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YUCJIOBE MOAEJIOBAHHA ITOCTYITAJIBHUX
I OBEPTAJIBHUX KOJIMBAHB PATII Y CTAIIEJII
I YAC BOTHEBUX CTEHAOBHUX BUITPOBYBAHD

Po3sanaHymo pesynbmamu 8o2Hesux cmeHdosux surnpobysaHsb PLTI, skul 3akpinneHo y cmarierni, Wo 3a-
besneyye sumiprogaHHs msau. [NokaszaHo, wo nid Yac suxody 08uayHa Ha ycmaneHul pexxum pobomu e cma-
nesii MOXymb 8UHUKamu rrocki (mocmynasnbHi U obepmarnbHi) konugaHHs PLTI, 3ymoeneHi panmosum xapak-
mepoM BUHUKHEHHSI msiau ma 3MIleHHSIM UyeHmpa Mac KorueasnbHoi cucmemu 8id oci dsuayHa. Lli konueaHHs
Criomeoproromb 8UMIPHO8aHi 3Ha4YeHHs msiau 0suayHa ma xapakmep ii smiHuU y daci. Memoro ujiei pobomu €
moderreaHHsT KonugeasibHUX npouecie 0guayHa 8 cmaresi, wWob y criomeopeHUX 3Ha4eHHSIX 8UMIPSIHOI msau
sudinumu ckradoei, noe’s3aHi 3 npouecamu y dsuayHi, ma ckadosi, Wo 8HOCSMb y 8UMIPHO8aHHSI msiau 08u-
2yHa KonueasbHi rpoyecu 8 cucmemi «cmanenb—08u2yH». 3arnpornoHo8aHO MOOesb KOMueanbHOI cucmemu,
sika cknadaembcsi 3 080X XKOPCMKO 3’€OHaHUX MiXX cOb0OK misl, W0 ympuMytmbCs MPYXXHUMU 38’3KaMu, SKi
0o3sorisoms iM nocmynanbHUl i obepmarnbHUll pyx, 0bMexXeHUU XO0PCMKICmio 3a3Ha4eHuUX 38’s3Kig. Cmeo-
peHo MamemamuyHy MoOesib KomueasbHOI cucmemu. BusHayeHO eHympiluHi cunu ma MomMeHmu, siki 0iromb
y KonuearbHill cucmemi. 3anpornoHo8aHo MemoOUKY YUCI08020 MOOESTH08aHHS MIOCKUX KOIUBaHb Y paMKax
3a3Ha4yeHoi moderi. [TposedeHo Moderio8aHHS M0CKO20 KOMUBaIbHO20 Py Xy ma KpUueoi cusu npyxHocmi (Kpu-
801 Moka3aHb damuyuka cusu) 8 msa208UMIprogarsbHiti cucmemi 3a pi3Hux sunadkie suansady Kpueoi msaau dgu-
e2yHa ma 3Ha4deHb rnapamempis KonuganbHoOI cucmemu. 3Moderibo8aHo A8uULLE PE3OHAHCY ma 8CMaHo8/1eHO
83aeMHUU 8MIU8 MPY>XHO20 napamMempuyHO20 38’I3Ky MiXK rnocmynanbHUMU U obepmarbHUMU KOIUBaHHSIMU.
3’[co8aHO 8rnnus XXopcmkocmi ms2o8uMipro8anibHOI cucmeMu Ha amiimyOHi 3Ha4eHHsT roka3aHb damyuka
cunu. lNposedeHo ModernroeaHHs KorugaHb CUIIU MPYXHOCMI 8 Ms208UMIPO8aribHIll cucmeMi 3 napamempamu
KonuearsnbHOI cucmemMu ma eapiaHmoM 3MiHU 8 Yaci msiau, siki Oynu pearnisoeaHi nid yac 802He8uUX cmeHOo-
8ux surnpobysaHb 00Ho20 3 PLTII. NokasaHo, W0 3a3HadYyeHi pe3yrbmamu MoOesito8aHHs1 8i0MeopOMb 3a
XapakmepoM | 3Ha4eHHSIMU pe3yibmamu 8UMIpPo8aHHsI msau 0amyuKkoM cumu rid yac 802He8UX CMeHA08UX
surpobyesaHsb, 5K Hacriook, 3pobrieHo 8UCHOBOK MPO me, WO fnapamMempu KougaiabHOo20 Mpouecy, npulHsami
8 moderni, 8idnogidarome peasbHUM. 3pobrieHO 8UCHOBOK MPO Me, W0 3a3Ha4eHe MOOEesT08aHHS Cripusie 06 ’eK-
mueHil iHmepnpemauii kpueoi msiau, npoeedeHH A0CMOoBipHO20 U No8HO20 aHasidy pobomu dsuzyHa rid
yac 8oeHesUX cmeHAo8UX 8unpobysaHb, demarsibHILIOMY ma MOYHILOMY MPOEKMy8aHHIO cmarneris.

