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Po3znanymo cmpyKmypHo-po3paxyHKogy cxemy 2i0poiMnyibCHoz0 RPUCHPOIO
0na 0ehopmauiiinozo 3MiyHeHHA Oemaineii 3 60Y008aAHUM 2EHEPAMOPOM IMIYIbCIE MUCKY.
Ha ocnogi cmpykmypHoi cxemu i yuKa102pamu pooouozo YUKy nPUCHporo po3pooneni iozo
OuUHaMiuHa i MamemamuyHa Mooeui, 86 AKUX 2i0pasiiuna 1aHKa NPeoCcmasnena 8’ A3K0-nPyHcHoio
MOOen10 pobouoi piounu (enepzonocis), CKiaoenoi 3 de3inepuuitnux npPyicHozZo
i oucunamuenozo enemenmis (mino Kenveina-@oxma).
Knrouosi cnoea: ziopoimnynscuuii npucmpiit, Oepopmauiiine 3miyHeHH,
2eHepamop iMnynbeie MUCKY, 2i0paeniuHUuil RPUBOOD, MAMEMAMUYHA MOOETD.

The article studies the structural design scheme of hydro-impulse device for strain hardening
partswith a built-in pressure pulse generator. Based on the structural scheme and the timeline
duty cycle device, dynamic and mathematical models are developed. |n these models a hydraulic
section is represented by a visco-elastic fluid model (energy source), composed of instantaneous
elastic and dissipative elements (Kelvin-Voigt material).

Key words:. hydro-impulse device, strain hardening, pressure pulse generator,
hydraulic drive, mathematical model.

Beryn. CyuacHi TeHeHIIIT MallnHOOY IyBaHHS BUMararoTh BIPOBAKCHHS Y BUPOOHHUIITBO METOIIB
1 3aco0iB, fKi 3a0€3MeuyrOTh MIJBHUINCHHS HAIIMHOCTI AeTajeii Ta BHPOOIB, a TaKOX 3MEHIICHHS
cobiBaprocTi mpoxaykiii. HanmiiHicTs meTaneli MamuMH IepeayciM 3alieKHTh BiI I1X MIIHOCTI,
3HOCOCTINKOCTI, BIOPOCTIMKOCTI, TEIIOCTIHKOCTI Tomo. OmHUM i3 CHOCOOIB IIJBHIEHHS BTOMHOL
MIITHOCTI 1 3HOCOCTIMKOCTI JeTajei € Hakjel MOBEPXHEBOIo IMapy poOOYMX MOBEPXOHbL JeTayied, Ta B
30HaX KOHIIEHTpallil HanpyxeHb. Hakien — moBepxHeBa ruactuuna nedopmaris ([11/1) marepiany nerami
CTBOPIOE 0AaraTOKpaTHI TOYKOBI 1 JIiHIMHI JeeKTH (JTiHiHHI Ta TBUHTOBI AMCIIOKAIiT) KPUCTATIYHUX TPATOK
y TMOBEpPXHEBHX INapax JeTadi i THM caMUM IMiJBHINYE OMip MHUX [IapiB 3HONIYBAHHIO Ta BTOMHOMY
pyiinyBanHio. Ilpm 1bOMy BiZOyBaeThCsl IHTEHCHBHE BHUTJIQ/KYBAHHS TIOBEPXHEBUX HEPIBHOCTEH
3arOTOBKM (3HMKYEThCS IMOPCTKICTh TOBEPXHIi), YHEMOXKJIMBIIOEThCS INAP)KyBaHHS OOpPOOIHOBAaHOI
MOBEpXHI a0pa3WBHUMH a00 IHIIMMH YaCTHHKAMH Ta CTBOPIOIOTHCS TEPEIYMOBH Uil YTBOPECHHS
Mmikpopenbedi. [lepeparu meroniB III1/] moB’si3ani 3 X MOXIMBICTIO MOEJHYBATH 03700TIOBAJIbHE Ta
3MII[HIOBANbHE OOpOOJICHHS, IO J03BOJISIE 3aMiHIOBATH OIlepallii, HamnpUKiIaJ, YUCTOBOrO TOYIHHS,
nutipyBaHHs abo MoJiipyBaHHs Ha (iHiHe 00pobieHHs 3MminHeHHsM. [TI1]] — nedopmartiiiHe 3MillHEHHS
MOBEPXHI JeTami, sSKi MOXHA peali3yBaTH PI3HUMH CIOCOO0aMH Ta MPHUCTPOSIMA 3 MEXaHIYHUM,
MTHEBMATUYHUM 1 TiIpaBIiYHAM TPUBOJOM. J{0ocBin moOym0BH MPHUCTPOIB JJIsI MEXaHIYHOTO OOpOOIICHHS,
30KpeMa, MPHUCTPOIB Jisi BIOPOTOUIHHS Ta MPHUCTPOIB ISl PO3KOUYBAHHS MiJIIUITHUKOBHX Killelb Ha 0a3i
TiIPOIMITYIbCHOTO TPUBOJY, CBIAYUTH MPO MEPCHEKTHBHICTH PO3poOieHHS Ha 0a3i JaHOro MPUBOILY
MPHUCTPOIB s 1e)OPMALIIiHOTO 3MillHCHHS.

OCKITbKM  BUKOPHCTaHHS TiIPOIMITyILCHOTO TMPHBOLY B TPUCTPOSX Juisi jAehopMaliiifHoro
3MII[HEHHSI B TEXHIYHIA JIiTEpaTypi HE OMHCAaHO, TO TEOPETHYHE 1 EKCIEePHUMEHTAIIbHE JOCIiIKEHHS
JMHAMIYHUX Ta IHIIAX MPOIIECIB Y TAKUX MPHUCTPOSX € BAXKIMBAM HAYKOBHM Ta MPAKTUYHUM 3aBJIAHHSM.
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IMocTtanoBka mpodaemu. [igpoiMiynbcHI mpucTpoi it aedopMariitHoro 3MilHEHHS AeTalei
MO)KHA Oy/yBaTH 3a PI3HUMH CXEMaMH, SKi B 3arajibHOMY BUIIaJIKy MOXKHA PO3IUTUTH Ha aBa Kiacu [1]:

— MIPUCTPOI 3 BUHECEHUM T'eHepaTopoM imiyiibeiB THCKY (I'IT);

— npucTpoi i3 BOyJIoBaHUM y BUKOHaBUY jaHky ['1T.

3 morsaay MiHiMizamii rabapuTiB IPUCTPOIO IepeBary MarTh MPHUCTPOI APYroro Kiacy, 0CoOJIMBO
JUI TEXHOJIOTIYHUX IPOIECIB JAeopMaIliifHOro 3MII[HEHHs JeTajel MOPIBHAHO HEBEIUKUX TraOapHTiB.
3amava OTpUMAaHHS MiHIMaIbHUX rabapyTiB MPUCTPOIO IS AepOpMaIifHOTO 3MIITHEHHSI 00yMOBITIOETHCS
HacaMIepel CHEPric€lo 3MIIHEHHS, Ky MOTPIOHO 3a0e3MeYnTH 3a 3aJaHUX IIBHJAKOCTI yJapHHKa Ta
4acTOTH ynapiB. BemwmunmHa eHeprii 3MillHEHHS € OCHOBHUM (PakToOpoM Juisi BUOOPY Ta KOHCTPYIOBAHHS
CHJIOBUX JIAHOK TIPUCTPOIO, SIKi 3 METOI0 MiHiMi3amii foro rabapuTiB JOMIIBHO CyMICTHTH 3 TPYKHUMH
enemenTamu sk ['IT, Tak i BHKOHABYOI TAaHKH — yIapPHUKA.

AHAJII3 0CTaHHIX J0CTiKeHb. TeOPETUIHNUM JOCTIIPKSHHSIM TiAPOIMITYJILCHOTO MPUBOY 1 pO3pPO0JICHHUX Ha
HOro OCHOBI PI3HOMaHITHHX BIOpAIlIHHUX Ta BIOpPOYIApHUX MAlMH MPUCBSIYCHO JIOCTATHHO BEIUKY KUIBKICTH
pobit I.b. MatBeeBa, P.JI. IckoBuua-Jlotompkoro, P.P. OGeprioxa, 1.B. CeBocthsiHOBa Ta iH., B SKHX
OOTPYHTOBAHO OCHOBHI MOJIOXKEHHS Ta METOJM MOJICMFOBAHHs MaIllMH BiOpalliiHoi Ta BiOpoyaapHoi mii [2—4].
OCKUTbKM  TiApOCHCTEMa PO3POOJICHOIO aBTOPaMH  TiIPOIMITYJIBCHOTO IPUCTPOI0 Ui e OpMalliifHOro
3MIIIHEHHS JeTajlell Mae Majui 00'€M HaMipHOI MOPOXKHMHM, TO MOJIEIb MOr0 TiAPaBIiYHOI JIAHKK JOILIEHO
nonaty y Buriisii tia Kenbpina-®oxra [2—5].

