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Pe3lome. B HacTosLee Bpemsi BONPOChl HAAEXHOCTU MPY MPOEKTUPOBAHUN TEXHUYECKUX CU-
CTEM C MOABVXHBIMW rpaHvlamm TpebyroT Bce 60osiee roJsIHOro y4eta ANHaMMUYeCKUX sIBJIEHWNI
B Hux. Uenb. Llenbio nccrenoBaHus sBAsSieTCsl pa3paboTka MaTemMaTuyeckor Moaesm v rnpu-
O/IMKEHHO—aHaINTUYEeCKOro MetToaa AJ1s1 U3YHEeHUs] MOMepeYHbIX KonebaHuii n pe30HaHCHbIX
CBOVICTB BSI3KOYINPYroro kaHara rnepeMeHHoO A/INHbI, JiexXallero Ha yrnpyromMm OCHOBaHuu, C y4e-
TOM guccunaumm sHeprum. AKTyasnbHOCTb paboTsl 00YC/I0BAEHA LUMPOKUM PacrpoCTpaHeHNneM
TEXHUYECKUX CUCTEM C MOABVIXKHBIMU rpaHuLamMmm (NMoagbeMHblIe MexaHu3Mbl, rmokue nepeaa4qu,
KOHTaKTHbIE CETU XEeJIe3HbIX [J0POr, PeJIbCOBbIE IyTW, JIEHTOYHbIE KOHBeViepsbl, OypuibHbIE KO-
JIOHHbI U T.A.), AJI KOTOPbIX ANHAMUYECKNE Harpy3ku v pe30HaHC MpeacTaB/ssioT ONacHOCTb.
CywecTByrolyme MeToabl He MO3BOJISIIOT MOJIHOCTbIO YHECTb KOMIJIEKC PakTOpPOB: U3MEHEHMNE
[JIMHbI 00bEKTa, COMPOTUBIIEHNE CPEAbI, YPYrne CBOVCTBAa OCHOBAHWSI M BHYTPEHHEE TPEHUe.
MeToabl. g pelueHuns 3agayuv npumeHeH meton KaHntoposuda—-lanepkuHa, ap@OeKTUBHBbI
[J151 CUCTEM C ABVIXXYLUMMUCS rpaHvuamu. VicxogHasi Kpaesasi 3aaa4qa [aJisl ypaBHEHMsT B HaCTHbIX
npou3BoAHbIX Oblia CBeAeHa K CUCTEME 0ObIKHOBEHHbIX ANPGepeHLUmnanbHbIX ypaBHEHWIA. [1po-
uenypa pelueHus BkJtoYana rnepexon K 6e3pasMepHbIM NepeMeHHbIM, BbIGOp KOOPANHATHbIX
GyHKUMI B BUAE COBCTBEHHbIX HOPM 1 NPpUMEHEHve npoueaypsl lanepkvHa. [ns aHaa3a He-
CTaUMOHaPHbIX MPOLIECCOB VCI0J/1b30BasiCs METo4 MaJjioro napamerpa. B paccmoTpeHHo Mo-
e cuia CornpoTUBIIEHUST ABVXKEHUIO KaHata rnpuHUMaeTcs rnporopunoHasibHOM CKOPOCTU, a
TaKkXe Yy4UTbIBAeTCsl U3rnbHasi XeCTKOCTb KOHCTPpyKUuuy. Pe3ynbratsbl. [1pyBeneHbl pacyeTHble
BbIPAXEHVS AJ151 aMIINTyabl KosebaHui, COOTBETCTBYIOLUMX N-¥ AnHamudeckor moge. Ocoboe
BHUMaHWEe YyAesIeHO WUCCJIEA0BaHUIO SIBJIEHUV YCTaHOBUBLLErOCS PE30HaHca v MPOXOXAEHUs
4yepe3 pe3oHaHc. PelueHve oxBaTbiBaeT Hambosee pPacripoCTPAHEHHbIV HA MpakTuke cryqar
AENCTBUSI BHELLIHUX BO3MYLLUEHUM Ha ABVXYLLENCS rpaHuLe CUCTeMbl. YCTaHOBIEHO, 4YTO am-
MnTyaa CyLleCTBEHHO 3aBUCUT OT CKOPOCTU ABVXXEHUS] rpaHuLbl, napameTpoB guccunaumm v
XXeCTKOCTU OCHoBaHus. OrpenesieHbl YC/I0BUST YCTaHOBUBLLEroCsl Pe30HaHca rnpy OrnpeneaeH-
HOM COOTHOLLUEHUN H4aCTOTbl BHELUHEro BO3AEWCTBUSI Y COOCTBEHHOM 4aCcTOTbl CUCTEMbI. Vic-
C/1e40BaHO SIBJIEHNE MPOXOXAEHUS Yyepel3 pe30HaHC. [1o/1y4eHHbIe aHainTUYECKNE BbIPaXeHUs
BepUUUNPOBaHbI CPaBHEHNEM C W3BECTHbIMU YACTHbIMU CJly4asiMuy, 4TO MOATBEPANIIO KOP-
PEKTHOCTb MeToAa C MNorpPeLIHoCTbio A0 5% A/ OCHOBHbIX MoA. BeiBogbl. [1o/1y4eHHbIe aHa-
JINTUHECKNE BbIPAXEHWS 151 aMIINTYAbl KoaiebaHWi, YCII0BUI YCTaHOBUBLLIErOCsl pe30oHaHca m
napameTpoB MPOXOXAEHVST Yepel3 Pe30HaHC 03BOJISIIOT COOPMYIIMPOBATL PSA MPakTUYeCKuxX
pekoMeHaauni 151 MHXEeHEePOB—KOHCTPYKTOPOB, HarpaB/€HHbIX Ha MOBbILLEHNE HaAEXHOCTU
M [10JIrOBEYHOCTU TEXHUHECKUX CUCTEM C MOABVXHBLIMU rpaHuLamu, rnpenynpexneHve peso-
HaHCHbIX OTKa30B B CUCTEMAax MePeMeHHOV AnHbI. Kino4eBbiMy MpukiaaHbiMy 3aaa4amu,
peLuaemMbiMu C OMOLLbIO AaHHOW MOAENN, SIBJSIOTCS OLeHKa YCTasloCTHOV LOJIrOBEYHOCTU,

