological character, structure
responses generally and their separate elements.

The analysis presupposes the comparison of the real parameters of the
loads and effects in the real conditions of the structure exploitation with
their calculated values. It also concerns the parameters of the structure
stress— deformed condition.

The prognostication should concern the ecological indications, for
example, levels and doses of vibration alongside with the traditional
qualities of reliability — effectiveness, safety, calculated durability
and maintainability. The experience of aerodynamic and aeroelastic
monitoring convincingly shows the high effectiveness of the structure
exploitation reliability evaluation by the methods of the dynamic integral
diagnostics [4].

At the same time it is necessary to elaborate the common methodology
basis of the monitoring of the structures of different types defining the
main criteria of diagnostics and the principles of monitoring.
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THE ADMISSIBLE FLEXIBILITY OF
STRUCTURE ELEMENTS IN THE FLOW*

The appearance of the aeroelastic instability of the vortex excitation
type is possible [1] at the interaction of structure flexible elements with
the air (fluid) flow on condition

Ve <V.. (1)

This instability is followed by the intensive self— oscillations cross
to the flow. Critical Velomty V., which causes the vortex excitation
aeroelastic self— oscillations, is détermined due to the existing formula

Vo = ﬁ 2)
Sh
where d is the diameter or special dimension of the flexible element; S/
— Strouhal number; / — natural frequency of element oscillations; V —
flow calculated velocity. The inequality
Vcr > Vc’ (3)
which is inverse to inequality (1), is adequate to the condition of
impossibility of this type of instability appearance. Natural frequencies /;
of flexible element oscillations of j— tone are described by means of the

expression 1k EJ . i
- 12 N, ) @
where m — the mass and J — the element inertia moment are determined
by the dependes J 2
m=Fp,; J=i'F, —=—;
m Py ()

l, E i, p,E — length, cross section area, inertia radius, the element
material density and modulus of elasticity, accordlngly o,— frequency
coefficient, depending on the boundary conditions and serial numbers j jof

element osc1llat10ns mode; N — longitudinal force in the bar; N, — Euler
critical force. The symbol (+) corresponds to the stretching longitudinal
forces and symbol (- ) — to the compressing one. Now substitute
expressions (2), (4) and (5) into inequality 3
a; *id
V. < £ 1+£ } (6)
2nl*Sh \ p, N,

* OnyonukoBano coBmectHo ¢ A.I. Bacuiienko B Tpynax MexnyHapoaHoit
Kondepenmu 2 EACWE, 1998, Ilpara..

277



Hence we find the admissible values of the element relative length y,
where the vortex excitation calculation needn’t be done:

E(, N
2=, 7
G < 2ndShV p0(+NEJ @

There is the definite connection between the tubular element relative
length //d, and their flexibility A
(! _nd
A=k(V/)). where k=P ®

i
asA=1 j/l =ul/i ,and [ and u— are calculated length and calculat-
ed length coefficient, accordlngly Therefore, on the basis (7) and (8) we
can also find the maximum admissible values of element flexibility

oo AW JE( N ©)
2nShiV, \ p,\ N, |

The expressions (7) and (9) for the admissible values of relative length
I/d and structure element flexibility A can be presented as

A. / N B. f N
/ J . J

Provided the following symbols are introduced:

i E d E d
—; B . =a; — =4 M/
amdsh\p,” |\ 2mShiVp, o

The most specific calculated schemes of structure flexible elements
and corresponding values of frequency coefficient a, for the first tone of
oscillations are shown in Table 1.

Table |: Calculaied Schemes of Struciure Flesible Elomends

Element Calculated Scheme

" Frequency " Caloulated beogth
cocflicient @ coedficient g

1
I % 18741 0

1 @ .I | 11416 | -‘ 1o
. & | 30264 oF




The values of geometrical and aerodynamic parameters i/d, Sh, 4, B,
(for structure steel elements \/E/p0=0,5 123475-10*m/s for the most wide-
ly— spread in the engineering types of cross— sections of structure flexible
elements are shown in Table 2.

The data in Table 2 allow to draw the family of graphs showing the
boundaries of the admissible values of structure element relative length
l/d or flexibility A in the wide range of calculated scheme types and :ross-
section forms regarding the really acting longitudinal forces. Here we
take only graphs of the admissible value //d, boundary dependence on the
flow velocity v, shown in Fig.l. These boundaries are easily transformed
into the boundaries of the flexibility A admissible values by introduction
of the factor B /4, = ud/i.

Table 2
Structure Element Geometrical and Aerodynamic Parameter Values
' - Calculited scheme Type (Table 1)
Crass-secticn ;,;’1. Sh 1 Il m [
:_ F.df'rni_ 1 A ! 8 "ql__l_ i, A & A a, N
L .
[ ], — | 0z o a0z | me | 337 | 19 | 195 | 130 | 254
- k] | | |
L P D D P T .
4 | [N} [EN ) r kK] 2% CE] | ol | 1o I‘:"l_J_ LEY ]
3 I Jl_ 015 10.11}5 64 | 853 | 108 | TS | 138 | 626 | 162 | s
el JL | o I 012 | B8 | ss0 | 14B | 458 | ass [ wo | 2 | s
— ! :
| 3| - 041 | D43 n 428 | 154 359 | [EE it4 AP o
1 1 | |
f | _]I_ 0.21 0143 Lz ] I it 414 155 430 162 %7

1 I: 0 - .
l T u'IE : 1% ] -HI_LH-H 359 [E4] il4 ’ 21 | |

Bl - 1 D .

024 Ei 12 G 433 127 318 150 ik 141 |

| H..._.; - : ;
I_:l: |

D045 [ 03T | oW 431 62 2 03 L6 44 T2

al LA K] 47 40 ™ TET . L 119 553

B

1 |
] ]]i i- L] his | 1 o 07 150 239 J i) k] ¥ 1%

Ifitisimpossibleto satisfy the conditions (7) and (9) or, correspondingly,
(10), it is necessary to supply the vortex excitation calculation with the
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fatigue control according to formula
O pax < ORY,, (12)

where parameter o depends on the calculated number of load cycles, R
— s the calculated fatigue resistance, y — 1is the coefficient depending
on the type of the stressed condition and parameter of the aerodynamic
stress asymmetry. Thus, at the calculated durability 20 years the number
of cycles n = 3.9 « 10° is recommended. The corresponding value of
parameter o is o = 0.77. The necessity of the structure flexible element
fatigue life calculation (estimation) is not less important both during
design reconstruction. This estimation can be done according to formula,
suggested by the author in [1]

t:nTj/p; sec, (13)

where n — is the load cycle number depending on the element importance
(n=(2... 4) » 10°; T. =1/f, — is the element natural oscillation period (it
. J o . . . .

is equal to the vortex excitation aeroelastic self— oscillation period); p —
possibility of the most (favourable flow parameter values: p = p, p, ; p,
— repetition of the wind directions, normal (perpendicular) to the element
longitudinal axis; p, — repetition of the vortex excitation critical veloc-
ity values (2).

Parameters, entering formula (13), are specified according to the
exploitation technological requirements n and the data of long-term
meteorological observations p, and p, , which characterize the climatic
peculiarities of the construction site (microzoning).

An Example.

The tower tubular element has the period of natural oscillations 7" =
0.33 sec. The vortex excitation critical velocity, calculated according to
formula (2) is V= 3 m/sec. The area of vortex excitation acroelastic self-
oscillation syncilronization (1) is characterized by the interval of the flow
velocity change V' =2.7... 3.3 m/sec. The analysis of meteorological data
allowed to fix: p, = 0.11; p, = 0.015 . We take basis cycle numbern =2«
10°. Consequently, due to formula (13), we find

t=2-10°x 0.33/(0.11 x 0.015) =12.8 years.

This estimation is proved by the results of the existing tower structure
inspection. After 14 years of exploitation the fatigue cracks in some joints
were found out.
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Fig. 1. The dependence of relative length l/d on the wind flow velocity V for
the four types of element calculated schemes (table 1) with different types
of cross-section. The scales along the ordinate axis are numbered according
to cross-section form numeration in table 2

References
1. Kazakevitch M.I. The Bridge aerodynamics. — Moscow: Transport,
1981.
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THE AERODYNAMICS OF A HANGAR MEMBRANE ROOF*

1. Introduction.

The formation of local suction zones on the roofing surface with a
very high pressure intensity is a distinguishing peculiarity of the mem-
brane roofing structure wind flow. This peculiarity was paid attention to
in Ref. [1]. The sensitivity of large sized membrane roofs to the non-uni-
formity of the wind pressure distribution over the surface requires special
attention in order to ensure structural stability.