KntoyoBi cnoBa: konumearbHa crucTema, Niocki KONMBaHHS, NOCTyNarnbHi KONMBaHHSA, obepTanbHi KONMBaH-
HSl, pE30HAaHC, BUMIPIOBaHHS TSAIN.

This article dwells on results of firing bench testing of the solid-propellant rocket engine (SPRE), fas-
tened to the thrust-measuring assembly stand. It is shown that when engine enters the steady-state mode of
operation, plane (forward and rotation) vibrations of the SPRE can take place in the assembly stand due to
the sudden pattern of thrust generation and displacement of the center of mass of the vibrating system from
the engine axis. These vibrations distort measured values of engine thrust and pattern of its change versus
time. The purpose of this work is to simulate the oscillating processes of the engine atop the assembly stand to
single out in the distorted values of the measured thrust the components related to the processes in the engine
and components, which are introduced into the thrust measurement by the oscillating processes in the system
«assembly stand — enginex». Model of vibrating system is suggested, which consists of two rigidly connected
bodies, containing elastic links, enabling forward and rotary motion and limited by the rigidity of the links.
Mathematical model of the vibrating system is developed. Internal forces and moments acting in oscillatory
system are defined. Method of numerical simulation of plane vibrations within the limits of the developed
model is suggested. Plane vibrating motion and elastic force curve (curve based on force sensor readings)
were simulated in thrust-measuring system for different cases of thrust curve and values of vibrating system
pa-rameters. Resonance condition was simulated and mutual influence of elastic parametrical link between
for-ward and rotary vibrations was established. Impact of thrust-measuring system rigidity on peak values of
force sensor readings was found out. Elastic force vibrations in thrust-measuring system with vibrating system
pa-rameters were simulated including variant of thrust change versus time, implemented during firing bench
tests of one of the SPRE. It is shown that registered simulation results recreate thrust measurement results
in pat-tern and values obtained by the force sensor during the firing bench tests, and owing to this, it was
concluded that oscillating process parameters, assumed in the model, meet the actual ones. It is concluded
that simulation provides objective interpretation of the thrust curve, reliable and comprehensive analysis of
engine run during firing bench tests, more detailed and exact design of the assembly stand.

Keywords: vibrating system, plane vibrations, forward vibrations, rotary vibrations, resonance, thrust
meas-urement.
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Beryn

Cranens (puc. 1) yrpumye IBUTYH IiJ 4ac
MPOBEICHHS! BOTHEBHX CTEHIOBUX BHIIPOOY-
BaHb (BCB) Ta 3a0e3nevuye BUMIpIOBaHHS TATH
JIBUTYHA.

Puc. 1. Cxema cranens:
1 — cTeH10BUH yIIOp; 2 — AaTYUK CHUJIH;
3 — nepexinHa pama; 4 — BUTYH; 5 — rutatdopma;
6 — cranuHa; 7 — cTpivka

JIBUTYH KOPCTKO 3aKpiIUIeHUH Ha miatdop-
Mi 5, siKa 3a JOIIOMOTOIO JIBOX THYYKHUX CTaje-
BUX CTPIUOK 7 3’€JHaHA 31 CTAHUHOIO 6.

BuMiproloTh TATy 3a JOMOMOTOI0 JaTyhKa
CHJIH 2, 3’€IHAHOIO 3 1HIIUMU €JIEMEHTAMH Ts-
ropumiproBanbHoi cuctemu (TBC) — crenmo-
BUM yropoM 1 1 mepexiiHOI0 paMoro 3.

Konctpykmis cramens 3a0esnedye Oesre-
PELIKO/IHI Majli MepeMillleHHsl [BUTYHa B Ha-
npsAMKY 1ii Taru [ 1], K1 0OMekeHi Mpy>KHICTIO
enementiB TBC.

Ha ycranenux mpomikkax poOOTH IBUTY-
Ha HOro cuily TATH (TAry) P 3piBHOBaXXEHO CH-
JIOKO MPYXKHOCTI £, siKa BUHUKAE B CICMEHTAX
TBC. Ockinbku cuiia Npy*KHOCTI € OJHAKOBOIO
st Beix enemenTiB TBC, To cuna mpy»XHOCTI,
[0 BUHUKAE B JIATYUKY CHJIH, TOPIBHIOE CHIII
TSTH, 1 TOMY Ha MPaKTHULI NPUHHATO BBa)KaTu
MOKa3aHHA JaT4YMKa CUJIM 3a TATY JBUTYHA.