g MpPOrHO3MpPoBaHMe OCTaTOYHOro pecypca v nPeaoTBpPaLLeHNe aBapuiHbiX CUTyauui. Y4eT anc-
JintBuHoBa K.B. cunaunm n yrnpyroro OCHOBaHUsT KPUTUYECKM BaxeH /1S OLeHKUN PEe30HaHCHbLIX CBOUCTB. [ns
rnpenoTBpaLLeHnst pe3oHaHca PEKOMEHA0BaHO ONTUMU3NPOBAaTb CKOPOCTb ABUXEHUS rPaHuLbI,
NMPUMEHSITb Martepuasibl C MOBbILUEHHbIM TREHUEM W AEMPEPDI, YBEIMYNBATb XECTKOCTb OC-
HOBaHusl. Pe3ynbtarbl UMEKOT MNpuKAaaHoe 3Ha4eHue a1 MOBbILLIEHWS HaaeXHOCTU CUCTEM C
noaABVIXHbLIMW rpaHuuamu. lepcrnekTnBbl NCCIea0BaHi CBS3aHbl C Y4ETOM HEJSINMHENHbIX 3¢-
(PEKTOB 1 HErapMOHNYECKUX BO3AENCTBUN.

LLamonnH M.B.




MOZAEJINPOBAHUE KOJIEBAHUIA U UCCJIEQOBAHUE PESOHAHCHbIX CBOMCTB KAHATA NEPEMEHHOW AJIUHBI,
JIEXKALLLEFO HA YNPYrom OCHOBAHUU, C YYHETOM ANCCUNALIUA