The roof for the hangar at Riga Airport in the form of a cylindrical
membrane roof of 108 x 60 m (Fig. 1), was chosen due to the following
factors:

(1) low cost;

(2) low material consumption;

(3) technological effectiveness;

(4) the possibility of covering a large area without intermediate sup-
ports.

The design of the hangar with a cylindrical membrane roof was worked
out at the Melnikov Institute, Moscow. The presence of the three-panel
hangar door, suspending an overhead truss of 108 m span, introduced the
possibility of wind pressure acting both on the upper and lower surfac-
es of the membrane roof. The membrane roof erection was realized by
means of separate steel bands of 65 m length and 6 m width. These two
factors determined the programme of the experimental investigations of
the roofing model in the wind tunnel.

2. Model description.

The roof models were made on a scale of 1 : 250 and intended for the
determination of the wind pressure distribution along the upper and lower
roof surfaces in the wind tunnel and also for the visualization of the wind
flow over the roof surface (Fig. 2a).

To obtain the local pressure values at different points on the roof
surface, each half of every model was instrumented with pressure taps
at 62 points (Fig. 2b), and the erection strip model at 31 points. Here, to
obtain the pressure distribution along the upper surface, the roof model
was pressure tapped from the bottom, and to obtain it along the lower
surface it was pressure tapped from the top. The pressure tap holes of

*OnyomukoBano B k-me «Journal of Wind Engineering and Industial
Aerodynamicsy, Ne 77, 78, 1998, ELSEVIER, Hunepnansl, a Takxke B K-Je¢
«UW3B. An Jlate. CCP», Ne 6, 1987, Pura.
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I mm diameter were situated in such a way that the maximum density

of the pressure values should be in the presupposed zones of maximum

suction (Fig. 2). Each of the taps was connected by tubing to a multiple

manometer. The models were installed on the rotating circular screen. It

allowed to model the slip angle of the wind flow in the range =0 to 180°

with the pitch AR =22.5°. The flow velocity in the wind tunnel was
V'=20-25m/s.

The turbulence of the flow was generated by a grid which was placed
at the wind tunnel nozzle section. The grid, made of a 20 mm diameter bar
with 90 x 90 mm cells guaranteed a flow turbulence intensity € = 8%. The
methods for carrying out these tests are described in detail in Ref. [2].
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Fig. 1. The hangar structural scheme
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3. Experimental results.

As aresult of the experimental investigations considerable information
was obtained on the wind pressure distribution along the upper and lower
roofing surfaces, the total values of the pressure at the opened hangar
door, also during the erection stage in the absence of the wall «guardrail»
and the doors. The isobars-for the three most characteristic wind flow
directions are presented in Fig. 3.

The integral aerodynamic coefficients ¢, c,, c,, in the coordinate
system ox,y z, (Figs. 2 and 4) were calculated by means of the integration
over the appropriate surfaces:

X 1 1 124
C,=—L=—[pcos(n,x)doc =—>3 p,cos(n,x)Ac,, (1)
qS qS S =
By analogy 1 124
C,=—Y p,cos(n.,y )Ac,,
2 S Epz ( i yl) i (2)
1 124
C = S 2. p;cos(n;,z,)Ac,, (3)
i=1

where S is the area of the horizontal projection of the model roofing sur-
face, p, the pressure mean aerodynamic coefficient at point i p, = p/q,
p, the net pressure at point i, g the reference dynamic wind pressure:
q=pV?/2, p the air flow density, ¥ the velocity of the undisturbed flow,
A o, the area of the roof element around point 7, and n, the normal to the
surface at point i.

The aerodynamic coefficients in the system of coordinates oxyz (Figs.
2 and 4) were determined by means of the relations:

C,=CcosP; C=C,; C =C;sinf. 4)

The distributions of the pressure and integral acrodynamic coefficients
are shown in Figs. 4 and 5, respectively.

The following rule of signs was taken to represent the local coeffi-
cients of pressure p. in Figs. 3 and 4: ( + ) pressure on the upper and lower
surfaces; (— ) suction.

For the net values the sign is taken as applied to the upper surface.
Along with the instrumental measurements of the aerodynamic forces vi-
sual investigations of the model upper surface flow, for different flow di-
rections were carried out. The visualization of the flows was realized by
means of India ink drops put on the model surface.
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Fig. 3. Isobars on the membrane upper surface for three most characteristic
wind flow directions: (a) p=0° (b) f=45° (c) p=180°

4. The analysis of the experimental results.

The following conclusions were drawn from the experimental results.

1. When the gap under the visor exists, the door position does not in-
fluence the aerodynamics, due to the existing flow through the gap. Those
are the areas of considerable suction along the surface of the roofing,
which are characterized by the integral aerodynamic lift coefficient C =
1.4. The stagnation pressure inside the hangar is characterized by the cor-
responding coefficient value |C e | =0.85.

The pressure distribution along the lower surface is generally uniform
and depends only on the flow direction. The dependence of the average pres-
sure coefficient on the surface in the flow direction is given in Table 1.

2. At sufficient pressurization of the hangar, when the excessive pres-
sure inside the hangar is zero, the pressure distribution along the roofing
upper surface can be presumed to be calculated.

_ 3. Maximum local pressure is discovered at B = 45° and consists of
| pl = 0.86 along the lower surface, | [3| =4.11 along the upper surface;
the total value is 13| =497

4. The flow turbulence in the wind tunnel reduces the pressure inten-
sity except in the range of slip angles — 30° < 3 < 30°. In the given slip
angle range the turbulence is ineffective due to the flow excitation force
during its separation from the front contour beam.
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Fig. 4. Pressure distribution on the membrane roofing surface: (a) the stage of
erection (in the absence of the wall guardrail and hangar door), f=0; £=0.5%;
1 — on the upper surface, 2 — the net values on the upper and lower surface;
(b), (c) the completed stage (on the upper surface); 3, 4 — in section (a);
3 = =90, £=0.5 %; 4 — =90, £=8 %; 5 — f=180, £=0.5 %; 6 — =180, =8 %;
7 — p=0, £=0.5 %; 8 — p=0, £=8 %; 9, 10 — in section (b); 9 — =90, £=0.5 %;
10- =90, &=8 %
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Fig. 5. Integral values of the aerodynamic coefficients (V=25 m/s):
1 — the service stage, e=0.5 %; 2 — the service stage, =8 %;

3 — the erection stage, =0.5 %

Table 1
Values of the pressure average coefficient
o P(deg)
& (%) 0 22.5 45 | 67.5 90 | 112.5| 135 | 157.5| 180
0.5 0.88 [ 0.82 [ 053 ] 0.14 | -0.28 [ -0.22 [ -0.20 | -0.19 | -0.16
8 0.83 | 0.85 [ 0.53 | 0.12 | -0.28 | -0.28 | -0.20 | -0.17 | -0.18
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5. As is known, the turbulence scale, corresponding to the structure
height is approximately L = 50 m. Therefore, from Ref. [3], using the re-
lation L _/h = 1.8-2.0, the membrane roofing ﬂow is self-modelled as far
as the turbulence scale is concerned.
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Fig. 6. Visualization of the membrane upper surface flow: (a) f=0 and =22.5°;
(b) B=45% () p=67.5% (d) f=90°; (&) =180°% (1) p=45° (c=8 %)

6. The of the roof flow reflects sufficiently the interaction of the flow
in the boundary layer with the roof surface:

» at the slip angle B = 0° and p =22.5° the flow separates from the roof
front edge, without interacting with the roof surface (Fig. 6a);

* at B = 45° the most intense interaction of the flow and roof surface is
observed (Fig. 6b). The flow accelerates (except for the areas adjoining
the sharp edges) due to the smooth bending of the roofing cylindric sur-
face. The flow is divided into two directions. The shapes of the India ink
traces and their spreading show the non-separated character of the flow in
the boundary layer. The directions of the flow lines can be determined by
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means of trace narrowing;

* at B = 67.5° a rotating flow is formed along the roof near the side
edge on its surface (Fig. 6¢);

 at B = 90° the spreading character of the ink traces shows the flow
re-attachment and the weak flow interaction in the boundary layer with
the surface (Fig. 6d);

e at B = 180° there is a local separation area and an adjoining area of
flow «reattach-ment» (Fig. 6¢);

* the flow turbulization at = 45° (¢= 8%) promotes the formation of
the local zones of separation (Fig. 6f).