IMocranoBka 3amaui. ABtopu pobit [2, 3] 3ampomoHyBadM KOHCTPYKIO ManorabapuTHOrO
TIIPOIMIYJIBCHOIO MPUCTPOIO uiss  nedopMalliiHoro 3MilHeHHs jaeraned 3 BOymoBanum [T
napaMeTpuYHOro THUIY, B Kl CHJIOBA JIaHKAa MPUCTPOIO TOEIHAHA 3 Po3noAuTbHuM enemenToM [T, a
MPYKHUMH eIEMEHTaMH € TaplI4acTi MPYKUHH, SIKi 32 MaJIX Ta0apyUTiB MarOTh BUCOKY YKOPCTKICTb.

3 Mero po3poOJIeHHsT KOPEKTHOT HAayKOBOI METOAWKMA PO3PaxyHKy Ta MPOSKTYBAaHHS
3aMpPONOHOBAHOTO TPUCTPOIO JIOIUIBHO TEOPETUYHO Ta EKCIEPUMEHTANIBHO JOCHITUTA HOTO JUHAMIKY,
PO3pPOOHBIIY TUHAMIYHY Ta MaTEMaTHIHY MOJIEI] IPHCTPOIO.

Bukaan ocHoBHoro marepiany. CTBOpEHHS AWHAMIYHOI MOJIENi T1POIMITYIBCHOTO MPUCTPOFO IS
nedopmartiiinoro 3minHeHHs i3 BOyaoBanuM [T mapamMeTpuyHOro THITY CITiji pO3IIOYATH 3 PO3TIISALY HOTro
CTPYKTYPHO-PO3paxyHKOBOi cxeMu (puc. 1). OCHOBHO JIaHKOK MPHCTPOIO € TIOpIICHb-yIapHUK 1, Ha
mrokoBi 1.1 skoro ycraHoBieHO yAapHHH HakoHeYHHK 1.2. YV mnopmieHb-ygapHUK 1 BMOHTOBAHO
onnokackaauuii ['IT mapamerpuyHOro THITY, 3allipHUH €IEMEHT-KyJbKa 2 SKOTO YyCTaHOBJICHHH B
HEHTPaNbHIA OCHOBIM CTYMIHUYACTIH pO3TOUI TOpIIHSA-yIapHWKa 1 Ta HaBaHTaXEHO MPYXUHOWO 3
perymsitopa tucky “Binkpurts® [IT. Kyneka 2 cnpsraetbcs 3 MOBEPXHSIMH IIEHTPAIBHOI OCHOBOT

CTYIIHYAcTOi PO3TOYKM B MOPHIHI-ymapHHKy 1 3a nBoma moBepxHsmu amiamerpom d, ta d, Tak: 3a
niamerpoM O, Kyibka 2 KOHTAaKTye 3 KpOMKaMH IIEPEXOy TOBEPXHI pO3TOUKH AiamerpoM O, 10 moBepxHi
niamerpoMm d,, 3a SIKMM KyJbKa 2 CIIPSDKEHA 33 XOJOBOIO MOCAIKOI0 TOYHICTIO HE HIKYe 5—6 KBawiTeTiB,
IIPHYOMY JIiHisl KOHTAaKTy KyJIbKH 2 i IOBepXHi po3rouku aiamerpom 0, posramosana Ha Bixcrani h,
(momaTHe mepeKpUTTS) Bix BepXHBOro Kparo posrouku d,. Kpomku nepexomy posrouku Bix giamerpa d,

no pmiamerpa d, € cimioMm mns 3amipHoro enemeHtra — Kyabku 2. Ilpyxuna 3 perynsropa THCKY

“gigkputtss’ T'IT, mo po3ramoBaHa y BepxHbOMY MmTokOBi 1.3 mopmmHs-ynapHuka 1, ogHUM KiHIIEM
ONUpAEThbC HA KYJNbKY 2, a IHIIMM Ha mpoOKy 4, Hepyxomo 3akpimeHy B mTokoBi 1. [Tomepemns
nedopmaltis NPyKUHU 3 3MIHIOETHCS 3a IOTIOMOI'OI0 TBUHTA 5, yCTaHOBIEHOr0 B poOiii 4.
[Moprens-yaapauk 1 HaBaHTakeHOo makeroMm Tapimdactux npyxun (IITIT) 6, skuii ckepoByeTbCS
30BHIIIHBOIO TOBepxHer mrToka 1.3. Tlopiens-ynapuuk 1 po3ramoBanuii B kopryci (Ha cxemi, puc. 1,
YMOBHO HE NOKa3aHWii), SIKMi )KOPCTKO KPIMUTHCS, HAPHUKIIAJ, B Pi3LeTpUMadi ToKapHOro Bepcrata K. .

OxpiM omnucaHUX MO3HAYCHb Ha CTPYKTYPHO-PO3PAXyHKOBi CXeMi MPHUCTPOK HAHECEHO IIe TakKi,
BimnoBinHo: Q,W,,k,p, — momaua eHepronocis (poGo4oi piaMHM) Bix TifpoHacoca HACOCHOI CTaHIT
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(yMOBHO He moOKazaHa), 00'€M HamipHOl MOPOKHHHU TPHUBOILY IMPHUCTPOIO, B SIKUil BXOAUTH 00 €M
EHEProHOCis B HAIPHOMY PyKaBi HAcOCHOI cTaHIii Ta 00'eM (ITOYAaTKOBHi) HamipHOI MOPOKHUHH A
MNPUCTPOIO, MOJYJb MPYKHOCTI (3BENEHUI) SHEPrOHOCIS Ta MOTOKOBE 3HAYCHHS THCKY E€HEPrOHOCIS B
HamnipHiil nopoxxuuHi 4; K, Y, —>KOPCTKICTb 1 nmonepenHs aepopmais npyxusu 3; K,, Y, — KOPCTKICTb i
noniepenns nedopmanis IITIT 6, sika yTBOPIOETHCS Tij Yac KpilUIEHHS TMPUCTPOIO Ha BEpCTaTi Tak, 100
MK OypTHkoM mmToka 1.1 Ta JHOM pPO3TOYKHM KOPIYCY MPHUCTPOI BiIHOCHO 0OpoOmoBaHoi meranmi /[
YTBOPHBCS 3a30p Y,,; M, 1 M, —BIANOBiIHO, 3BeieH] MacH 3amipHoro enemeHTa-kyiabku 2 IT (B mro macy
BxomuTh ~ 1/3 macu mpyxkuan 3 Ta i cheprHyHOro yrmopy) Ta MOPIIHS-YAapHUKA 1, KyIu BKIFOUYCHO
vyactuaHy macy IITII (~ 1/3 macu Bcworo makera), mMacu npoOku 4 i rBuHTa 5; d,,d, — BigNOBiAHO,

AiaMeTpy mopuiHs-yaapHuka 1 Ta #oro mroka 1.1, h, . — MakcuManeHuMi Xin nopmmHs-yaapauka 1; B, C —
BIANOBIIHO, TpoMibkHA mopokHuHa [IT Ta 31MBHAa TOPOKHMHA MPHCTPOIO, SKY 3’ €IHAHO PYKABOM
(yMOBHO He moKa3aHO) 3 GakoM B HAcOCHOI cTaHIi mpuBOMYy mpucTporo; @,0 — BimmosizHo orBOpH B
MOPIIHI-yIapHUKY 1, 1m0 3 €IHYIOTh HamipHY TOPOXKHHUHY A 3 TEHTPaJbHOI OCHOBOIO PO3TOYKOIO
posramryBanHs ['IT Ta 3muBHI nopoxuunu C npucrtpoto i D I'IT; Y, , Y,, —Hnodatok (HampsiMu) BiUTIKy

MPSIMOTO XOJ1Y, BIJIIIOBIIHO, KyJbKHU 2 Ta MOPIIHS-yaapHuka 1.
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PoOouunii 1MKI TiIpOIMIYJIBCHOTO BiOPOYAapHOIO MPUCTPOIO IS AehOpMamiiHOro 3MIITHEHHS
Jeraneil 31iHCHIOETHCS 38 TAKUME €TallaMH.:

1) 3pocranHs TUCKY poO0UOi piiMHK (SHEPrOHOCIS) B HAMIPHINA MOPOXKHUHI A TIPUCTPOIO 10 PiBHS,
JOCTaTHBOTO JUIsl TEepeOOPEHHs CTAIllOHAPHOTO OMOpY, OOYMOBJIEHOIO IIONEPEIHBOI JAchopmarriero
MPYKHUX ENIEMEHTIB — BUTOI IpYXuHU 3 peryisropa Tucky Binkputts ['1T Ta [1TII 6;

2) MoYaTOK pyXy MOPIIHS-yIapHUKa 1 B MOMEHT MEPEBHUILCHHS B HAMipHiil MOPOXHUHI A THUCKY
crauioHaptaoro onopy p. (p, 2 p.);