Abstract. Currently, matters of dependability in the design of technical systems with
moving boundaries require an increasingly complete consideration of underlying dynamic
phenomena. Aim. The aim of the study is to develop a mathematical model and an
approximate analytical method for studying the transverse vibrations and resonant
properties of a viscoelastic rope of variable length lying on an elastic foundation, taking
into account energy dissipation. The relevance of the work is due to the widespread use
of technical systems with moving boundaries (lifting mechanisms, flexible transmissions,
railway contact networks, rail tracks, belt conveyors, drill strings, etc.), for which dynamic
loads and resonance are dangerous. The existing methods do not allow for a complete
consideration of a system of factors, i.e., changes in the object’s length, resistance of the
medium, elastic properties of the foundation and internal friction. Methods. To solve the
problem, the Kantorovich—Galerkin method, effective for systems with moving boundaries,
was applied. The original boundary value problem for a partial differential equation was
reduced to a system of ordinary differential equations. The solution procedure included the
transition to dimensionless variables, the selection of coordinate functions in the form of
eigenmodes and the application of the Galerkin procedure. The small parameter method
was used to analyze non-stationary processes. In the considered model, the drag force of
the rope movement is assumed to be proportional to the velocity, and the bending rigidity
of the structure is also taken into account. Results. Calculation expressions are presented
for the amplitude of oscillations corresponding to the n-th dynamic mode. Particular
attention is paid to the study of the phenomena of steady-state resonance and passage
through resonance. The solution covers the most common case in practice of the action
of external disturbances on the moving boundary of the system. It is established that the
amplitude significantly depends on the velocity of the boundary, dissipation parameters and
the rigidity of the foundation. The conditions for steady-state resonance are determined
for a certain ratio of the frequency of the external influence and the natural frequency
of the system. The phenomenon of passage through resonance is studied. The resulting
analytical expressions were verified by comparison with known special cases, confirming
the method'’s validity with an error of up to 5% for the fundamental modes. Conclusions.
The resulting analytical expressions for the oscillation amplitude, steady-state resonance
conditions, and resonance passage parameters enable the formulation of a number of
practical recommendations for design engineers aimed at increasing the dependability
and durability of technical systems with moving boundaries and preventing resonant
failures in variable—length systems. Key applied problems solved using this model include
fatigue life assessment, residual life prediction, and emergency prevention. Consideration
of dissipation and an elastic foundation is critical for assessing resonant properties. To
prevent resonance, it is recommended to optimize the boundary velocity, use materials
with increased friction or dampers, and increase the foundation rigidity. The results have
practical significance for improving the dependability of systems with moving boundaries.
Research prospects are related to taking into account nonlinear effects and non—-harmonic
influences.

KnioueBble cnoBa: kosiebaHvsi CUCTEM C ABUXYLLMMUCS rPaHuLIaMU, BSI3KOYNPYroCTb, Haaex-
HOCTb CUCTEM MEPEMEHHON AJINHbI, YrpPYyroe OCHOBaHWe, COMNPOTUBIIEHNE CPEenAbl, Pe30HAHC-
Hble cBovicTBa, aMnanTyaa KosaebaHui.

Key words: oscillations of systems with moving boundaries, viscoelasticity, dependability of
variable—length systems, elastic foundation, resistance of the medium, resonant properties,
oscillation amplitude.
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BeBepeHue