(7)Thecharacteroftheroofflowintheerectionstageinthe flow direction
B = 0° is as follows: along the upper surface the pressure is distributed
uniformly and changes in the range 0.5-0.55; along the lower surface (on
the windward side) - there is an area of the active pressure; on the lee-
ward side - an area of suction. The distribution of net pressure reflects the
interaction of the pressures along the upper and lower membrane roofing
surfaces in the absence of the wall guardrail.

The areas of the suction at = 45° were again present, where the inten-
sity of the net pressure reached an extremely large value:

P,/ =523.

The existence of vast zones of negative pressure (suction) on the
membrane roof outer surface in its medium part required the elaboration
of some special measures for the membrane roof in the wind flow, pre-
venting the possibility of the membrane «buckling». It can be achieved
by means of both traditional, structural methods and original, aerody-
namic ones.

The structural methods include such measures as: loading the mem-
brane roof with reinforced-concrete plates or concrete blocks with further
control of the membrane supporting power; setting of additional inclined
or vertical guys in definite places. Structural method of stabilization was
used.

5. Methods of calculation of the wind loads.

The methods of calculation of wind loads include the following:

1. the stressed-deformed condition of the membrane roofing as a result
of the wind effect is determined by means of the membrane loading with
the wind pressure coefficients;

2. the supporting structures of the membrane roof are calculated with
the help of the integral aerodynamic coefficients in the correlated coor-
dinate system, calculated by means of the integration over the membrane
surface;

3. the membrane roof fastening to the framework is calculated based
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on the maximum local pressure of the wind |p_ |~ 5.0;
4. the hangar wall guardrail is calculated using traditional methods;
5. the control of the membrane roofing local stability is performed on
the basis of the local wind pressure coefficients.

6. Calculation methods of the membrane system natural dynamic
characteristics.

The approximate dynamic calculation of membrane roofs (Fig. 7) can
be based on the complete Vlasov equations for the stressed-deformed
condition at the space frame [4]. In Ref. [4], the general formula of the
natural frequencies is given by

1 ':; = IE-III :r[ [ - 1 Ik
1w = I"‘l:! U ]

+ E} |_I. Simalt + k(n b ] f.‘

_ it R 5
[(enfa)® 4 (nf hi? ]' [lf.lrm_-::b' < (nu/by ]t ( )

LA Cfamhy
t -NI_‘F._} -+ "'-_‘l:‘zj] "
where ©  is the natural frequency due to mn-mode of oscillation, £ is the
modulus of elasticity of elongation, v is the Poisson ratio, m is the mass
of the unit area [1 m*] of the membrane, m, = ph, p is the mass density
of the membrane material, p = y/g, y is the membrane material density, /
is the membrane thickness (m), k; is the membrane curvature, k, = I/R,
R is the membrane curvature radius in the non-deformed condition (Fig.
7), C is the elastic foundation coefficient, a is the membrane dimension
along ox axis, b is the membrane dimension along oy axis, N, is the dis-
tributed normal force along the ox axis of the contour, and N, is the dis-
tributed normal force along the oy axis of the contour.

Fig. 7. Scheme for the dynamic calculation of the membrane roofing
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Formula (5) takes into consideration the additional masses on the roof-
ing surface, such as additional loads, snow, technological equipment, etc.
In this case the equivalent mass m is

nleq = mO 1 p/ga (6)

where p is the weight of 1 m? of the load, snow, etc. of the additional
masses. For sloping flexible membranes formula (5) may be considerably
simplified. In particular, the first three terms are far less than the latter
two terms and the formula may be reduced to

Mo, = N (mn/a)® + Ni(nn/b)>. (7)

Fig. 8. Diagrammatic representation of the first six modes of the cylindrical
membrane roof oscillations

Both formulae given here are correct for a hinged contour, which is appro-
priate for the real membrane roofings (Fig. 8). Timoshenko gave a formula
for the membrane natural frequency determination analogous to Eq. (7).
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In spite of the simplicity of formula (7), the determination of the nor-
mal forces Ni for the rectangular plan membrane entails some uncertain-
ty. In this case the distribution of the normal forces along the contour
is non-uniform and the operation of the membrane itself is non-uniform
also. As is known, zones of increased stresses exist at the roofing corners.
These influence the static deformation in the mid-zone and the membrane
roof oscillation modes. The non-uniformity of the normal forces along the
contour also affects large zones where there are considerably reduced val-
ues of stress near the contour. The existing connection between the mem-
brane roofing static deformations and natural frequencies is confirmed at
least for the lowest oscillation mode in Ref. [5]. In Ref. [5] methods of
frequency determination regarding the membrane configuration are sug-
gested. As the highest estimate of the natural oscillation period due to the
first mode the formula

T!I :'5; 2‘\,-" Hmax (8)

is given, where g is the maximum value of the flexible deflection due to
the force equal to the weight (along the oscillation direction).

Table 2
The membrane oscillation natural frequency values
Oscillation frequency (Hz)

Oscillation mode Calculated values Experimental values

Model Real structure Model | Real structure
fym=1;n=1) | 1.77/4.55 0.354/0.91 4.9 0.98
f.(m=1:n=2) 2.64 0.528 — -
fo(m=2:n=2) 3.53 0.706 6.5 1.3
f.(m=1.n=3) 3.65 0.730 7.35 1.47
f(m=2;n=1) 2.93 0.586 9.35 1.87
f.(m=3;n=1) 4.18 0.836 12.35 247

Thus, the approximate estimation of the membrane natural frequency
sequence by the analytical method is connected with the analysis of the
influence of the diagrams of the normal force on the contour, which change
due to the law of «uniform distribution plus the distribution along the square
parabolay. Such a distribution of the normal forces along the contour has
not yet been discussed and requires investigation. The alternative method
is connected with the experimental determination of the real structure of
the normal force distribution along the contour and the estimation of the
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membrane natural frequency for the maximum value N, or through use
of the data for the membrane roofing static deformations at a given load
and their connection with the natural frequency (according to Illenko [5]).
Therefore, the local dynamic tests together with the elaboration of the
membrane roofing dynamic characteristics give reliable estimation of the
natural frequency from results of both static and dynamic operation of the
structure.

7. Experimental determination of the dynamic characteristics.

A model with maximum possible similarity to the geometry and
load was made on a scale of 1:25 from 0.12 mm steel. It reproduces the
rigid and elastic properties of the real membrane roofing and has in-plan
dimensions of 4320 x 2400 mm. The structural scheme of the hangar
model represents the real structure reliably (Fig. 1). For instance, it
contains the curvilinear longitudinal girders, the above-door truss with
the portal columns along three sides of the hangar building, joined along
the membrane supporting contour with the truss by means of continuous
beams. The membrane with gusset plates attached by high-strength bolts
is placed on the model supporting contour elements. Two methods of
membrane oscillation excitation were used:

(1) impulsive excitation (dropping a load), and

(i1) forced vibration.

The experimental investigations were carried out at the Dnepropetrovsk
Institute of Steel Constructions in accordance with a program designed and
executed by the author, Z.A. Shulman, I.Z. Shulman, V.J. Stoljar and E.A.
Neiman. The membrane oscillation frequencies, modes and logarithmic
decrements were determined in the process of model dynamic testings.
The results of the experiments and the calculated values are given in
Table 2 [6]. The calculated frequency values given in the denominator
were obtained according to formula (8), and the rest according to
formula (7). Therefore, the determination of the membrane oscillation
natural frequencies according to the maximum values of the forces in
the membrane N, and N, (7) gives considerably reduced results. This
conclusion supports the dynamic calculations based on the membrane
roofing displacements.