3) 3pocTaHHs B HamipHil MOPOXKHUHI 4 TUCKY €HEPrOHOCIS 10 PiBHSA p, 3 p, — THUCKY BIIKPHUTTS

samiproro enementa ['IT (kynbku 2) 3a gac nepeMimieHHs mopiHs-yaapauka 1 va xix h,¢ i mopymenust
repMmeru3anii 3amipHoro enemenra [IT, sike cOpuUYMHSE NPAKTUYHO MHUTTEBE 3pPOCTAHHS THCKY B
MPOMDKHIH MOPOXKHUHI B 110 piBHA p, ;

4) ocKibKH KOPCTKICTh Kk, KpydeHol mpyxuHu 3 perynsropa Tucky ['IT 3HauHO MeHIIa Bix
xopcrkocti [ITII 6, k, , To st THCKY €HEeproHOoCis Ha BCIO Tuionty 4, 3amipHoro enementa ['IT cnipuuunnse

Hioro npuckopeHuil pyx Ha 1uIAxy h, —ioro 7oAaTHOIO NEPEKPUTTS;
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5) mnepemilieHHs 3amipHOro enemeHTa (KyJabkd 2) Ha [ULIXY BiJ EMHOTO TEPEKPHUTTS
h, (h, =h, +h,) i cnonyueHHs HanipHOI MOPOXXHUHU 4 31 31MuBHOI C IPHCTPOIO;

6) 3MEHIICHHA THCKY €HEPrOHOCIS B TiIpPOCHCTEMI MPUCTPOIO, O PIBHSA THUCKY 3aKpUTTI p,

MPHUCTPOIO 1 MOYATOK 3BOPOTHOTO PYXY MOPIIHA-YIAapHUKa 1 Ta 3B'I3aHOT0 3 HUM YAapHOTO iHCTPYMEHTa
Ta 3amipHoro enemenTa (kynbka 2) ['1T;
7) nepeminienns 3amipHoro emementa 2 I'IT mHa Xig h. 1 mopmHs-ymapHuka 1 3 ymapHuM

IHCTPYMEHTOM Ha BENMYMHY h, 3BOPOTHOrO X0y Ta yJapHa B3a€MOMis iHCTPYMEHTY i3 3arOTOBKOIO, LIO

00pOOIIAETHCS;

8) MmoyaTok HOBOTO MUKIY POOOTH MPHUCTPOIO.

Ha xoxHOMY 3 ONMHMCAaHUX eTamiB poOoYOro IUKITY MPUCTPOIO HAasBHI TIEBHI CITIBBIIHONIEHHS CHII,
IO JIOTh HA JIAHKH TPUCTPOIO, 3 SIKMX MOYKHA BU3HAYMTH XapaKTEpHI CHIIOBI Ta TEOMETPHYHI apaMeTpH
poboYoro MUKIY.

Twuck Bigkpurts ['1T:

- K Y1
PETA (1)

_pd;
e A 7

Tuck 3axkpurrs I'TT:

»0,785" d;; y,, —nonepems aedopmanis (10-20 mm) npyxunn K, .

_ koY +hy)
A ,

»0.785d2; h.=h +h, — xig kymeku [IT; hyih, — BianmoBimHO KogaTHE Ta BiX €MHE

P, (2

e A, =

pd;
4

nepekpuTTs 3amipHoro enementa (kynabku) I'IT.

X
IMopiButotoun (1) Ta (2), 3Haxoaumo P, = plxﬁ+ kA, , OCKLUIbKH k<< plxﬁ, TO MOYKHA

A A A A
A

BBaXKaTH, o P » P X—.

YMOBHY IIMKJIOrpaMy po00YOoro IUKIY HMPUCTPOIO Ui BHUIAAKY 3 MaKCUMAaJlbHOK YacTOTOHO
IMITyIbCIB THCKY 3a 3aJaHuX moxgadi Q, TimpoHacoca, 00’emy W, HamipHOi HNOPOXXKHMHH Ta MOIYJS

MPYKHOCTI eHeproHocis K, MokHa 300pasuTH y BHUIISAAI TphOX rpadikiB 3MIHH THCKY B HammipHIH
nopoxxauHi p, = f(t), mepemimenns 3amipHoro einementa ['IT (kympku) h,. = f(t) Ta xomy mnopuiHs

h, = f(t). Luxiorpama 300paskeHa s [BOX MEPIIMX IMIIyJIbCIB 3a MPUIYIIEHHS BiICYTHOCTI

MEPEXIIHOTO MPOIIECY IMiJl Yac 3alycKy MPUCTPOIO, KU y peayibHId CHUCTeMi OOOB'SI3KOBO Mae MicIle.
[Ipomecu 3MiHM THCKY Bil P, 10 P, Ta Big P, A0 P, MOAAHI SK MOCTiHHI BennuuHHU. Takox 300pa)ceHi

MPOIIECH ijI Yac mepeMimieHHs 3amipHoro eixementa [T Ta mopiuHs npuctpor. MokHa TPUITYCTUTH, 1110
I'IT nouHe BiAKpUBATUCH OJpa3y 3a JOCATHEHHsI B TiAPOCHCTEMi TUCKY piBHS P, = p, (Y pe3yabTati p, > p,

Ha HE3HAYHy BEJIMYKMHY), HA HUKIOrpami 1pomy mpouecy Binkputts [T BimmoBizaroTh Touka b i Touka
b . Mpunyckatoun, mo micns Bimkpurtss [T TUCk y HamipHIH TMOPOXHUHI TiIPOCHCTEMU TPHUCTPOIO

yTpuUMy€eThCst Ha piBHI Py (minsiHka be kpuBoi p, = f(t) ), MOKHA BBa)aTH, 1110 PO3TiH 3aIiPHOTO eleMEeHTa
I'IT tpuBae Ha nomaTHOMY nepekputi h, samiproro emementa I'IT i wactkoBo (0,2%h,) Ha Bix' emHOMY
nepekputTi h, mpsmoro xomy 3amipHoro enemeHta h. (minsHka b,c/), Ha oinsgHII C d, MOYMHAETHCS

3MEHIIIEHHs THCKY B HamipHii nopoxxuauHi [IT, xoua mpsmuii Xix 3amipHOro eJeMeHTa reHeparopa Iie
MPOJIOBXKYETHCS M TIEF0 THCKY P, > P, i 3a iHepiieto (ainsHka d, e ), Mo CIPHUYUHSIE 3MEHIICHHS TUCKY
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70 piBHSL P, (B peaqbHOMY MPUCTPOT TUCK MOXKE 3MEHIIIYBATHCh 0 PiBHS P, < P, ) Ta YTPUMaHHS HOro Ha
IbOMY piBHI (IiIsHKa €d, ).
YMOBHO MO)KHa BBaXKaTH, IO 3a 4ac t, yTpUMaHHS TUCKY B HamipHiil MOPOXXKHWHI Ha piBHI P,

BiIOYBa€ThCS 3BOPOTHUH Xij 3amipHoro enemenTa ['IT, skuii MOkHA 300pa3uTH JIIHIHHUM MPOIIECOM, IO
CKJIaJIA€ThCS 3 JIBOX YacTHH (DUIIHKM b, €' Ta € 'a,) 3BOPOTHOTO XOIy 3alipHOrO elIeMeHTa Ha LUIIXY

Bix'emHoro h, Ta nomatHoro h nepekpuTriB. Jlami IMKI 3MiHM THUCKy B HamipHil NOpOXHMHI
T1IPOCHCTEMHU TIPUCTPOIO Ta X0y 3amipHoro enemenTta ['IT moBToproeThes.

Huknam 3mian P, ta . Bignosimae mukn mepemimenus mopwms npuctporo. Ilepemiments
THOPIIHSA MOYMHAETECS 3 MOMEHTY Komu [P, > P, (mpamuii Xim) 3 Touku a,, sIKa BiANoBizae Todli A Ha
kpuBiii p, = f(t). 3a yac mepemimennsa 3amipHoro enemenra I'IT ma Bincrame ~h +0,2h  nopieHs
npoiine musax h, (ginaHkm @, C,), a micad mepemimenHs 3amipHoro enmementa I'IT mpuGmusHO Ha
MIOJIOBUHY BiJ' €MHOTO MEPEKPUTTS Ha HPAMOMY HOro XOAi, XiA MOPIIHS IOCSTHE MakcuMymy h. .,
0OYMOBIICHOTO HOro iHEpIi€l0 Ta i€l THCKYy Ha piBHI P, (AUIIHKAa C,C,'). 3MEHIICHHS THCKY B
rizpocucTeMi 3 piBHSA P, O PiBHA [J, CIPHYMHUTHL 3BOPOTHHMII Xin mopiHsa (ainsHKa C,'d,), AKkuil 3a
Binkputoro ['IT mnpopomxyBarumerbcss Ha auistHIi d,e,'. 3a dac moBTOpHOrO HAOOPY THCKY B
TiAPOCUCTEMI BiJ PIBHS P, /IO PiBHA P, HOPIICHb NMPUCTPOIO 3HAXOJUTHCS B HIDKHBOMY (II0YaTKOBOMY)
MOJMIOYKEHHI (IUTSHKA €,'a,) 1 AajIi UKII MepeMillleHHsI OPIIHS TTOBTOPIOETHCS.