[Tupokoe pacmpoCTpaHEHUE TEXHUUYECKUX CHUCTEM C
MOJBMXHBIMU PAHUIIAMU — OT YYBCTBUTEIBHBIX AJICMEH-
TOB M3MEPHUTENILHBIX TPUOOPOB 10 OYpUIIbHBIX KOJIOHH M
CHUCTEM C yIPYro—MHEPIHOHHBIMH OCHOBAHUSMHU — BBI-
JIBUTAET Ha MEPBbIN [UIaH MPOOIeMbl 00SCIIeUeHHsI UX Ha-
JeKHOCTH. Pa3paboTKa TOUHBIX METO/IOB MATEMATUIECKOTO
MOJICIIUPOBAHHS IMHAMUKHI TAKUX CHCTEM UMEET KIFOYeBOE
3HAYCHHUE JJISI IPOTHO3UPOBAHUS JIOJITOBEYHOCTH, OL[CHKU
YCTaJOCTHOW MPOYHOCTU U TPEIOTBPAILEHUST OTKA30B He-
CYIIMX KOHCTPYKLHUI TOPHOJOOBIBAIOIIMX MAIINH, MOb-
€MHO—TPAHCIIOPTHBIX MEXAaHH3MOB, a TaKkKe OyKCUPHO—
TPaJIOBOro 000pynoBanus. JlaHHOE UCCIIeI0BAHUE SIBIISIETCS
0COOCHHO aKTyallbHbIM B KOHTEKCTE HOBBIX MPUKJIATHBIX
3aj1a4, TAKMX KaK OajTMCTHKA TMOKUX HUTEH, IJie TOYHBIN
pacyer AMHAMUYECKHX HArpy30K HAMPSMYIO OMpeessieT
HA/ISKHOCTh ¥ 0€30MaCHOCTh IKCIUTyaTAIllUH CIICIIHATU3H-
POBaHHBIX TeXHUYECKUX cUcTeM. CHCTEMBI C MOABUYKHBIMH
IPaHUI[AMH ITHPOKO UCTIONB3YFOTCS B Pa3IMUHBIX 00JIaCTIX
TEXHHUKH, BKJIIOYas! MOAbEMHbIC MEXaHU3MbI [ 1-4], ruOkue
nepenadn [5], Kerne3HONOpOKHBIE KOHTAaKTHBIE ceTH [6],
penbcoBeie TyTH [7], JCHTOYHBIE KOHBeWeps! [8] u mp.
AwHanu3 sBIeHUN YCTAHOBUBIIETOCS PE30HAHCA U SIBICHUS
MIPOXOXKIICHHS Y€Pe3 PE30HAHC MMEET 0CO000€ MPAKTHUECKOE
3HAYCHHUE, MMOCKOJIbKY 3TU PEKHUMBI MPEACTABISIOT 3HAUH-
TEJbHBII PUCK /7151 pabOTh MeXaHH4YeCKUX cucteM. OIHaKOo
HAJIMYKME MOJBWKHBIX I'PAHUI[ CYHIECTBEHHO YCIIOKHSIET
MareMaTHYecKoe MojeIupoBanue Takux cucteM [9]. Tou-
HBIC AHAIMTHYECKHE METOJIbI TPUMEHUMBI, IPEXK/IE BCETO,
K BOJIHOBOMY YPaBHEHHUIO C TPOCTHIMU IPAHUYHBIMH YCIIO-
Busimu [ 10—-11]. Cpemu mpuOImKeHHBIX METOJI0B Hauboee
s¢dexruBHbIM siBisieTcs MeToq Kantoposuya—I anepkuna
[12, 13], yIUTHIBAFOIINIA: CHITBI COTIPOTHBIICHUS cpensl [ 14],
M3TUOHYIO JKeCcTKOCTh [12, 15], BA3koympyrue cBoiicTBa
Marepuana [ 15] u xxectrocts momtoxku [ 10]. ITomyueHnpie
AHAJIMTUYCCKUE BBIPOKCHUS JUIS aMILTUTY/IbI KOJICOAHUIA,
YCIIOBUI YCTaHOBHUBILIETOCS PE30HAHCA U [TAPAMETPOB ITPO-
XOXKJICHHSI Yepe3 PEe30HAHC TO3BOJSIOT C(HOPMYIUPOBATH
PA MPAKTUYSCKUX PEKOMEH/IAIMi, HAMPABICHHBIX HA
MOBBIIICHUE HATCKHOCTU U JOJTOBEYHOCTH TEXHUUECKUX
CHCTEM C MOJABMKHBIMHU IPAHUIIAMH.

1. MatemaTuuyeckaq noctaHoBKa
3apaduun

JuddepernnansHoe ypaBHEHHE, ONICHIBAIONIEE KOJIe-
OaHus KaHaTa, UMEET BUI:

EI
U,(x,t)— azUxx (x,1) +&Ut ) +—U__ (x,0)+
P P

+M—1Umxt(x,t)+ﬁU(x,t)=0. €))
p p

I'paHnYHbIE YCIIOBHUS ¢ BO3MYIIEHHEM rapMOHHYECKOTO
BUJIA HA JBWKYIICHCS IPaHULIe MOXKHO 3aIlHCaTh CICAYO-
M 00pa3oMm:

6

U(0,0)=0,U,,(0,1) = 0; 6)
U(l,(6),t) = Beos W, (w,t); U, (1, (1),0)=0.  (3)

HauanbpHble ycinoBus B JaHHOH 3aja4ye OMyIIEHBI, MO-
CKOJIbKY OHH HE BIUSIOT Ha PE30HAHCHBIC CBOICTBA A
JUHEHHBIX cucTteM [12].

O0o03HaueHMsI:

U(x,f) — moriepeuHoe cMelIeHne; £ — MOIylb YIPyrOCTH
KaHata; [ — 0CeBOil MOMEHT MHEPIMH; [ — KOIDPHUIUCHT
BSI3KOYIIPYTOCTH; A — KO((HUIIMEHT COIPOTUBIICHHS Cpe-
JIbl; P — JIMHEHHasl MIOTHOCTb; K, — JKECTKOCTb MOUIOKKH;
a=+/T/p — MUHUMaJIbHAsI CKOPOCTh PACIPOCTPAHCHUS
BOJIH; T — cuia HaTsKeHUst; [(f) = L, — v, — 3aKOH JIBUKEHHUs
rpaHuLbl; L, — HadanbHas JUIMHA KaHata; W(z) — GyHkuns
xnacca C'; B, ®, — KOHCTaHTHL.