The membrane natural frequency scale, proceeding from the adopted
scales of geometry, load, forces, stresses, displacements of Poisson’s
ratio, was 5:1.
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THE INTERACTION OF WIND WITH
THE ICE-COVERED STRUCTURAL ELEMENTS*

1. Introduction.

This problem presents the most strike example of unfavourable
influence of the interaction of two meteorological phenomena — wind
flow and glare ice-and-sleet accretion — on the durability and reliability
of the structures.

At all other equal conditions the structure icing deteriorates their wind
flow-around:

— the components of wind load increase;

— the values of the critical velocity of the aeroelastic instability
phenomena reduce. Its major reason is connected with the change of the
structure element cross-section form.

2. The Formation of the Glaze Ice-and-Sleet Accretion.

The formation of the glaze ice-and-sleet accretion on the structure
elements of different application, especially on the cable, transmission
lines is connected with the setting and freezing of supercooled water drops
in the rain medium or in the fog, wet snow at the water stream sublima-
tion [1]. Depending on the processes of the accretion for-mation, the types
of the element icing are divided into groups and subgroups according to
the physico-genetic classification of the ground icing made up by A.D.
Zamorsky (see Table 1).

The major factors, which influence the formation of the glaze ice-and-
sleet accretion, are the following:

— the element high level position mark;

— the characteristic dimensions of its cross-section - diameter, height,
width;

— the wind velocity and direction;

— the character, of the underlying surface — forest, pond, plain, etc.;

— the meteorological conditions — temperature, humidity, precipita-
tion.

*Omy6mukoBano coBmecTHO ¢ N.1O. I'padpcknm 1 A.T. Bacunenko B Tpymax
Mexaynaponsoit Kondepenmuu « Atmosphetic Icing of Structures» ITWALIS,
1998, PeiixbsBuk, a Taxke B Tpynax 12 Konrpeca IABSE, 1984, Baukysep.
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Classification of Ground Icing

Table 1

Group

Process of ground
icing formation

The conditions
of the process

Type of icing

lLa

Lb

Water steam subli-
mation — water
steam transforms di-
rectly into ice, escap-
ing the stage of water

Steam sub-
limation into ice

Rime; sometimes
also crystal sleets

The same, at fog

Crystal sleet

1l.a

IL.b

Crystallization of the

supercooled water - be-
cause of the setting and
freezing of the super-
cooled water drops

Freezing of
fog drops

Granulated sleet

Freezing of driz-
zle and rain drops

Glaze ice

IIL.a

ILb

Crystallization of the
unsuper-cooled water

— at the setting and freez-
ing of unsuper-cooled
water and wet snow

Freezing of rain
or melted water

Frozen water

Freezing of
wet snow

Frozen snow set-
tling (icing fields)

The variety of the real forms of the glaze ice-and-sleet accretion based
on the long-term observations and also the geography of the glaze ice and
sleet on the territory of the Commonwealth Independent States is fully
presented in the Icing Atlas [2]. The most characteristic forms are pre-
sented in Fig. 1.

Fig. 1. The characteristic forms of the glaze ice-and-sleet accretion

on the structure round elements
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The type of the glaze ice-and-sleet accretion depends on the dimensions
of the drops and their freezing velocity at the moment of their touch with
the structure elements and also on their space orientation and closeness
of the water reservoirs. At the settling of the large drops the freezing runs
slowly at the temperature close to 0°C. The large drops are spreading and
forming the water film, frozen as smooth ice settling — glaze ice. As the
meteorologists confirm [7], glaze ice appears at temperature 0°...—3°C.
As a rule, this type of settling is observed on the horizontal and sloping
elements.

The influence of the wind velocity on the repetition of the accretion
formation of different types is shown in Fig.2.

Repetition, %
—
90 —1T—1TT1TT 2~
i L e 3-_
\ p——— |
20 Poa—=i—
Tt
Wﬁh‘ﬁ

a 2 4 & 8 10 12 14
V mis

Fig. 2. The repletion of the glaze ice-and-sleet accretion formation of different
types (see Table 1): 1 — rime, 2 — crystal sleet, 3 — granulated sleet,
4 —glaze ice

The investigations shown that the metal on the lines and its surface
condition (corrosion) doesn’t influence the dimension and weight of the
settled ice. The form of the glaze ice-and-sleet accretion at the icing of
the lines depends considerably on the oscillation amplitudes in the wind
flow, as it is shown in Fig.3.

<9 (Y

Fig. 3. The cross-section of the ice-covered line: a — at the fastening place;
b —in the centre of the span
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3. The Selection of the Models.

3.1. The analysis of the glaze ice-and-sleet accretion form on the
structure elements allowed to choose four the mosl characteristic types of
the icing field models on the basis their generalization [8]. These models
differ in geometrical dimensions (the relative elongation of the cross-
section form) and in the surface structure. These qualities of the models
are conditioned by the physical processes of the glaze ice-and-sleet
accretion formation. The form (geometry) of the accretion is characterized
by the velocity of the glaze ice freezing and formation. It is reflected in
the dimensions of three first models. The fourth model corresponds to the
accretion formation of the sleet type at the freezing of small drops without
their spreading. The air bubbles remain between the freezing ice-drops,
therefore the sleet surface is rough with ‘separate bulges and grooves.
Also the glaze ice accretion forming at the sticking of wet snow have the
same surface texture. These types of accretion are characteristic not only
for the horizontal or sloping,

The models are made of foam plastic and covered with nitro-cellulose
enamel. Their geometrical parameters are given in Table 2.

Table 2
The Geometrical Parameters of the Models
Cross Cen- Characteristic Lower edge
Neof | Chordb, | . : tre posi- | of the section . S
dimension, . . radius, R,
models mm d tion, X, elongation,
, mm -5 mm
mm c=d/b
1 62,5 50 25 0,80 16
2 75,0 50 25 0,67 9
3 110,0 52 26 0,47 6
4 120,0 46 30 0,38 2

4. The Experimental Investigations.

4.1. The Aerodynamics Loads.

The aerodynamic drag coefficient ¢, lift coefficient C and longitu-
dinal moment m_ were received by the weight method by means of the
measuring of the corresponding aecrodynamic forces X, ¥, M, on the three-
component tensometric balance:

c =X . v . _M,

f=——3 c, 6 =—>: L=
gS A it gSh

where ¢ - is the velocity head, ¢ = pV7?/2; S - characteristic model area,
S =1b; b - model chord; p - air tightness. The model wind tunnel tests were
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carried out at the flow velocities V' = 10...40m/sec. The corresponding
Reynolds numbers are Re = (0,4...2,6)10°. The angle of attack changed in
the range a= 0... 180°, and the turbulence intensity — = 0,5...8% .

4.2. The Influence of the Flow Turbulence.

To receive the aerodynamic characteristics maximum close to the
real conditions of the structure element flow-around by the atmospher-
ic ground turbulent flow, the air flow in the wind tunnel working sec-
tion was turbulizated by means of special nets with the cells of different
dimensions and different diameters of the wire. These nets were set up in
the wind tunnel nozzle section. The degree of the flow turbulence is aver-
aged after the measurements by means of the hot-wire anemometer lon-
gitudinally and transverse to the flow in the model location area at least

in 10... 12 points. The parameters of the turbulating nets are given in Ta-
ble 3.

Table 3
The Parameters of Turbulating Nets

Cell dimensions, mm 60x60 | 30x30 60x60 50x50 90x90;

Wire (bar) diameter, mm | 0,5 0,5 6 10 20

Flow turbulence

degree €, % 0.8 1,5 2,5 6,0 8,0

4.3. The Experimental Results

The results of the experimental investigations of the models in the
wind tunnel are presented in. Fig.4.

These models turned out to be the most sensitive to the, air flow effect;
it is confirmed by the character of the lift force change with the increase
of the angle of attack.