3a mepmuM HaONWKEHHSIM CepeqHi PYINiHHI CHIM MO)XKHa 3HAWTH SIK cepenHe apudMeTHyHe
PYLIIHUX CHUII, IO IiFOTh HA MOYATKY Ta B KiHIII BIAMOBITHOI'0 X0y HOPIIHS Ta 3amipHoro enementa ['IT:

F, =05XFY +F) =054, XA - A)- K e + B XA A)- kYoo + Nl =
=0,254A - AP +P) - K Yo Ko(Yop M)
F, =05(F" +F) 2054k, XYp +N, ) P A A) K Y- B(A- A)- Nol;
F. =O0.5XF +F1") =0,55py XA, - k Yoy + P, XA, - K Xy - k) = 3)
=0,5%p, (1- A/A)A, - K (Yo, +0,55);
F,=05%F +F)=05{p, XA - k XYy +h) +k %, - p,XA) =05 p, XA - A)- k05h),

TyT p, =0,5Xp, + p,) — cepenHiii THCK Ha AinsHui abC (uB. puc. 2); p, = p, — CepeaHiil THCK Ha JUIAHIN
cd, F, Fo, F*, F, FM, F¥, F!", FY — BiImOBIIHO MakcHMajbHE Ta MiHIMaJbHE 3HAYCHHS
CepeNHiX PyIIiHHUX CHII.

CepenHio KiHeTHuHY eHeprito Ex, mopiiHs npuctporo, ska nepeTBOproeThest B eHeprito aedopmarii
3aroTOBKM (JeTaii) i yYac Hakienmy, MO)KHa BHM3HAYUTH 3a OAWMH YAap 4epe3 CepeiHI0 MIBHIKICTh

nopuHs-yaapauka 1 npuctporo VB KiHI 3BOPOTHOTO XOJy:

— m.N? 2
EK - I7S2 - mﬂ; ::121 max . (4)

n3

Koxxnuii eran nukity poOOTH TiIPOIMITYIBCHOTO TIPUCTPOIO TSt e opMaIiiitHoro 3MillHeHHS MOXKHA
onucaty JAuQepeHIialbHIMU PIBHAHHAMHU PyXy JIAHOK IPUCTPOIO Ta PIBHAHHSAMH BiAIIOBITHOI BUTpATH
CHEProHOCIsA. 3 METOI0 CIPOIICHHS AMHAMIYHOIO Ta MAaTEMAaTHYHOTO OMHMCAaHHS po00YOro UKy 8 erariB

pobOYOro NHKIY JONUIBHO 00’ €IHATH B JABa IEPiOAW: MPSAMOro xoay Mac m, i m — eramu 1-5;

n
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3BOPOTHOTr'O X0y Mac M, i m, —eranu 6-8. Bigiik mpsMoro xomy MacIm, i m, IMOYMHAETHCS 3 PIBHIB Y, 1
Y,, (TyT iHZekc “n” o3Hayae “npsAMUIA Xix’), a 3BOPOTHOrO XOmy Y;; 1 VY,, (TyT inmekc “3” o3Hauae
“3BOPOTHUI Xif") — 3 BEpXHBOIO KPAHHBOrO IMOJIOKEHH Mac M, 1 m,.

OckinbKH, 3a3BHYaid, B TIAPOIMIYJIBCHUX MPHUCTPOSIX, 3 METOI0 OTPUMAaHHS BHCOKHX 4YacTOT

NPOXO/DKEHHS IMITYyJIbCIB THCKY, OOMEXYIOTh 00'eM HamipHoi mopoxHuHu W, [3], To mis moGynosu

JUHAMIYHOT Ta MaTeMaTHYHOI MOJENeH MPHUCTPOIO IOLLILHO BHUKOPHUCTOBYBATH “MPY:KHO-30CEPEIKEHY
Mojenas” eHepronocis [3 — 5], HexTyoun Macor piAMHM B HaIipHid mopoxuuHi 4. Y Takii momemi
SHEpProHOCIs TiJpaBiiuHa JIaHKa MPUBOAY MPUCTPOIO mpencraBiseTbes TitoM Kembpina-®doxrta [3-5], y
BUTIISIAI B SI3KO-TIPYXKHOI MOJIEN, CKIQJIEHOi 3 MapalielibHO 3'€IHAHUX MK co0ot0 Oe3iHepHifHuX
OPYXKHOTO K, Ta TUCHIATUBHOIO C, eneMeHTiB. L9 rigpaBimiyHa jaHKa BIPOAOBXK POOOYOro MMKIY

ne(opMy€eThCS 3 MEBHOIO IIBHIKICTIO Ta B3a€EMOJIE 3 PYXOMHMH JaHKaMH (MacaMu M, i MM, ) IPHCTPOIO
.o o . .
4epe3 MepefaTodHi BiIHOMIEHHS iy = AT xA®, e A — muola IONEPEYHOro Mepepisy pyxomoi JIaHKH

IPUCTPOIO; A — IUIOIIA IONEPEYHOro Iepepizy ycepeaHeHoi HaIipHOI TiapoiiHii MpUBOAY MPHCTPOLO,
n n

A=a0.)/al, (tyr |, A — BigmoBigHO mOBXHMHA Ta mIoma mepepidy K-ro rizpokanamy).
k=1 k=1

XKopcrkicth 0Oe3iHEpUIHOTO MNPYKHOT'O €JIeMEHTa BIiTHOCHO IUIONI A BHU3HAYAETHCS 3a BiZIOMOIO
sanekHicTio Kk, = AW} [2]. LIt K0pcTKicTb, SIK MOKa3aHo B pobotax [2—4], MoxHa IPUBOIUTH 0 Oyib-
SAKOT TLJTOII MOMEPEYHOro Nepepisy riApoiMITyIbCHOTO IIPUBOAY 3a Gopmynoro K, =ik, , 1€ j=12,..,n —
MOPSIIKOBUI HOMEP JIAHKU €JIEMEHTIB ITPUBOJLY.

3rigHO 3 3alpoNOHOBAHO B poborax [2-4] Moxemiaro eHeproHocis, cuity F B's3KOro omnopy

Oe3iHepLifHOr0 JUCUIIATUBHOIO €leMEHTa C, MOXHa pO3paxoByBaTH 3a ¢opmynor F, =c xk,, 1e
%, =dx, /dt — mBuakicte gedopmanii X, rigpaBmiyHoi JsaHku (tina  KembBina-®oxra);
c, =prd, /4» 0,785md, — koedimieHT B's3koro omopy aedopmyBaHHsS TiapaBiidHOi JaHKK (Tyr M —
JAMHAaMIYHa B'S3KICTh eHeproHocis; d,=2/(A/p)). Y Bumaaky 3BEACHHS IUCHUIIATHBHOTO EIIEMEHTA
ripaBIivyHOl JaHKH JI0 BiIMOBIAHUX IUIOI] PYXOMHUX €IEMEHTIB TiAPOIMITYIBCHOTO MPUBOY, TUCUIIATUBHY
CHJIy ONOpYy MOXHA TaKOX TNPMBOAMTH JO LHX Iom 3a ¢opmynoro F, =i sxc (&, +¥,)[3], ne
Xp = Xy | (;jo's— neopmallisi TiIpaBIivHOl JJAaHKH, 3BEICHA JIO IUIOII MONEPEYHOro nmepepizsy A, ¥, —
IBHUIKICTE pyXy |-i manku npusoxy. THCK p, €HEProHOCiS B HamipHiil ycepeaHeHiii rimpomimii A
3B’ s13aHMii 3 AedOpMAILi€rO TiIPaBIiYHOT IAHKH X, MPOCTOIO 3AIESKHICTIO P, = X, %, XA [2].

VY poborax [2-5] mokazaHo, 110 THCKOM EHEPTOHOCIA Ta JKOPCTKICTIO TiApaBIIYHOI JJAHKHA 37IMBHOL
MOPOKHUHU T1IPOIMITYJILCHUX TPUBOIB MOXKHA 3HEXTYBATH.