ITocne mepexona k 0e3pa3MEepHBIM MEPEMEHHBIM

w,L, —
E=ox/a;t =w0t+La;U(x,t) = Bu(&,1)
—v,

1 HOBOH (DyHKIMN
u€,t)=e "V (1), e o= A/ (20,0),

CHUCTCMa NPUHUMACT BU/:

Vn (E_,, T) - Vgg (E.u T) - GZV(E» T) + (Bz - OWZ )Vgggg (i, T) +
+Y2V§gggT E1=0; (4)

V(0.1)=0:7,(0,1)=0; 5)
V(l(eT),T) = ™ cos W (1); V. (I(eT),7) =0, (6)

e
2 3
BZ :ﬂm_f;yz :Ew—f;l(st) =1+e¢r;
pa pa

k
0’ =0’ — = W (D) =Wy (T=Y,);
pw,
L —
YO =M;8:—v0/a.
v,
2. MeTopapbl pewieHns 3agadum

s pemenns 3agaqn (4)—(6) ucnonszyeM meton Kanro-
posuua—T anepkuna [12, 13]. Pemenne Oynem nckats B BUIE:

VED =S 1, (DX, E en)

O603Haunm 8° = (B> — oy’ ) n Q;, (e1) = ;, (¢1) — 67, 1€
®,,(€T) — coOCTBEHHBIE YaCTOTHI 3a1auu (4)—(6).
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N3 pemienns 3anaun:
8 X, (B.61) — X (E,6T) — 02, (D)X, (€, ET) = O;
X,(0,e1)=0; Xn.z.z (0,e7)=0;
X, (I(e7),e1) = 0; X . (/(e1),eT) = 0

HaliJileM BBIpaXKeHHUE Ui AnHaMudeckux moxa X (&, €t) n
byHKIUH ©,,(£7):

X, (€, e1) = 4, {sin[k, (e1)E] + ¢, (eT)sh[k, (eT)E]};

0y, (e7) = [0,, (e7) + d, (eD) W1 + 8[0,, (e7) + d, (DT,
rac

A, =1/ max{sin[k, (eT)E]+ ¢, (eT)sh[k, (eT)E]};

k,(e1) = ﬁ\/—l +1+48°w; (e1);

k, (e1) = %\/l + 1+ 48°002 (e1);

sinllye0/e0] o

D= ik i) I(e7)

d, (e7) = ! arct Sy, (€7)

I(eT) ¢ J1+8%w? (e1)

[pennonoxum p (1) = 4,,(e1)y,(t), Tie GyHkuus y,(t)
VIOBIIETBOPSIET CIEAYIONIEMY YPaBHEHHUIO, 3aITUCAHHOMY C
TOYHOCTBIO JI0 OPSI/IKA £

s, (eD)Q

et (ST) ea‘z

A0, (D)

BBINOAHUB BBIYMCICHHUS, TTOJydaeM st QyHKIUN

0, (e1), 4y,

yI+9;, (D), (1) =~ cos W (1). (7)

—k, (eT)\/1+ 48°w;, (eT)
('O(Z)n (ST)AM (S’C)

0, (e1)= cos[k, (eT)l(eT)];

A4, (e1)=1//4,,(€7);

sin[2k, (eT)/(eT)]

1 2
4, (1) = Z ()1 =c, (e)] - (), (1)

JInHeliHO He3aBUCHMBIE pelIeHUsT OJHOPOAHOIO YpaB-
HEHHMsI, COOTBETCTBYIOIIETO HEOJHOPOAHOMY YpPaBHEHUIO

(7), nMmeroT BUI;

Y, =a,(eT)cosw, (T); »,,(T) = a,(eT)sinw, (T).

Metoa Majoro mapamerpa Mmo3BOJISICT MMOJYYUTh BhIpa-
AKeHUs 17t a,(€1) U w,(T):

a,(et) =1/Q,,(e1); w, (1) = j.QOn (e0)dC.

3. Pe3synbratbl. CaoenaHHbie
npeagnoyioXkeHusd.
[Tocie npeoOpa3oBanuii ¢ ydeToMm (6) IOIyYnM BbIpake-

HUE JIJIsI aMIUTUTY/IbI KOJICOAHH, COOTBETCTBYIOIIUX /I—HOM
JnuHamudeckoi moze [12]:

Ha(e@comn@dc} +

4;(1) = E, (e7)

>

+ fmsgsin@n(c:)dc}

e

—2a1
e

44, (e0)Q,, (e1)’
®,(0) = w, Q) -,

F,(e0) = o}, (€0)0, (e0)e*™ /4, (€0)/ Q,, (£0).