Three regions of the angles of attack 0 < o, <15°, 85 < a, < 95° and
120 < a,<160° were discovered, where the negative gradient ¢’ = dc /da
surpasses by far the drag coefficient. ’

5. Conclusions.

The analysis of the wind tunnel test results of all the models made
possible to come to the following conclusions:

— there are three major regions of angles of attack, where the appearance
of the aeroelastic instability according to Den-Gartog (self-oscillations of
galloping type) is possible;
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Fig. 4. The aerodynamic characteristics of the models
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— the critical velocity of galloping is minimum for model Ne2 at the
angles of attack in the region a, (c“ te =7 6) and also for model Ne3
at the angles of attack in the reglon o, (c“y+ c. =—8,15);

— the flow turbulence stabilizes c0n51derably the aero-elastic instability
according to Den-Gartog; thus at € =8% the appearance of aeroelastic
self-oscﬂlatlons is possible only at the angle of attack in the region a, (c*

=-2,5) and the critical velocity is 1,75 times higher than at &€ =0, 5%
(C" +C=-14];

~ the prediction of the criteria of the appearance and parameters of
aeroelastic self oscillations according to Den-Gartog at the glaze ice-and-
wind loads can be realized due to formulae [5]: for the critical velocity

voo- 2m do

-l v, Jpd

and for the amplitudes

2KV * vV
ad = l - or
@V, V

T

where 6, m, w, d are, correspondingly the oscillation logarithmic
decrement (at /= 0), linear mass, natural circular frequency of oscillations
and midship section (at a = 0).
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CTABWIM3ALIAS BAHT IIPU JEACTBAU BETPA
N NNOABUKHbIX HAI'PY30K*

JluHamuueckasi cTaOUIM3anus BAaHT — 3TO KOMIUIEKC PACUETHBIX KOH-
CTPYKTUBHBIX M OpPraHWU3aI[MOHHBIX MEPOTPHUITHH, 00CCIIeUNBAFOIIUX
Mpe0TBpallleHHe BOZHUKHOBEHHSI PE30HAHCHBIX KOJIeOaHUH JII000H n3
BaHT TP MOHTAXXE CUCTEMBI UJIU ITPOJICTHOTO CTPOCHUS, a TAKXKE B IIPO-
1ecce dKCIUTyaTanud MocTa. [I[pUdauHbI, BBI3BIBAIOIINE KOJICOAHUS BaHT,
pa3InyHbI:

— a’poympyrasi HEyCTOMUHUBOCTb BAaHT B BETPOBOM IIOTOKE;

— JIMHAMUYECKOE MMOBEJICHUE MMUJIOHA TIPU B3aUMOJICHCTBHH €T0 C BET-
POBBIM TIOTOKOM;

— IMHAMUYECKOE TIOBEICHNE TIPOJIETHOTO CTPOCHHUS B IOJIE BETPOBBIX
U TIOIBUYKHBIX HATPY30K;

— roJIOJNIEI0-U3MOPO3EBbIC OTIIOKCHUS HA BAHTAX;

— B3aUMOJICHICTBHE BAHT C BETPOBBIM MOTOKOM TPH JUBHEBBIX JOXK-
JSIX.

ABTOpamMu pa3paboTaHbl CIIOCOOBI CTAOWMIM3allMd BaHT, KOTOPHIC
MO3BOJISIIOT  CO3/[aBaTh BAHTOBBIE CHCTEMBI, OONAJAIOIINE BBICOKOH
3¢ (EKTUBHOCTHIO, PEMOHTOIPUTOAHOCTBIO, 3CTETUYHBIC, POCTHIC B U3-
TOTOBJICHUHM M MOHTAXEC, 6C3OH3CHI)IC AJI ICHICX00B U TPAHCHOPTHBIX
CPE/CTB, MIOYTH HE TPEOYIOIINE IKCILTyaTallMOHHBIX 3aTpar.

OTU cUCTeMbl OBUIM peajr30BaHbl Ha JIByX OOJBIIMX BaHTOBO-
OanouHbIx MocTax B Pure uepes p. JlayraBy u B Kuese uepes p. uemnp.

OO NpUHIUT ASHCTBUS CUCTEM CTAOMIN3aIllUU BaHT HA STHUX MO-
CTax — BOBJICUCHHUE B KoJcOAHHs BO3MYIIECHHON BAaHTHI COCCTHUX BAHT.
IIpu 3TOM dHEprusi KoyeOaHusi BO3MYIIECHHON BaHTHI mepepacipesess-
€TCS Ha COCEJIHUE BAHThI M OueHb OBICTPO 3aryxaeT. JKecTkue pacrop-
KW, OOBEIAMHSIONINE W30JMPOBAHHBIC BAHTHI 110 ONPEICICHHBIM 3aKO-
HaM B €IMHYIO0 BAaHTOBYIO CUCTEMY, B y3JIaX COJEPXKAT JOTIOIHUTEIHHBIC
WCTOYHHKH TIOTJIOIIEHHS SHEPTHH KoJIeOaHHid, yTo MmoBbImaeT 3G dexTus-
HOCTb I[PIHaMPI‘IeCKOfI CTa6I/IHI/I3aHI/II/I BaHT.

Knaccudpukamusi cnoco6oB craduamzanuu BaHT. [y ruOKux
3JIEMEHTOB, pa0OTAIOIIMX MPESUMYIIIECTBEHHO Ha pacTsDKEHUE (THIIA KaH-
TOB M BaHT), KPUTHUYECKAsi CKOPOCTh BUXPEBOTO BO30YkKICHUS MEHbIIIE |
M/c, T.€. TaKoe BO30YKJIEHUE BO3HUKHYTH HE MOXKeT. B To jxe Bpems a’po-
yIpyrasi HEyCTOMYUBOCTh MOXET MPUBECTHU K «IUISICKE» 3TUX DIIEMEHTOB,

*Omy6mukoBaHo coBMecTHO ¢ A.JI. 3akopoii B xk-1e «BecTHHK MocTOCTpOe-
Hus», Ne 2, 1998, Mockasa, a Takke B xk-ie «Journal of Wind Engineering and
Industrial Aerodynamics», Ne 74-76, 1998, ELSEVIER, Hunepnaasr.
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aHanornyHoi BuOpauuu nposonos JISII B BerpoBom notoke. Hanbomnee
BEpOsTHAS TPASKTOPHSI KOJIOaHNI KaHATOB, KAK TTOKA3bIBACT aHAIH3 MHO-
TOYMCIICHHBIX HAOIIONEHUH, — DJUIATICHI C BHITAHYTOH B BEPTHUKAIBHOMN
IJIOCKOCTH OChI0. [IpoTnBOda3HbIe KoIeOaHs IBYX COCEIHMX KaHATOB
MIPH HEYCTOWYMBOCTH THIMA IUICKW» PaBHOBEPOSTHBI cuH(pa3HbIM. VX
AMIUTATY/IbI TOCTUTalOT 3HaueHu# @ = a/d = 2+10 unmm a = (0,010,001)L,
rae d — auaMeTp KaHata, L — ero JUInHa.

Konebanust kaHaTOB BBI3BAaHBI HE TOJIBKO BETPOBOW HArPYy3KOH, HO H
MTOJIBMKHOM, BO3/IEHCTBYIOLIEH Ha HUX Yepe3 MPOJIETHOE CTPOEHUE (HUXK-
HSsI TOYKA KPETUICHUS KaHaTa) U Yepe3 MUIOH (BEPXHSIA TOUKA KPETIJICHUS
KaHara). B cBsi3u ¢ 3TUM TpedyeTcst pa3padoTaTh MEphI 10 CHHKECHHUIO aM-
IUIATYJ KojleOaHU| BaHT B MPOLIECCE COOPY)KEHHsSI M IKCILUTyaTallui BaH-
TOBBIX MOCTOB.

Pa3nooOpa3Hble criocoObI TameHus KoieOaHuii BAHTOBBIX MOCTOB H
UX 37eMeHTOB [1-3] Ha cTaguu Kak COOPYXEHHs, TAK M SKCILTyaTaluu,
YCIIOBHO MOXXHO ITOJIPA3/EIUTh Ha IWHAMHYECKHE, KOHCTPYKIIHOHHBIE,
KOHCTPYKTHUBHBIC U adpoauHaMudeckue (puc. 1).

JlnnamMudeckne CriocoObl TameHus KojieOaHuii OCHOBAaHbI Ha MPUCOE-
JMHEHUH K JieMIT(pUpyeMoli KOHCTPYKIIHU (OCHOBHOI Macce) ¢ TTIOMOIIBIO
YOPYTOH CBS3U JOMOJHUTEIHLHONW MacChl, COCTABIAIONIEH HE3HAYUTEIb-
HYIO JOJI0 OCHOBHOHM. JIOMOJHUTENbHAsI Macca C DJIEMEHTaMH CBS3EH
MpeAcTaBisieT co00i AMHAMUYECKUH TracuTeNb KojdeOanuid [3].