BpaxoByroun Bukiaaene ta 3anexHocTi (1) i (2), MokeMo yCTaHOBHUTH 3B’ SI30K MK PIBHSMH THUCKY
“Bigkputts” Ta “3akputts’ T i nedopmaniisMu riipaBiIivaHOi JIAHKH:

Xomae = P A (5)
Yo = Py K5 = Xoma XA XA = Kooy (6)

ne i, = A’ XA’ — BHYTpIlIHE niepenaroune BigHomeHns B 1T Mk 1uiomamu pobounx mepepisis 3amipHoro

eJeMeHTa-Kyabku 2 (1uB. puc. 1)
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JMHaMiuHy MOJIENb TiIPOIMITYJIECHOTO TPUBOAY IMPHUCTPOIO Ui JeopMalliifHOro 3MillHEeHHS Ha
OCHOBI HOT0 CTPYKTYPHO-PO3paxyHKOBOi cxemu (puc. 1), yMOBHOI HUKJIOrpaMu pobodoro nukiy (puc. 2)
Ta rigpaBnivyHoi TaHKK y Uil Tina KenbBina-doxTa MOKHA 300pa3UTH Y BUTIISII JBOMACOBUX CHUCTEM
K 171t ipsimoro (puc. 3, a) Tak i 38opotHoro (puc. 3, 6) X0/IiB Mac JaHOK MPHCTPOIO.

a) 0)

Puc. 3. Junamiuna mooens 2iopoimnyibCHo20 npucmpor st 0eopmayitino2o 3MiyHeHHs.
demaneii ons npsamozo (a) ma 36opomnozo (0) X00i6 1020 NAHOK

Ha nunamivHiii Mopeni, KpiM paHille OMUCaHUX, HAHECEHO III¢ TaKi BETMYUHU: io302) — TIEPENATOUHE

BITHOIIICHHS BiJ TipaBJIiYHOI JJAHKH J0 3ammipHoro ejeMeHTa — Kynbku 2 ['IT, sike 3a71eKHO BiJl HOTOYHHUX

3HAYEHb JUIA Y, PO3PAXOBYEThCA TaK: MIA gy = Vi, =0 — iy =APXA® T1a O£y, £h —

i01(02) =g = Aiz xA;Z st O£y, < h, (TyT h = ho +h@ — XiI KyIbKH 2) i02(01) =i = Aﬁz xA;Z Ta

20 = los = A XA 1 Y =h ;i = (A - A)? XA — lepeniaTouHe BiHONICHHS BiJl TiIpaBIiuHOl IAHKH JIO

nopmHs-yaapauka 1 (mus. puc. 1); R — cuna manmiscyxoro (um HamiBpiIMHHOIO) TEPTS B CIPSIKEHHAX
nopmHsA-ynapauka 1 ta ioro mrokiB 1.1 i 1.3 3 HanpsMHUMH TMOBEPXHSAMH KOPITyCY TPHUCTPOIO, SKa
m,s =m,+m, — CyMapHa Maca NOpIUHA-yiapHHKa 1 31iliCHIOE mepeMillleHHs MiJ yYac NpsMOro Ta
3BOPOTHOTO XOJIiB y HANpSMKY KOOpJHMHATH Y,; C, Ta C,— BIANOBIIHO KOE(DilliEHTH B'SI3KOTO TEPTS B
CTIPSDKEHHSX 3aIlipHOTO eNeMEHTA-KyJIbKA 2 3 MOBEPXHEI0 IEHTPaIbHOI OChOBOI PO3TOYKH B TIOPIIHI-
ynapuuky 1 ta #ioro mrokis 1.11 1.3 3 HanpsAMHMMHU NOBEPXHAMH KOPIYCY NPUCTPOKO; F, — cuia ynapHoi

B3a€EMOIii y/lapHOro HakoHeuHuka 1.2 3 moBepxHeto aerani /[ (puc. 1). Benuunna cunn F, 3a1eXuTh Bin

XapakTepy yAapHOi B3aeMoiil HakoHeuHMKa 1.2 3 MOBEpXHEK jaeTami /[ Ta NPYKHHMX 1 MIIHICTHHX
BIIACTUBOCTEN MaTepianiB HakoHeuHuKa 1.2 ta merani /[. l1{o0 ycTaHOBHTH HayKOBO-KOPEKTHY 3aJIeXHICTh
JUISl BU3HAYEHHS CHiM F , HEOOXiIHO MPOBECTH OKPEMi TPYAOMICTKI TEOPETHYHI Ta €KCIIEPUMEHTAIIbHI

JOCITIDKSHHS, 30KpeMa Ha ocHOBI Teopii yaapy I'. ['epua. Y miii po60Ti 00MEXKHUMOCH TUTbKH HAOIHIKEHOIO
OLIHKOO i F , 3pOOMBIIM TaKi MPUITYLIEHHS:

1) kiHeTHYHA eHepris
E, =0,5M;s ¥ (7)

AKy HaOyBae IIOpIIEHb-yJIapHUK 1 B KiHII HOro 3BOPOTHOTO XOAy, HEPEXOAMTh B HpyxkHy d,, Ta
mnactuunyd,,, nedopmanii nerani J (TyT V., — MakcuMasbHa MIBUAKICTH MOPUIHA-yAapHUKa 1 B KiHIli

HOro 3BOPOTHOTO XOY);

2) ruractnuna gedopmariis gerami /[ Habarato MeHma Big il mpyxHOi aedopmariii, To6TO
d,; <<d,,, TOMy MOXHa IIPHITyCTUTH, IO KIHETHMYHA €Hepris E, OLIbIIOK YaCTMHOI HEPEXOIUTh y
MOTEHIlIAIbHY EHEPriro MpY)KHOI nedopmarliii geram /[, a MEHIIOK YaCTHHOIO, BHACIIJIOK BiJICKOKY,
3aTpauyeThesl Ha TepeMillieHHs nmopinHs-yaapauka 1 ta pepopmanito IITII B HanpsMKy npsMoro xomy

Y -

iy

Ek = EK() + EKK = O’ 5kﬂ >d127ﬂ + Ek‘ >4(62 (8)
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abo
0, 5kﬂ >d127ﬂ = EK (1' kgz) =0, 5mns ngax (1' kgz)! (9)

ne k, —wmicuena (koHTaKTHA) XKOPCTKICTh Aeraii /[, mo o0poodiseTses; K, — KoeilieHT BiTHOBICHHS JUIS

YaCTKOBO IIPY)KHOTO yaapy HakoHeuHuka 1.2 mo amerami . Jnsg ymapy crams mo craii KoediiieHT
k, =5/9» 0,56 (V... £3m/c) [7];

3) morenmiansHa eHepris 3a (9) € pobora cunm ymapy HakoHmeunwka 1.2 Ha muaxy d,,, SKy

i
MO’KHA OL[IHUTH 3a BiZIoMOI0 3 Kypcy ¢izuku dopmystoro [7] (TyT B3aTO 10 yBary, mo sektopu F, ta V,

IT max

JIOKATh HA OJIHIN MpsAMIii):

Fy >d17,3 =0, 5mns V[?max (1' kgz)! (10)
3BIIKH
F, =0,5m,, ¥/

ITmax

(1- K2)>d (11)

MakcuManbHy HIBHIKICTh TOPIIHS-yaapHUKa 1 B KiHIII HOr0 3BOPOTHOTO XOJIY MOXHA OLIHUTH Ha
OCHOBI 3p00JICHOr0 HAMU MPUITYILCHHS 2):

E %2 =05%2, _ >m, %2 =0,5%,

ITmax ne !

VI7 max = h’"f X1 k2 = hmf XNOZ >4(¢;1’ (13)
k« mﬂS

ne h, — Xix BiICKOKY mopiuHs-yaapHuka 1 micns fioro B3aemonii 3 nerammo /[, W, — BJIacHa 4acToTa

(12)

3BIIKH

KOJIMBaHb MaCHu m[_,S .

[MincraBusimm (21) B (19), 3Haiigemo:

F, =0,5w,(k;? - )h? >d ! (19

ne no !

a0o i3 BpaxyBaHHAM Kk, =0,56
F, =1,094xm, s g, 2 >d (15)

no*

3 inmoro Goky, cuiia F, BPIBHOBa)Ky€ThCs MPYXKHOI CHIIOK, IO BUHUKAE BHACIIIOK aedopmartii

neram /.
no (16)

Ilfo Bimomy 3anexHicTh [/] MOXHA 3HAWTH IICIAS HECKIAJHHUX ajreOpalyHUX IepeTBOPECHb
sanexcrocreit (9) i (10). Skmio BBakaTH KOHTAKTH HakoHeuHMKa 1.2 Ta merai /[ OJIM3BKHMH 10 KOHTAKTY
IBOX cdep, Hampukian, obpobieHHss HakoHedyHHKOM 1.2 cdepuunoi dopmu numiHapuuHoi merani /],
YCTaHOBJICHIH B MAaTPOHI TOKAPHOIO BEPCTaTa, TOMI, 3TiIHO 3 TEOPI€I0 KOHTAKTHUX JaedopMalliii, B Mici
yaapy HakoHeuHHKa 1.2 yTBOpPIOEThCS 30HA Aedopmariii, HaOpuKiIaa, Y BULJSAI KyJbOBOTO CErMEHTA,
pajilyc OCHOBH SKOI'O MOXHa pO3paxyBaTy 3a (hOPMYIIOI0:

| E'+E}
r= 0,883 Fy#, (17)
A

ne E E, — MOJyJIi MPYXKHOCTI MaTtepiajiB HakoHeuHuka 1.2 Ta neram /J; R,R,— pazaiycu ynapHol