YcraHoBHUBIIMIICS pe30HAHC HAOITIOAACTCS TIPH:

El(et)=

W (t) = w,(T) + Y, TAE Y — KOHCTaHTA.
AMIUTUTY/IA TIPH 9TOM HUMEET BHT

4,(1) = E, (e0)| F, (D)L,

SIBIeHHe IPOXOXKICHNUS Yepe3 Pe30HAHC MOXKET BO3HUK-
HYTb Ha JIIOO0OW W3 JMHAMHYECKHUX MOJ IPU BO3ACHCTBHU
Ha CUCTEMY rapMOHHYECKOTO BO3MYILCHHUS C YaCTOTOH ®,
xorma W(t) = 1.

Touxa pe3oHaHCHOW 00NACTH T, MPUOIMKEHHO OTIpe/ie-
JSIeTCS 110 clieyromen Gpopmye:

mn—1

S 25° .
P\ -1+1+45°(1+ 07)

BI)Ipa)KeHI/Ie JJI MaKCUMaJIbHO BO3MOXKHOU AMIIIUTYIbL
IIpU TPOXOKACHUHN YEPE3 PC30HAHC UMECT BU:

[Tfﬂ(e@cos@n(cwc} +

2 2
A(T,,7,)=E (e1,) ) ,
2
+| [ E (eQ)sine, (©)dC
T
Hpe,unaraeMaﬂ MOJECJIb U MOJYYEHHOC PEIICHUE UMCIOT
CJICAYIOMKNE JOMYHICHUSA U OTPAHUYCHUS:

1. JluneitHocTh Monenu: Mojaens mpeanojaraer Jin-
HEWHYIO 3aBUCUMOCTb CHJI COMPOTUBIEHUSI OT CKOPOCTH

7
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U BSI3KOYNPYTOCTH Marepuajia. ITO OTPaHUYMBACT €¢ TpPH-
MEHUMOCTh 00JIACTSIMHU MAJTBIX JIe(hOPMALIUil U YMEPEHHBIX
CKOPOCTEH.

2. 'apmonnueckoe Bo3mylieHue: Pemenue st pe3o-
HAaHCHBIX MOJ MOJIYYCHO JIsl CIydYasi TapMOHHYECKOTO
BHCIITHETO BO3JICHCTBUS Ha rpaHulle. Jus yaapHbIX win
IIUPOKOTIOIOCHBIX CIy4YalHBIX BO3JCUCTBHIl TpeOyeTcs
JalibHEHIIIee Pa3sBUTHE MOJICITH.

3. OnHomepHOCTh: Mojienb paccMaTpUBaeT MCKIIIOYH-
TEITBLHO MOTIepeyHbIe KotebaHus, IpeHedperast MpoaoIbHO—
MOTIEPEYHOH CBSI3bI0, KOTOPAst MOXKET CTaTh CYIICCTBCHHOM
Mpu OOJNBIINX aAMIUIUTY/IAX.

4. IlpocToTa 3akoHA NBWXKCHHS TrpaHulbl [(T): MeTon
JIOTIyCKAeT pa3lIMYHbIC 3aKOHBI JBH)KCHHS TPAHUIL, HO
MIpe/CTaBICHHbIC aHAINTHYECKUE PE3yJIbTaThl Hanboee
HATJISTHBI JUTS TUIABHBIX 1 MOHOTOHHBIX M3MCHEHUIA JUTHHBIL.
Pe3kurie n3MeHEHUs JUTMHBI MOTYT MOTPEOOBATh YHCIICHHOTO
aHasm3a.

[IpuHsiTHe BO BHUMaHHE STUX OTPAHHYCHHI JacT Ha-
MpaBJICHUS ISl JAJIbHCHIIMX UCCIICOBAHUN, TAKHX KaK
BKJTFOUCHUC HCITMHCHHBIX YICHOB B YPABHCHHE M HCIIOJb-
30BaHMC YHCICHHBIX aHATUTUYCCKUX METOJIOB.