Konempyxyuonnoe demngpuposanue NpoOUCXOOUT B PE3yNbTaTe HEP-
TFeTUYECKUX IOTEPb, BO3HUKAIOUINX BCJIEACTBHE JEMCTBHUSA CHII CYXOIO
TPEHUS Ha KOHTAKTHBIX IMOBEPXHOCTSAX B PA3INYHBIX y3J1aX, COCTUHCHU-
SX, IIBaX, ONMOPHBIX YacTSIX U APYTHX DJIEMEHTAaX MOCTOBBIX KOHCTPYK-
IAH TP BX KoJieOaHmsIX [2].

KoncmpykmusHuvle cnocoduvl eawienus Konebauui TIperycMaTpHUBa-
FOT U3MEHEHHUE PacUCTHONW CXEMBI, TIOBBIINICHUE U3THOHON U KPYTHIIBHON
KECTKOCTH | T.II. [2].

Aspoounamuyeckoe eauienue KoreOanutl JTOCTUTACTCS U3MCHEHHEM
Xapakrepa 00TeKaHHsI COOPYKEHUI WM MX OTACIBHBIX JIEMEHTOB BET-
pOBBIM mOTOKOM [1,3].

[TpuHnUnUanbHOE OTIUYUE adPOJUHAMHUYECKOTO crocoda OT OCHOB-
HBIX 3aKJIIOYAeTCs B TOM, YTO OH YCTpaHSET NMPUYHMHY BETPOBOIO pe30-
HaHCa, CYILECTBEHHO M3MEHSS XapaKTep OOTeKaHUs! COOPY)KEHHs BET-
POBBIM TIOTOKOM.

dusuyeckass Moledb JHHAMHYECKOT0 MOBeleHUs BaHThI. lc-
XOJl U3 peaNbHOI paboThl BAaHTHI W YUWTHIBAS MIEPEUHCICHHBIE OCHOB-
HbIE€ MCTOYHWKN BO30YXJEHUs KOIeOaHWid, C JOCTATOYHOH CTETICHBIO
JOCTOBEPHOCTH MOYKHO IPUHSATH B KadeCTBe (PU3MUeCKON MOJICITH CHCTe-
My, IpUBEJIeHHY0 Ha puc. 2. CTpenakaMu oKa3aHbl BO3MOXHBIE KoJieOa-
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HUS MTUJIOHA, BAHTBI U MTPOJICTHOI'O CTPOCHUA MOCTA 110 INIaBHBIM HAIlpaB-
JICHHUAM: B IINTIOCKOCTHU MOCTa U U3 IIJIOCKOCTHU MOCTA.

— Konebanws
| — KOMCTRYXLRE
|
AuHammnveckoe
FALLMHHE KORSGanER KoMCTDYETHBRBIE
ABPOgHHIMHYECKDE cnp.a}:mﬁu
rawenHe FELLEHAE
komefanmi Auuaruyeckde koneBanui
FACHTEMN KOme0ammd
KoncTpyxtHaHoe |[— flossiweHHe
rawiexue L AHHaMEYECEHE MArHOHON
roneGanui | |nernoruremn xoneta- M KPYTHALHOA
| HeE {gesmniens:) WMECTKOCTH
|
Aemngreps
B ONODQHEX y3nax |~ YinapHee Hamananwe
M ONMOPHBN YECTRX T
racHTent Konedanni pa;;:‘::nn
CMMhe Db
A 8 ﬁﬁaf | OrpanpuHTan ¥otpodcTeo
H COEAMMEHHEY komeGanni AORONHH TN
CAOpHBIE TOYEK
Bubpo- ParyaqpyemMoie
nornowaowwe |FacHTEnM C SETOMETH-|-= Yoranoska
MOKDETHR YEOKOH HICTDOREDR OTTAREK

Puc. 1. Knaccugpukayus cnoco6oé 2auienusn Koned6anuit Mocnoe

U ux ljiiemenmoes

e

Puc. 2. @uzuueckan mooens éanmul: 1 — nanpasienus Konedanuil nUIOHA;
2 — mo yce sanmul; 3 — mo JHce NPOIEMHO20 CMPOCHUSA
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HauOonbiyto OMacHOCTh MO YCTAJIOCTHOW MPOYHOCTH BAaHTHI
MPECTABISIOT KOJIeOaH!sI, BEI3BAHHBIC TUHAMUYCCKHM MOBEJACHUCM ITH-
JIOHA M TIPOJICTHOTO CTPOCHHUSI IIPU CIICTYFOIIUX COOTHOIICHUSIX YaCTOT:

— MapaMeTpUIeCcKue Pe30HAHCHI 05f

o

"710,5¢,;

OOBIYHBIC PE30HAHCHI

e f; f W f —dactora KoneOaHUi COOTBETCTBEHHO BAHTHI, IIMJIOHA
MIPOJIETHOTO CTPOSHUS MOCTA.

Kak moxa3siBaeT aHanm3 [4], MaKCUMAaJIbHBIE aMILTUTY/IBI KOJIEOaHHHA
BaHTBI MOYXHO TIPUOIIMKEHHO ONPEAEIIATH 10 (hOopMyIIaM:

— TIpH OOBIYHBIX PE30HAHCAX

al 1KLY al-l

HMAM 3, sE— AR [L=—"
i

YH My
— IpU APaMETPUIECKUX PE30HAHCAX

aun-iz,ﬁa,mr_ MAM anaz 2a,L
T It

3mece m_ — Macca BaHTBI; T, —— Macca MAJIOHA; & — COCTABISIOMIAs
aMIUIUTYAbl KOJICOAaHUHM COOTBETCTBEHHO IMJIOHA M IPOJETHOIO CTPOE-
HHUSI MOCTa BIOJb KPUBOH AB (cM. puc. 2); L — mirHa BaHTHI.

Junamuyeckoe rameHue Kkojgedanuii BaHT. [IpocTeifmuit
JMHAMHUYECKUH racuTelb, KOTOPBI MOYKHO MCIIONIL30BATH JIJIsl TAIllCHHS
kojiebanuii BanT Tuna Stockbridge damper mpeacrasiser co0oi Kycok
CTalIbHOTO TpOca ¢ rpy3amMu Ha KoHIax (puc. 3). Tpoc (kabeinb) BBITOTHS-
eT QYHKIUH YIIPYToro dJieMeHTa (IPY>KUHbI) 1 OAHOBPEMEHHO MPUBOIAMT
K PacCestHUIO SHEPI U KoJeOaHU BCIEICTBUE TPEHUS MEKAY OTACIbHbI-
MH €0 MPOBOJIOKAMH.

D¢ peKTUBHBIM CIIOCOOOM TalIeHUs] KOJIeOaHWH BAaHT MOXKET OBbITH
MPUMEHEHUE TUCKPETHO PACHOJIOKEHHBIX IeMI(UPYIOMNX JOTOIHH-
TEJIHBIX Macc ¥ aMOPTU3aTOPOB (pHUC. 4).

O(PeKTUBHOCTH TPUMEHEHUS AMHAMHYECKOTO CII0C00a TameHus Ko-
nebaHuil BaHTHI TEOPETHUECKH OOOCHOBaHA, pa3paboTaHBI PEeKOMEHIA-
MU TI0 ONTHMAaJbHOMY pa3MEIIEHUI0 TacuTeNel MOo/uIhHEe BaHTHI [4].
BMmecre ¢ TeM AMHAMHYECKUM CIIOCO0AM CBOWCTBEHHBI M HEKOTOpHIC
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HEJIOCTaTKH, & UMEHHO:

— TpUMeHeHHe IMHaMu4decKknxX racureinei konmebanuit ([AI'K) Hexo-
TOPBIX THIIOB B OTIPENEICHHBIX CIy4asX MOXKET MPUBECTU K MOSBICHHIO
JOTIOTHUTENFHBIX MECTHBIX HANpPSHKEHWH B MECTaX MX KPETJICHHUS K BaH-
TE;

— addexruHas padora JII'K obecrieunBaeTcst TONBKO Ha OMPEICIICH-
HO¥ 4aCcTOTE WJIA B Y3KOM CIIEKTPE YacToT;

— Bo3MoxkHBI coynapenus JII'K ¢ cocenneli koneoOmonieiicss BAHTOM.