YaCTUHH HakoHeuHuKa 1.2 Ta perasi.
MoXHa TIPHUITYCTUTH, 10 TpYyKHA AedopMallis pO3MOBCIODKYETHCS Ha SIKUICh 00'eM nerani /[ Ta
HakoHeuHuKka 1.2. OCKUIbKH, 3a3BUYal, HAKOHCUHMK BUKOHYETHCS 3 MaTepiaidy, Hanpukiaf, craiai [IX-15
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abo0 TBEpAOro CIUIaBYy, TBEPAICTh SKOTO ICTOTHO MEPEBHINYE TBEPAICTh MaTepialy Jeranti /[, TO MPyXKHOI0
nedopmariiero HaKOHEUHMKA MOXKHA 3HEXTYBATH 1 BBOKATH, 1110 AePOPMYETHCS TUTBKH JIETalb /.
[pumyctumo, mo npyxHuid 31edopMoBaHuil 00'eM Mae (HopMy KylTbOBOTO CETMEHTa 3 PalliycoM
ocHoBU I i BucoToro d,; . KynboBHii CErMEHT 3a BIIOMMMH 3 €IEMEHTAPHOI MATEMaTHKHU 3aIEKHOCTAMU
Mae IOy OCHOBH A, =p Xdj, +2r?), miouy GokoBoi moBepxHi A,s=pXri+d;,) Ta o0'em
W, =pd;, (3r?+d;,) /6. KonTakTHy *O0pcTKicTh K, 3HaiileMo, B3SBIIM 3a XapakTepHy Iutomyy A, 3a
dbopmynoro, aHaTOrivHOIO K, !
2 2 2
_bp(ri+d;,)°E,
A 2 2 2 N
&3 +d;,)deH

k, = AL XE, IW, . (18)

Sxmo marepianu Hakoneunuka 1.2 ta merami J[ (auB. puc. 1) ommakoBi (HampukiIam, craji), TOAI
E,=E, i

r =0.8832F, R <R, /[E, (R +R,)] = Bx/%. (19)

Ie B:0.88\3/2Ry R, /I[E;(R +R;)] =const it KOHKpETHOI JeTaii Ta MPUCTPOK Ul JedopMalifHoOro
3MIIHEHHS.

Mincrapusum (19) B (18) Ta (16), 3Haiinemo piBHAHHS, ske BM3HA4ae 3akoH 3Minu cumn F 3
MOTJISIAY Teopil KOHTAKTHUX MPYKHUX jaedopmaniii nerami /J min yac il oOpoOieHHS 3a JONOMOIOO
PO3IIISIYBAHOTO TIPHCTPOIO:

38753 - 6pE, xB* 5% +d2,F, - 6pd2,E, =0, (20)

Ippanionanbhe (mokasnukose) piBHAHHA (20) ycTaHOBIIOE 3B'30K MiK cuior F,, TpykKHOIO

nedopmairiero aerani /{, TCOMSTPUYHUMHU TMapaMeTpaMu aeraii /[ 1 HakoHeuHuKa 1.2 Ta HpyKUHHHUMH
BJIACTHBOCTAMH iX MmartepianiB. PiBusHHs Tumy (20) myke ckiamHe Ui MaTeMaTHYHOTO PO3B’s3aHHS i,
3a3BUYaid, TaKi PIBHSIHHS PO3B’ A3YIOTHCS YUCIIOBUMH METOJAaMH.

MaOyTh, sK Tiepiie HaOMMKCHHS, JUIS 3HAXOKCHHS 3aKOHY 3MIHHU F, JOLIIBHO CKOPHCTATUCh

sanexuoctamMu (14) abo (15), mobOyayBaBIIH, HANPHUKIA, Ha OCHOBI OPIEHTOBHHX IOCTIKEHB Tpadik
3anexHocTi F, Bix criBBinHOmeHHs hf, /d,, I pi3HUX pexumiB po6oTH mpucTporo. O4eBHIHO, IO 32
3HauHoi sxopcTkocTi IITIT Kk, pisnuus mix h,, ta h,, He Oyae BelIUKo0, TOOTO MOKHA NPHITYCTUTH, IO
xoua # d,; <h,,, ane ui BenuuuHu criBBUMIpHIi. SIkimo x sxopctkicts IITII Oyzne nopiBHAHO Maso, TO
Toni, MabyTh d,, <<h,,.

VY peanbHiii cucTeMi TPUCTPOIO BCi (aKTOpH, IO BIUIMBAIOTh HA MOTr0 JWHAMIKY, € 3MIHHMMH 1
3HAYHOIO MIpPOIO 3MIHIOIOTHCS BHITaIKOBO.

HamaranHs BpaxyBaTH BENHMKY KUIBKICTh TaKWX (AaKTOpPiB CTBOPHUIO O MPaKTHYHO HE3IONaHHI
MaTeMaTH4HI TPYIHOII MiJ 4Yac MOOYJOBM MAaTEeMaTHYHOI MOJENI MPHCTPOI, TOMY IOLLILHO, OKpIM
BHKJIQJICHUX, IPUHHSTH 111 TaKi PUITYIICHHS:

— (i3uyHI mapaMeTpu TiAPaBIIYHOI JaHKH (3BENEHUH MOAYJb MPYKHOCTI K €HeproHocis, ioro
TYCTHHA I Ta AMHAMIiYHA B’ A3KiCTH M) MOCTiHHI Ha BCiX (hazax pobOUOro IMKITY MPUBOLY IPHUCTPOIO;

— 3Ba)KalOYM Ha Malli IOBXKUHY Ta 00’ €M HamipHUX TipOKaHATIB IPUCTPOIO i MPUBOAY, XBHIILOBUMH
mporecaMy B IPUBOJII MOXKHA 3HEXTYBaTH;

— Koe(illiEHTH BUTPATH Yepe3 BiMOBiqHI mepepizu 3amipHoro enementa [1T-kynbku 2 mpucTporo €
CTaJMMHU BETMYNHAMH,

— TepMOJIMHAMIYHHH TIPOIIEC Y T1IPOCHCTEMI TPUBOAY MPUCTPOIO — 130TEPMIUHUI;

— 3MiHa TUCKY €HEPrOHOCIs B MOpOKHUHAX A 1 B (puc. 1) mpuCTpOro BHACTIIOK iX Majoro oo’ emy
BiI0YBA€ThCS MUTTERO;
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— TiAPOJWHAMIYHI CHJIM Ta CHJIM B S3KOrO ONOPY IEPEMIIIEHHIO B TiJIpOKaHalax MPHCTPOO
SHEeproHOCis Mali MOPIBHSHO 3 PYNIIHHUMH, MPYXKHAMH, IHEPUIHHUMH CHJIaMH Ta CHJIaMHU TepTsi 1 y
BUXITHUX JU(epeHIiaIbHUX PIBHSHHIX PyXY JIAHOK MPUCTPOIO HE BPaXOBYIOThHCS;

— min Jac pyxy 3amipHoro enemeHTa ['IT-Kynbku 2 HasiBHUH TUTBbKH PIAMHHUM PEXUM TepTs, a
CKJIaJIOBA CHUJTM TEPTS eNAaCTUYHMX YIIUIbHEHb MOplIHsA-yaapHuka 1 ta iioro mrokiB 1.2 1 1.3 BxoauTh y
cuity cyxoro teptsa R (puc. 1);

— y pIBHSHHIX BUTpATH 4Yepe3 BIIKPHUTI mIiuHH 3amipHoro enementa [T mpyxwHM mpuitMaemMo
KBaJ[paTHYHY 3aJI€KHICTh BUTPATH BiJl THCKY;

— BUTOKHM €EHEProHOCIS uYepe3 NOojaTHE MEepeKpUTTs h, Mani MOpiBHSAHO 3 NMOTOKaMu A dYac
BIZIKPUTTS Ta 3aKpUTTs 3amipHoro enemenTa ['1T 1y piBHSHHSAX BUTPAT HE BPaXOBYIOThCS,

— CHJIM Barm Mac m,_ Ta M, Maji HOPIBHAHO 3 pYWIHHUMH, IHEPUIHHMMH, HPYKHUMH Ta

JMCUTIATUBHUMH CUJIAMH 1 B PIBHSHHSX PYXY JIAHOK IMPUCTPOIO HE BPaXOBYIOTHCS.

Ha mizxcraBi BUKIaJCHUX MipKyBaHb 1 NPUIHATOI CHCTEMH MPUIYIICHb, THHAMIYHI Momelni (auB.
puc. 3 a, 6) IPAMOro Ta 3BOPOTHOI'O XOIB JIAHOK TIAPOIMITYJIbCHOI'O MPHUCTPOIO s nedopmaitiiiHoro
3MII[HEHHSI JIeTajiell IUIIXOM 3BEICHHSI T1IPaBIivHOl JIAHKH MPUBOJY MPHCTPOIO JI0 HOTO PYXOMHX JIAHOK
MOJKHA TTOJJATH Y BUIJIAAI MPOCTUX MOJENEil IPsIMOro Ta 3BOPOTHOI'O XOIIB Mac Mg (IOpLIHA-yIapHUKa

1, pa3om 3 macoro m, 3amiproro enementa I'IT, nuB. puc. 1) i m, (puc. 4, a, 6, 6, 2).