4. O6cyxaeHne NoNy4yeHHbIX
pe3ynbTaToB U CPaBHEHUeE Ux
C paHee U3BeCTHbIMM

Jlis mpoBepKH MPEUI0KEHHOM MOJIENIN B YACTHOM CITy-
yae, KOIzia COIPOTUBIIEHUE CPE/IbI U BSI3KOYIIPYTUE CBOMCTBA
MIPEHEOPEIKUMO MaJIb, & )KECTKOCTh OCHOBAHHSI ITOCTOSIHHA,
MTOJTYYCHHBIC 3aBHCUMOCTH ISl aMILTUTY KOJICOaHUI P
YCTaHOBUBLIEMCSI PE30HAHCE U IMPOXOXKJIECHUHU Yepe3 pe-
30HAHC, a TaKke (GopM KoseOaHui ObUIN CONOCTABIICHBI C
pe3ynbraTtamu, npencTaBicHHEbIMUA B [11, 12]. Habmronaercs
MIOJIHOE KAaYE€CTBEHHOE U KOJIMUECTBEHHOE COBIAICHUE ISt
OCHOBHBIX (hOpM KOJIEOAHUH, UTO TIOATBEPIKAAET KOPPEKT-
HOCTb IpHUMeHeHHoro Mmeroga Kantoposuua—Ianepkuna
(morpemHOCTE He TipeBbimact 5% mpu (€<0,37)). B ciaydae
yueTa TOJIBKO JeMI(HUPYIOMINX CHI MOJEIb COINIACYETCs C
pe3ynbTaraMu, IpeJcTaBIeHHbIMU B [16].

5. MpuknapHblie acnekTbl
n dopmynmnposka pekomeHgaunm

[omyueHHBIC AaHATUTHYECKHE BBIPKSHNUS TS aMILIATY-
Jbl KoneO6aHuii 4, (T), ycI0BUI yCTaHOBUBILEIOCS PE30HAHCA
1 TIapaMeTpoB MPOXOXKACHHS Yepe3 PEe30HAHC MO3BOJISIIOT
chOpMyIIMpOBaTh PsIJl MPAKTHIECKUX PEKOMEHIAINH, Ha-
TIPaBJICHHBIX HA TIOBBIIICHUE HAJIeKHOCTH U I0JITOBEYHOCTH
TEXHUYECKUX CHCTEM C ITOABMKHBIMH I'paHuiiaMu. Kiroue-
BbIE PUKJIAIHBIC 33/1a4H, PEIIaeMble C TIOMOIIBIO JTaHHON
MOJIEJIH, BKITIOYAOT OIIEHKY YCTaJOCTHOM JOJITOBEYHOCTH,
MIPOTHO3UPOBAHNE OCTATOYHOTO pecypca M MpeaoTBpalie-
HUE aBapUUHBIX CUTyallUH.

J171s1 MHXKeHepHOI! OIIEHKH YCTalO0CTHOH J10ITOBEYHOCTH
9NIeMEeHTa TePEeMEHHOH JUTMHBI M TIPOTHO3UPOBAHUS pecypea
TIPEAIaraeTcst CIEAYIONIHH TTOIXO/:
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1. Ha ocHOBe KMHEMaTHYECKOT0 3aKOHa JIBU)KSHUSI TPaHy-
1161 /(T) OIpeeIuTh MOMEHTBI BDEMEHH T,, T, U HapaMeTpHl,
IIPU KOTOPBIX CHCTEMa MPOXOJUT PE30HAHCHBIE 00JIaCTH.

2. Vcnonb3yst BeIpaKeHHUE ISl MAKCUMAJbHOU aM-
mwinTyasl 4,(t,, T,) IpU OIPOXOKICHUH YEPEe3 PE30HaHC,
paccuuTarh MakCHMaJIbHbIC JIMHAMUYECKHE HalpsDKCHMS
B CHCTEME C YYETOM €€ F€OMETPUYECKUX M JKECTKOCTHBIX
XapaKTepUCTHUK.

3. KonmuecTBO IMKIIOB HATPY>KEHUSI, COOTBETCTBYIOIIHX
Ka)XJJOMY [TPOXOXKICHHIO Yepe3 Pe30HaHC, MOJKHO OIICHUTh
0 KOJIMYECTBY CMEH 3HaKa HANPSDKEHUH 32 BpeMsl HAXO0XK-
JICHUSI CUCTEMBI B PE30HAHCHOW 0071aCTH.

4. CymMmMupysl TOBPEXKJICHHUS TI0 BCEM PE30HAHCHBIM pe-
JKMMaM 3a XapaKTepHbI pado4YMii IMKJI, MOYKHO OL[CHUTH Ha-
KOIUICHHE YCTAJIOCTHBIX MOBPEKACHHUI U CITPOTHO3UPOBAThH
OCTaTOYHBIN PeCypc KOHCTPYKIIUH.