!

2

Puc. 3. Koncmpykyua npocmeiiuie2o OUHAMUYECKO20 2acumens Koaedanuii
muna Stockbridge damper: 1 — eéanma; 2 — mpoc c zpy3amu Ha KOHUAX

Mecra pasmenienusa JI'K Ha kax10i U3 BaHT B OTACIHbHOCTH Ha3HA-
Yar0T UCXOHS U3 CIEAYIOMIMX COOOpaKEHHI: 4eM Janblie TOUYKa Kpell-
JICHWSI TACUTEJSI OT KOHI[A BAaHTHI, TEM BBIIIE €0 3PPEeKTUBHOCTH (IHCCH-
MaIys SHEPTHH KOJICOaHUH ) M TEM MEHBIIIE JKECTKOCTh CBSI3H TaCHTEIS
¢ BanTaMu. C 3TOH TOYKHU 3pEHUS MPENNOYTUTEIHHO UMETh PACCTOSTHHE
mexay Humu [ = (0,20 + 0,10) L, rae L — niuHa BaHTHI.

CooOTBEeTCTBYIOIIME ONTHMAJIbHbIE 3HAUEHUS IapaMeTPOB racutesei
MIPUBE/ICHBI B TAOJHLIC.

Onmumanvuble 3HAUECHUSA napamempoe 2acumeneil

e |Cobememan s | K| TormiineT st
UL Ta KoNeOaHU BAHT | CHT yCHIICHUS JICKp yrpy
% - MCHT 3aTyXaHUusl 31 racurte-
(c racutenem) v¥, ['n| komebanuit
) i1 w, KH/m
0,02 1,01 50 0,063 22,5
0,05 1,025 20 0,157 5
0,10 1,05 10 0,314 2,5
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B Tabmune Benwunna v *=v (1 + [/2L), Tae v — cOOCTBEHHAs YacToTa
KoJIeOaHWH BaHT 0€3 racuTeds.

[TapamMeTpsl TUHAMHUYECKHUX TacHTENCH KOJIeOAaHWA MOXKHO Ompene-
JIUTH TONBKO MO (PaKTHYECKHUM 3HAUYSHHSM IMapaMeTpOB BaHT (JJTHHA, JTH-
ameTp, Macca, JKeCTKOCTh, JMCCUTIAaTHBHBIE CBOWCTBAa). HesaBucumo ot
croco6a cTadMIM3alny BaHT B MOJIE AEWCTBUS BO3MYIIAIOMINX CHII, BBI-
3BaHHBIX BETPOBOW WJIM TIOABIKHOM HArpy3Koii, HE0OXOANMO MperyCMO-
TPETh BO3MOXXHOCTH JOCTyHa OOCIY>KHBAIOIIETO TepcoHala K MecTam
YCTaHOBKH CETapaTopoB WIIM TacUTeNel KoleOaHUi B Ipoliecce dKCILTY-
aTaiuu.

R

e). x)

Puc. 4. BozmooicHble sapuanmol pacnonoyiceHus 0eMnupyroujux
O00NOIHUMENTbHBIX MACC U AMOPMU3AMOPOG

Koncmpyrkyuonnoe oemnghuposanue. K atomy cioco0y aemrdupoa-
HUS KOJICOAHHI BAHT OTHOCST WX OETOHUPOBAHUE U 3AIIIUTY BCEBO3MOXK-
HBIMH 0007109KaMu. [I[pUMEHSIOT, HAITpUMED, IIHTHHAPHYE CKHIE TOKPBITHS,
M3rOTaBIMBAEMbIC METOJIOM SKCTPY3HH M3 alfoMUHKs. Ha BHYTPEHHIO0
MOBEPXHOCTh TOKPBITHS HAKJICHUBACTCS JAeMI(UPYOIIas MPOCIOiKa 13
MOJINYpEeTaHa, IIOTHO B3aMMOJICHCTBYOIIAsI 10 BCEl MIOBEPXHOCTH C Ka-
Oessimu BaHTBI. KOHCTPYKIIHS aIFOMUHHEBBIX MMOKPHITHH TaKOBa, 4TO Ka-
0eM BaHT TepMETUYHO 3alIMIICHBI OT aTMOC(EPHBIX PEareHToB, a B3a-
UMOJICHCTBHE Kabesel ¢ neMpupyroIiel moInypeTaHOBOH MPOCIOMKO#M
o0ecrieunBaeT raiieHue KoJieOaHuu.
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OCHOBHOE JJOCTOMHCTBO KOHCTPYKLMOHHOTO AEMI(HUPOBAHUS — CO-
XpaHEeHHUE ePBOHAYAILHOIO apXUTEKTypHOro 0omka Mocra. K ero nezo-
CTaTKaM CJIeyeT OTHECTH BO3MOXKHOCTh 3JIEKTPOXUMHUYECKON KOPPO3UU
Marepuana BaHT, BbI3bIBAEMONH KOHTAKTOM €r0 C APYIMMH MaTrepHhasa-
MH, a TAKXKE yCI0KHECHUE TEXHOJIOI'MH U3TOTOBJIECHUS BaHT IIPU 0OETOHU-
poBaHHH, OOYCIIOBIEHHOE HEOOXOIMMOCTBIO MX MPEIBAPUTEIHHOTO Ha-
MIPSKCHUSL.

Konempyxmuenwiii cnocod cmabuuzayuu eanm. aenne koneOanui
BaHT MOET OBITh OCYIIECTBICHO U3MEHEHHEM PACUETHOM CXeMbI BaHTO-
BOM CHCTEMBI ITyTEM YCTPOMCTBA JAOMOIHUTEIBHBIX OMOPHBIX TOYCK MIIH
YCTaHOBKH JONOJHUTEIBHBIX OTTSDKEK. DTOW K€ e MOYKHO JTOCTHYb
HW3MEHEHUEM COOTHOIICHUS YaCTOT COOCTBEHHBIX KOIEOaHUH BaHT, MUJIO-
Ha 1 0anku kecTKocTH. [10CKOIBKY M3MEHEHNE YaCTOTHBIX XapaKTepuc-
THUK [TWIOHA U OaJKH KECTKOCTH Ha CTaAU{ NMPOEKTUPOBAHUS BIICUET 32
co00H, KaK IpaBUJIO, 3HAUNTEIbHBIHN Iepepacxo] MaTepHallbHbIX peCcyp-
COB, @ Ha CTaJMU 3KCIUTyaTallMyd — MPAKTUIECKH HEBO3MOXKHO, OCTaeT-
Csl TOJIBKO IPUMEHSATh KOHCTPYKTHUBHBIC MEPONPHATUS Ul U3MEHEHUS
JMHAMHYECKOTO TOBEJICHHUs BaHT. [Ipy 3TOM clielyeT y4uThIBaTh Orpa-
HUYEHHBIC BO3MOKHOCTH U3MECHEHHI CHJI HaTsDKeHHs BaHT. K Tomy ke
BaHTBI, IMEs Pa3INYHbIC JIJTHHY, MACCY, )KECTKOCTh, CHITy HATSDKCHHUS, Xa-
PaKTepHU3yIOTCS pa3HbIMH YacTOTaMH COOCTBEHHBIX KosiebaHuit. Bee aTo
3aTpy/AHSET UCIONb30BaHUE AMHAMHUYCCKUX TacHTeNed KojaeOaHWi JUIs
Ka)XJI0W BaHTBI C TOUKHU 3PEHHS KaK HACTPOUKHU M PACIIOIOKEHUS (KOMIIO-
HoBKH) JI['K, Tak 1 apXUTEKTypbl BCETO COOPYIKEHHUSL.