/ s Z Z
k;% ﬁﬁ c /«;é ilR ?F c; k, % ;I;C' k—é iIR;I €
( yhr T xAH-’) Myr M
lﬂ2f01)cﬂ

mh mﬂ[
. . 0.5 . . 0,5
ll}fffiljk{)r% fiT lowCo | 15k, hlas C .0

T . 0.5 .05 Xz Xorlozan X3
xurlﬂf(ﬂ.’) xarlﬂj
yi';

a) 0) 8) 2)

Puc. 4. Cnpoweni ounamiuni mooeni npamoeo (a) i (6) ma 36opommuozo (6) i () xo0ie mac M, i Mg

inzcm; kar h j 02 iOJkar TF v h iugljco

npucmporo 015l 0ehopmayitiHo20 3MiyHeHHs: demanell

HaBeneni nuHamiuHi MOJENi Ta CTPYKTYpHO-PO3paxyHKOBa cxema mHpuctporo (puc. 1) MicTaTh
0a3oBy iH(pOpMaIIit0, AOCTATHIO I MOOYIOBM MaTeMaTHYHHUX MOJENIEH MPSMOro Ta 3BOPOTHOI'O XOIIiB
Mac m, i m,g IPUCTPOIO.

BaxJIMBOIO CKIIQIOBOI0 YACTHHOK) MAaTEMAaTHYHHX MOJIENICH MPSMOro i 3BOPOTHOTO XOJIB JIAHOK
MPHUCTPOIO € PIBHSHHS 3B’ 13Ky — PIBHSIHHS BUTPATH €HEPrOHOCIS, SIKi 3aMUKAIOTh PIBHSHHS pyXy Mac m, i
M,,s . OCKUIBKH Yac TPUBAJIOCTI JUHAMIYHMX IPOIECIB B YCIX BiZIOMUX YHMCIOBUX METOAAX PO3B’SI3yBaHHS

nudepeHIliaTbHUX PIBHIHD € HE3AICKHOK 3MIHHOKO (apryMEHTOM), 1[0 MOYXE BiIIOBIHO PO3IUIATUCH Ha
Ay)Ke MaJIeHbKi TMpOMiDKKH (KpOKH), TO Ul MOOYIOBH DIiBHSHb BHUTpPAT CHEPrOHOCIS uepe3 MPOXiaHi
nepepizu ['IT Ta mprCTPOIO MOXKHA CKOPUCTATHCH METOJMKOI0, po3p0obiieHot0 B podotax [3 — 5. 3rimHo 3
IUMH po3poOKaMu aedopMallis TiIpaBIivyHOl JTAHKH T1IPOCUCTEMHU TIPUBOJY IPUCTPOIO Oy/Ie 3MiHIOBATUCH
3a 3aKOHOM JJIsl XOJ1iB JIAHOK IIPHCTPOIO:

MPSIMOTO —

Xor = Xomex ~ QSIn*XA;l; (21)

3BOPOTHOI'O —
XOr :XOk +QSI'3*IXA;1:XOmax >1';Jf)+QSII3>¢-A;1, (22)

ne Qg.,,Qg.,— BIANOBITHO CyMapHi BUTPaTH EHEProOHOCIS uepe3 TiJpOKaHaJM NPHCTPOIO0 Ta BIIKPUTY
minuHy 3amipHoro enementa ['IT, ska BimnmoBimae MEBHUM IEPEMIIIEHHSAM IMOPHIHA-yAapHUka 1 Ta
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samipHoro enementa ['IT Ha nuisixy npsmoro (iHmeke | =1.3) Ta 3BoporHoro (iHmekc |'=1.4) xomis.
t,t' —BiANOBIIHO MOTOYHMH Yac 3MiHM X, 1714 eBHOro “ | ” 3MiHu Qg ,Qyg.,, AKMI MOXHA PO3JIUIUTH HA
YMOBHI IHTepBaHH [Ot ] [tﬂl’tl] [tl t2] [ 1-11 |+1] [0 t 1] [ 1'-11 |+1] [tl +1!t ] (TyT tu _t xOmax ><fo >Q,;11
a t' =t,=x,.,1-i5°)A>Q," — BianosixHo wac 3pocranns aedopmanii rinpasmiunoi Bix 0x, =0 1m0

Xor = Xom AJIS HACTYITHOTO POOOYOro LUKITY IIPHBOJY IIPUCTPOIO (IMB. OPIEHTOBHY LUKIIOrPaMy poOOo4Yoro
LUKITY, pHC. 2).

KinbkicTs MOTpiOHUX iHTEpBAIiB Yacy Ta BiANOBiIHI IM 3MiHM AedopMalliif riApaBIiuHOl IAHKH X,
1 cymapHi BUTpaTu eHeproHocia Qg, Ta Qg., MOKHA YCTAHOBUTH Ha OCHOBI HaBEAEHOTO B po3auli 3 mo-

¢a3Horo anamizy po6O40ro UKy MPUCTPOIO Ta 3anexHocteil (21) i (22). ¥V pe3ysnbraTi MaTUMEMO ISt
XOJIiB PyXOMHX Mac Im, i M, IPUCTPOIO:

MPSIMOTO —

i t
'|'1)x = AR At oy, =0, 0£y, <h,  0E£t£t,
° (23)

|2) Xor = Xomax = Qsin X XAt 012:0£ y,, <h;0£ Yy, £h, .t <t<t;t=t oza:y, <h;
3) X _XOmax- QSZrt&XA;l aﬂ}l: ho <y1n <hr;y2n :hﬂmax;t1<t£t2;t:t2 aﬂ}l: yln :hr‘
l

I

1T max

3BOPOTHOIO —
_i_j) X =Ko - Qu >{'>¢61 ow:0fy, £h;0£ y,,<h, . ;OEt'Et';t' =t a2y, =h;
F2 % o o Qe XA Aty £y, <Ny <Y, Ry ity UELESE, dunty, =hy.
19, 2 A4 QX 1Y, = By 4], v, i <CELEL iy, =hy (29
e t”
%4)&:,661(?Qd0””3yb:h;-%<Yb£h7m+dm:t':t',,,

e Qg = (A§ - A) X&zn +A X&m — Ha iHTepBami [tﬂat1] ; Qszr =0,5%,p d,[(Yy, - ho) +|(Y1n - ho )|
’ \/2k0 x,%lr -1X0r = Q,, - g(m XA2 - Ha iHTepBaJIi [tl’tz] ; Qﬁu :0’5>kad2[(hjg - Yk) +|(hjg - Yy )|'

T2k, XA X, =Q, + 4, %%, — mHa imrepsami [O,t')]; Qg =Q,+4,%¥, +(4,- A)>¥,, Ha iHTepBamax
[t.t',] 1 [t,,t;]; r —rycruna eHeproHocis. [ns BusHadeHHS Qg,, 1 Qg,, MOXXHa BUKOPUCTOBYBATH SIK
JBi; TaK i MpaBi YaCTUHY HABEJICHUX BUPA3iB.

PiBHSHHSA, AKi XapaKTepU3ylOTh 3MiHYy JedopMmalii riApaBiIiuyHOI JaHKU X, IiJ Yac MpsIMOro Ta
3BOPOTHOTO XOJIB PYXOMHX JIAHOK IMPUCTPOIO, Ta HEPIBHOCTI, IO BXOMITh 10 cucteM (23) i (24), €
PIBHSHHSIMH BHUTpaTH CGHEPrOHOCIS Ta YMOBaMH OJHO3HAYHOCTI MaTEMAaTHYHHX MOJEJIeH MPsSMOro Ta
3BOPOTHOTO XOJIiB JIAHOK MPHCTPOrO. Y I Mozeni, KpiM ymoB i piBHsHB cucteM (23) i (24), BXOmITH
PIBHAHHS pyXy Mac MM, i Mg, CKJIa/ieHi Ha OCHOBI AMHAMIYHUX MOZEINEH MPsIMOro i 3BOPOTHOIO PyXy Mac

m, i m,g Ta npuHIuIy /I’ AnamGepa aist XOniB:

IIPSIMOT0 —
T”Wa fox0z) Kor (Xaaz) = Yan) = Ki(Yan * Yor) = C¥n = fongon) *Co(aaiz) = $an); 25)
Trms&ﬁzn Z o Ko (Xas = Yon) = Ko(Yan + Yoo) = C ¥ = R gy 3Co(Kug = ¥0);