Jlyist mpenoTBpalieHusl BOSHUKHOBEHHSI ONACHBIX PEe30-
HAHCHBIX SIBJICHUH Ha 3Tare NPOSKTHPOBAHUS PEKOMEH/TY-
eTcs clieytomlee:

1. KoHTposb CKOpOCTH BMXKEHHMSI TPaHUIBI: 3HAS COO-
CTBEHHBIE YaCTOTHI CUCTEMBI (,, B KPUTHYECKUX TOUKaX
(HanpuMmep, HAa MUHUMAaJbHOW U MaKCUMaJbHOU JJIMHAX),
ClIe/lyeT BHIOMpPATh 3aKOH M3MEHEHHSI CKOPOCTH JIBUOKEHHMS
rpaHuipl /(t), o0ecreunBaONINi MUHIMU3AIMIO BPEMEHN
HaXOXK/ICHHUs BOJIM3M YCIOBHI MPOXOXKICHUS Yepe3 pe3o-
HaHC ¥ MAaKCUMH3AIINIO CKOPOCTH H3MEHEHHsT 0000IIIeHHON
YaCTOTBI.

2. Ontumuzanus aemindupoBanus: I10CKoIbKY aMIUTH-
TyJla pe30HAHCHBIX KoJIeOaHUH 00paTHO MPOIOPIIMOHANIBHA
ko3 dunuenty nemnpupoBanus 3, BHIOOp MaTepuaioB
C MOBBINICHHBIM BHYTPEHHHUM TPEHHEM MJIM yCTaHOBKA
BHEIIHHX JAeMIdepoB siBiseTcs 3(Gp(HEeKTUBHON MEpOi 1o-
JIaBJICHUSI KOJIEOaHUH.

3. Yuer jkeCTKOCTH OCHOBaHMsI: PacueThl MoKa3bIBaIoT,
4TO yBEIMYECHHE Oe3pa3MepHOro mapamerpa k,, Xapakre-
PH3YIOIIETro JKECTKOCTh YIPYroro OCHOBaHMSI, MPUBOIAMUT
K YBEJIMYECHHIO COOCTBEHHBIX YacCTOT @, DTO IO3BOJIET
BbIBECTH HuzlMe (Gopmbl KonebaHuil U3 pabovero aua-
Ma30Ha YacTOT BHEIIHUX BO3MYIICHHH, XapaKTepHBIX LIS
JIAaHHOTO O0OBEKTA.

BbiBOAbI

Takum o0pa3om, pa3paboTaHHBIE MaTeMaTHYECKas
MOJZI€]Ib U METOJBI PELICHUsI NPEACTaBIAIOT HE TOIBKO
TEOPETUUECKUH UHTEPEC, HO U MPAKTHUYECKOE 3HAYCHUE
JUISL pacdeTa ¥ ONTHMHU3ALNMK JTUHAMHUYECKUX XapakTe-
PUCTHK BS3KOYNPYTHMX KaHATOB, JISKAIIMX HA yIPyTroM
OCHOBAHHH, C YYETOM JIUCCHUITALINH, YTO IT03BOJISIET Ooee
TOYHO MPOTHO3UPOBATh UX MOBEJECHUE B PE30HAHCHBIX
ycnoBusix. ChopMynupoBaHHBIE Ha 3TOW OCHOBE PEKO-
MEH/IALNN 110 BBIOOPY KHHEMAaTHYECKUX U KECTKOCTHBIX
apaMeTpOB CUCTEMBI MO3BOJIAIOT Ha CTaAUU IMPOEKTH-
pOBaHUs NPEJOTBPATUTh BO3MOXKHOCTh BO3HUKHOBEHUS
3HAYUTENBHBIX aMIUIUTYJHBIX KOJEOAHUH B HECYIIHX
9JIEMEHTAaX YCTaHOBOK, a TAKXKE OTKPBIBAIOT MEPCIIEKTUBBI
JUIs. AabHEHIINX UCCIEN0BaHUN, B TOM YHCIIE C yUETOM
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HEJIMHEMHBIX CBOMCTB MaTepuasa, Ipo0JbHO—TI0Nepey-
HBIX KoJieOaHui kaHaTa u T.1. [IpencraBieHHbIe peIICHUS
MOTYT OBITh MCIIOJB30BAHbI MIPU MCCIIETOBAHUHN KoJeha-
HUN MEXaHUYECKUX 0OBEKTOB C MOJIBM)KHBIMU IPAHUIIAMHU
(cMm. Takxke [16—27]) B 1eJisIX MOBBINICHUS HAZIEKHOCTH U
YBEJIIMUCHUS CPOKA CITYIKOBI TEXHUUECKUX CUCTEM Iepe-
MEHHOMW JIJIMHBI.
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