Haubonee menecoobpazHo obecrieunBarh CTAaOWIM3AIMIO BaHT ITy-
TEM PAacCesiHUSl SHEPIUU MX KojeOaHWil B BAaHTOBOH CHCTEME: SHEPIHs
KoNeOaHWi BaHT MTPH pe30HAHCE WM ITapaMeTPUIEeCKON HEyCTOHYHBOCTH
HepepacupeneseTcsl B SHEPruio0 KojaeOaHui Apyrux GopM B CMEKHBIX
BaHTaX. DTOr0 MOXHO JIOCTUYb C IOMOIIbIO YCTAHOBKH JIEMEHTOB, 00b-
SIMHSIOIIUX BaHTHI. Takue 2JIeMeHTHI (cenaparopbl, pacliopKH WM UHBIS
MPHUCIIOCOOJICHUS) TOJIKHBI 00J1a71aTh BEICOKOH 3()()EKTUBHOCTHIO, XOPO-
el 00TeKaeMOCThIO, PEMOHTOIIPUTOAHOCTBIO BCEX Y3JIOB M 2JIEMEHTOB,
TpeOOoBaTh HU3KUX IKCIUTYaTaIIMOHHBIX PACXO/OB.

Bcem 3THM TpeOOBaHUSIM COOTBETCTBYET YCTPOWMCTBO JUIS TalllCHHS
kojeGanuii BaHT uepe3 p. JayraBy B Pure. YcrpoiicTBo pacmonaraercs
CTYIEHYATO B MECTaxX My4YHOCTH (opM KoneOdaHui BaHT (puc. 5).

Bricokoit 3¢ eKTHBHOCTEIO TalieHus KoJieOaHni BaHT 00NiafiaeT BaH-
TOBAsi CUCTEMa, YCTaHOBJICHHAs! Ha MocTy 4epe3 p. Jnenp B Kuese (puc.
6). PacnionoskeHue ycTpOHCTB Ha OMHAKOBOH BBICOTE OT YPOBHS ITPOE3-
KEH yacTH MOCTa U Ha OJMHAKOBOM PACCTOSIHUM OT OCH MUJIOHA TT03BOJIS-
€T CMECTHUTb CIIEKTP COOCTBEHHBIX YaCTOT B CTOPOHY 00JIee BBICOKUX 3HA-
YEHUH U «pazMaszarhy JI0 NPAKTHUECKU HEMPEPHIBHOTO. DTO TapaHTHPYET

310



HEBO3MOXKHOCTh BO3HHKHOBCHUS PETYISIPHBIX PE30HAHCHBIX KOJICOAHHI
BaHT TOJI JICHCTBUEM KaK BETPOBBIX, TAK U BPEMEHHBIX TOJIBUKHBIX Ha-
rpy3ok. Kpome Toro, TOMOJHUTENLHOE TallleHre KolleOaHuii BaHT obecre-
YUBAETCSI HEMTOCPEJICTBEHHO B y3J1aX UX KPEIUICHUsI K CMEKHBIM BaHTaM
Oraromapsi UCIOMB30BAHUIO0 MEMITUPYIOMNX TPHUCIIOCOOICHUH CyX0To
TPEHHUSL.

PacnionoxxeHHbple Ha 000MX MOCTaxX YCTPOWCTBA TO3BOIWIN dPQeK-
TUBHO CTa6I/IHI/I3I/IpOBaTI) BAaHTOBYIO CUCTEMY U TEM CaAMbIM I'apaHTUPYIOT
HaJACXKHOCTb U AOJIOBCYHOCTDH 3TUX COOpy)KeHI/II‘/'I.

Jnst ctabuinsanuy BaHT, CTPOSIIIETOCS BaHTOBO-0AJIOYHOTO MOCTa
yepe3 p. Boiry B YibsHOBCKE MpeUIOKEHA CHCTEMa PACTSKEK, KOTO-
pasi B COBOKYIHOCTH CO BCEMHU BaHTaMH OOpa3yeT €AMHYIO BaHTOBYIO
cucteMy. [l TouCKa ONTUMANBLHONH TEOMETPHM BAHTOBOM CHCTEMBI,
YUUTBIBAKOIICH pa3HOOOpa3Hbie (HAaKTOPhI, B TOM YHCIIC BO3MOXKHOCTh €€
WCTIOJIb30BAHUST OJHOBPEMEHHO MPH MOHTa)E W Ha CTaJIMU KCILTyaTa-
IIUH, PACCMOTPEHBI CIIETYIONINE BAPUAHTHI.

Puc. 5. Cxema pazmeuwjenus rnemenmos ycmpoicmea 01s cmaduauzayuu
6aHMOBOIL cuCmeMbl 6AHMO080-0a10uH020 Mocma yepe3 p. /layzagy é Puze
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=

Puc. 6. Banmoesas cucmema mempomocma uepes p. /[nenp ¢ Kuese

Bapuant Ne 1. PacTspkku, apHAPHO TPUKPETTICHHBIC KO BCEM BaH-
TaM, 00pa3yioT /Ba Jiyda — T€OMETPHYECKHe MECTa TOYEK, COBITaIaro-
LIUX C TPETAMH JUTMHBI BaHT. JlaHHBII BapraHT 00J1a/1aeT OTHUM CYyIIECT-
BEHHBIM HEJIOCTAaTKOM: BO3MOJKHA CHHXPOHHAs «HIPa» BCEHl CHCTEMBI
(rpynmoBble KoneOaHus BaHT) U, KaK CIEICTBHE, pACKauMBaHUE MUJIOHA U
(W1K) TPOIETHOTO CTPOCHUS MOCTA.

Bapuantr Ne 2. PacTskku, Takke HIAPHUPHO IMPUKPEIIEHHBIE KO
BCEM BaHTaM, 00pa3yloT IATh Jy4el (OOMH M3 HUX (PaKyIbTATUBHBIN),
COBIIQ/IAIOIINX C YETBEPTSIMHU, TPETAMHU ((aKyIbTaTUBHO), CEPEANHAMH,
JBYMsI TPETSIMH U TPEMS YETBEPTSMH JUJIMHBI BaHT (puc. 7,a). DTOT Ba-
pHaHT OoJiee MPEANOYTUTEINIEH, OJHAKO €My IPHUCYIL TOT ke HeIOCTATOK,
YTO U NIEPBOMY.

BapuanT Ne 3. PacTspkku, MapHAPHO TPUKPETTICHHBIC KO BCEM BaH-
Tam, 00pa3yroT IATh JTydelt (0JJMH U3 HUX (DaKyIbTaTUBHBIN), COSTUHSIIO-
IIUX TOYKY TEepecedeHns ocel MUJIOHA U MPOJIETHOTO CTPOEHHUS C HYeT-
BEPTHIO, TPETHIO ((PaKyIbTaTUBHO), CEPEIUHOM, IBYMSI TPETAMH U TPEMs
YeTBEPTSAMH caMoil JUIMHHOM BaHTHI (puc. 7,0). [Ipu 3TOM 3HaYMTENBEHO
Bo3pacTaeT dPPeKTUBHOCTh cTabunu3anuu BaHT. Cama cucTema Ipeq-
cTapisieTcst 6oyiee ICTETUYHOH, YeM B TIEPBBIX ABYX BapHaHTaX.

OTOMy BapHaHTy NMPHUCYIIH CIEAYIOLINE HEAOCTATKU: YCI0KHEHHBIN
pacder reoMeTpUH y3J10B NMPUMBIKAHHS PACTSDKEK K BaHTaM (Kpome ca-
MO [UIMHHOI); OoJblIasi 4yBCTBUTEIBHOCTh K €CTECTBEHHOMY IIPOBU-
CaHMIO BAaHT; HEOOXOIUMOCTb PErYIUPOBKH JJIMH PACTSIKEK MPU MOAr0-
TOBKE MOCTA K JJIMTEJIbHON IKCIUTyaTalluy AJIsl 00ecIieueHHs IPOCKTHOM
reoMeTpur BaHT. HecMOTpsl Ha IEepEUUCIIEHHBIE HEIOCTATKH, KOTOPBIE
HE TIPENICTABIAIOT HETPEOAONNMBIX MPEMSITCTBUNA, BapraHT Ne 3 mpen-
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MOYTUTENbHEE ABYX MEPBbIX.

BapuanT Ne 4. PacTspkky, IIApHUPHO HNPUKPEIJICHHBIE KO BCEM BaH-
TaM, 00pa3yloT [Ba JIy4a, BEIXOIAIINX U3 TOUKH IEpEeCeUeHus: oceil mu-
JIOHA ¥ IPOJIETHOTO CTPOEHUS ¥ 00pa3yIoLINX C TOPU30HTAIIBIO YIibl 10
u 70° (p