3BOPOTHOIO —
T”Wa ooz Kor (Xaizy) = Yan) = Ki(Yan + Vo) - clfﬁn oo "Co Rz = ¥n); (26)

meS&&zn =i lo >4<0r(XA3' yzn)' kz(yzn +y02)' C2flzn A Ioé >Co(]g(Aa' &Zn);
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e oy = iy Ta Xpa2) = Xm = Xor >1.(-Jl(l5 s Yy, =0 i01(02) =i, Ta Xay2) = Xnz = Xor >i(3205 JIub
Yin > 05 oy Mo1 7 Xaz = Xoo >1.c3395; loagon) =loa Ta Xppy = Xap 11 O£ Yy, <oy Zloy Ta Xy = Xy
st Y, =hg; Xp1(2)» Xaz)1 Xaz — AedopManii TiapaBaivHOi JIAHKHK (T'JI), 3BemeHi, BiAMOBiAHO, A0 TUIOII
AA), AA) i AA) %% ¥ %, 8,8, ,8 .8 — signosigno norouni mBuakocti Ta
IIPHCKOPEHHS Mac M, i Mg JUIs IPSAMOTO Ta 3BOPOTHOTO X X0miB, Xy = Ko,igr”, Ky = Xoigs — HOTOUHI
mBuakocTi aedopmartii I'J1, 3Bexeni mxo trony A i A, , ski HabyBalOTh 3HaYEHB, 10 BiAIOBIAAIOTH 3MiHi
KoopauHaT VY,, 1 Y,,; X,— morouHa mBuAKicTe aepopmarii ['JI, 3semena o rwiom; (A - A);
Xomex £ Xor £ Komax = Qson 6 A1) ) Xome = Qez XA £ X, £ Xy, Bimmosinuo, 3minma nepopmanii I'JI
BIIPOJIOB IIPSAMOrO Ta 3BOPOTHOIO X0fiB Mac M, i M,g. Cuna F, ynapuoi B3aemonii Hakoneunuka 1.2 3
neramtio /[ ( puc. 1) BpaxoByeTbesi B cucteMi (26) Ha inTepBami vacy t, <t'<t,.

3a METOIMKOI0, HaBeleHOw B poborti [3], mudepeHmianbpHi piBHAHHS pyXy Mac M i M, cuctem

(25) i (26) mokHa 3BECTH [0 BHUIIIAAY, 10 HAOYHO ITiIKPECITIOIOTh KOAMBAIBHIUM PyX MHUX Mac I yac ix

XOJIB:
NPAMOro —
? @m + 2b1§(1n +W§1 ><y1n +W§1 >(y01 = g XNSr >q.(?i?02) ><>(Or ; (27)
T @Zn + 2b2£(2n +W§2 ><y2n +W§2 xy02 + R>¢n;71$ =W§r >1835 xXOr’
3BOPOTHOT'O —

i @b +2b '1 g’l& + (W'31)2(y1v; - hr) - ng Yo =-9 >W§r >‘1.(()12?01) XXor s (28)
| : B .
T &’23 +2b 2 &23 +W§2 >(Y23 - hﬂmax) - Wéz Yoo Fy >‘mnls + Rxmnls = -Wér )1(())55 XXor s

Aae b1 = 075"11[01 +C0 ><i((JJi?oz)(f(Al(z) xglln - l)]; bz = 01 5m,'71$[c2 + G >q'gé5(f(A3 ><g’zn - 1)]; b'=0, 5m|_<1’

"[6 + Colopony Rz )1, B, = 0,5m;713[c2 *+G >q'g3'5(f(A3 xy,,-1)] - simosimio 3Beseni KoedimienTn

nemrdipyBanHs — (3aracaHHs) Mg  Yac  OPIMOTO  Ta  3BOPOTHOrO  XOmIB  Mac  Myi  Myg;

Wy = \/ Meloue) o +K) = \/ OWorlonoz) +Woy | W = \/ Moo i k) = \/gNgfioz“’l) W, -

BIJINIOBITHO BJIACHI 4acTOTH KojiuBaHb cucteMu I'J1 — 3amipauii eement I'IT mig yac mpsMoro ta 3BOPOTHOIO

xomiB  macu M ;W =./K, /M, — Broacaa wuacrora komuBaub [JI BigHOCHO Mack Myg;

— -1 7 — 25 2 .
Wy, = \/ M5 (igeKor +K,) = \/WOrIO3 +Wg,) — BiacHa 4actora KomuBadb cucremu ['JI — nopuieHb-yaapauk 1;

Wy, =+/K; /M, —Bnacna gacrora konuBans 3amiproro enemenra IIT; g =m,q/m, .

VY poborti [3] noBeneHo, 1m0 3MiHHA cKiIagoBa KoedimieHTiB nemndysanns b, ta b ', (tyr k=12)
ICTOTHO MeEHINa Bix iX mocTiiiHoi 4yactuHU. Lle mo3Bosisse mpHiHATH I KOE(DIIEHTH MOCTIHHUMH Ta
po3paxyBaTH ix 3a mpocTumu 3anexnocTsvu [3]: b, =b ', =0,5m, > i b, =b', =0,5m;% xc,.

3 METOH CIpOIICHHS aHajily MaTeMaTUYHUX MOJEIeH IOLUIbHO CHIY HAMBPITUHHOIO YU
HamiBCyXoro TepTs R BU3HAUaTH SIK CEpPeJHIO 1 TOCTiHHY, SKa pa3oM i3 MOCTIHHUMH TO3UIIHHUMH
MPYKHAMH cviaMH (BiIbHI ujieHd B piBHAHHAX (25) i (26) COpHYMHSAIOTE MOSABY TMOCTIHHUX CKIIQIOBHX

MPUCKOPEHHS Ma€e M, i M,,¢ Mija Yac iX mpsMOro Ta 3BOPOTHOTO XOIIB).
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Beenennsm B piBHsHHS cucteM (25) i (26) HOBUX 3MIHHUX:
200 = Vi + W Y/ W
[ 20 = Yon +Wop XYop | We, + RAT6 WG
: z,=Yy,-h- ng W01/(W|51)2;
{223 = Y2 - hnmax - ng VYoo /W|§1+ Rmnls /Wéz;

(29)

SKI HEe 3MIHIOIOTb XapakTep pyxy mac Mgi Mg, ockineku ¥, =&, & =& ,6 ¥, =&, &, =&,
¥, =&, 8, =&, ¥, =&, , 6 & =&, 3aMerogukoro, HaBeeHO B poOoTi [13], piBHSHHS X CUCTEM
MPUBOIATECS 1O HENMIHIHHUX JU(EpeHIiaibHUX PIBHAHB, [0 OMUCYIOTh BHUMYILIEHI KOJIMBAHHS 3a
HASBHOCTI B’ SI3KOT'0 TEPTs Ta HENIHIMNHOT 30Y/KYBaIIbHOI CHITH, OJIM3BKOT 32 XapaKTepoM JI0 IMITYJIbCHOT'O
30ypeHHs. 3a HOBUX 3MiHHHX cucTeMu (25) Ta (26) MaTUMyTh BHIJIS AU XOMIB Mac M, i My

IpsAMOro —
i.&&n + 2b1ﬂ1n +W§l >Q:Ln = g Wér >1.(()):‘L?OZ) xXOr’
! 2 2 ;05 (30)
T&ﬁn + 2b2ﬁ2n +WSZ xZZn =W0r >105;‘, ><X0r1
3BOPOTHOI'O —
)[ &, +20' &, +(W'y)" =g, >q'82-?01) Kor s (31)

! ! 2 i1 _ 2 ;05
T‘g&z3+2b 2ﬁ23 TWg X2, - Fymns_'WOr Hoz Kor-

BucnoBku. Cucrema (28) ta (29) pa3om i3 pIiBHSHHSIMH BHUTpPAaTH CHEPrOHOCIS Ta YMOBH
OIHO3HAYHOCTI, HaBeneHi (21), (22), (23) i (24) € maTeMaTHYHHUMHU MOJICISIMHU MPSMOrO Ta 3BOPOTHOTO
XOJIiB pPYXOMHX JIAHOK TiJJpOIMITyJILCHOTO MPUCTPOIO JUIs eopMaiifHoro 3MirHeHHs 3 BOyaoBanum [T
mapaMeTpUyYHOro Tumy. JIOCTiKEHHs UX MOJENeH JOMIBHO MpoBoAUTH [3 — 6] MeTogaMu YrCIOBOTO
iHTerpyBaHHsl Au(epeHIiabHUX pPIBHAHD ab0 3a JOMOMOrOK KOMIT FOTEPHUX IPOrpaM, HampHKIaji,
cTBOpeHMX Ha ocHoBi makera MATLAB un aHanoriyHux iHIIHX.

Anamiz Ta JOCHI/DKEHHsSI 3alpoNOHOBaHUX MOJENEH TigpOIMITyJbCHOTO MPHCTPOIO  JUIS
nedopmarriifHoro 3miiHeHHs 3 BOyoBaHuM ['IT 3 momasbIinom eKCrepuMeHTAIbHOK MEPEBIPKOI0 CTYIICHS
aJICKBATHOCT1 IIUX MOJENEH peasibHiil CUCTEeMi MPHUCTPOO, JTO3BOJSTH CTBOPUTH HAYKOBO-OOIPYHTOBAaHY
METO/IMKY MPOEKTHOTO PO3PAXYHKY MOMIOHUX KOHCTPYKI[i MIPUCTPOIB 3 T1APOIMITYIECHHM MTPUBOJIOM.
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