ITocTaB/ieHHS 3aBJaHHSA

[lix yac BUXomy JBUTYHA Ha yCTaJeHHH pe-
UM pOOOTH TAra 3a MalIUid MPOMIKOK Yacy
(Maif>ke MUTTEBO) 3pOCTAE BiJI HYJSI 10 IIEBHOTO
ICTOTHOTO 3HAYCHHSI, JIBUTYH PO3IIOYNHAE TIPH-
CKOpEHHUI pyX y OIK CTEHJIOBOTO yIOpa, BUHU-
kae aedopmaris exementiBa TBC 1 BignmoBigHa
i cuila mpy»XHOCTI.

OCKUTbKY CIUTBHUHM TIEHTP Mac (1. M.) pyXo-
MUX TiJT 3MIIIEHUH BHU3 Bif OCI JBUTYHA (Ha-
MpsIMy BEKTOpa TSITH), TO Ha HUX, KPIM CHIIU
TSATH, JII€ MOMEHT, 1110 CTBOPIOETHCS II€I0 CHU-
JIOI0, 1 BCSI CHUCTEMA TIJI 3IMCHIOE CKJIaTHUN
pPYX, SKHM MOXXHA PO3KJIACTH Ha MOCTyMalb-
HUH — eHTpa Mac i o0epTaJbHUIl — HABKOJIO
IIEHTpa Mac.

ITix gac pyxy B enementrax TBC 1 cTpiukax
MiJBICY CTamesi BAHUKAIOTh CUIIH MPYXKHOCTI,
NpONOpLiKHI IXHIM AedopmalisM 1 cuiaMm
oTIopYy.

VY Oyap-sKuii MOMEHT Yacy JBUTYH 1 3B’S-
3aHi 3 HUM €JIEMEHTH CTalelsl PyXarTbCs il
JI€I0 TSATH, CHII MPYXKHOCTI H OMOpY, a TaKOX
]I JI€0 MOMEHTIB, 1[0 CTBOPIOIOTH Ii CHUJIU
BIHOCHO II. M. I1i71 mi€ro BUIlle3a3HAYEHUX CHJT
1 MOMEHTIB y CHUCTEeMI «CTamejlb—IBUTYH» BU-
HUKAaIOTh 3racarodi KOJMBAaHHS, SIKI pO3IJIsjia-
THMEMO SIK TIOCTYTIaJIbHI — IIEHTpa Mac 1 00ep-
TaJIbHI — HABKOJIO IIEHTPa Mac.

KonuBanHs ABUTYHA B cTamelni CIPUYUHS-
I0Th KOJMBaHHs cwin npyxHocti B TBC. 3a
LMX YMOB 3MiHHa y 4Yacl cujia HpYyXHOCTI B
JATYUKY CHUJIH, IO BUMIpIO€eThCs 1i yac BCB
Ta IHTEPIPETYETHCA K TATA ABUTYHA, I[IIIKOM
OYEBUJHO HE BIAMOBITA€E TA31 y (i3HUHOMY
posyminHi [2]. /InHamika KOJWBaHbB JBUTYHA
B cTamell 3aJIe)KUTh B1J BJIIACTUBOCTEN KOJIH-
BaJIbHOI CUCTEMH Ta JTMHAMIKHU MPOIECiB 3a-
MycKy ABUTyHa [3].

OTxe, sl BUSHAUCHHS TITH JIBUTYHA II1]1
Yac 3amyCcKy BUMIPIOBaHHS CHJIU MPYKHOCTI B
JATYUKY CUJIM HEOOX1THO MOB’A3aTH JUHAMIKY
KOJIUBaHb JBUTYHA B CTaleli 3 JUHAMIKOIO
HOTro TATH Ta BIACTHBOCTSAMH KOJHMBAJILHOI
CHUCTEMH.

Moaesb pyxy cucTemMu

Posrnsinemo Moziens, mokazany Ha puc. 2.
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3a3HaueHa MOJENb CKJIaJaeThcsl 3 Tina 1
(IBUT'YH 3 HAaBICHUMH €JIEMEHTaMH) Ta Tija 2
(pyxoma tutatopma W e€IEeMEHTH KpIIUICHHS
JIBUTYHA), SIK1 dKOPCTKO 3’€JHaH1 MK c00010 i
YTPUMYIOTECSI MPYKHUMH 3B’SI3KaMH, 110 Ma-
IOTh JKOPCTKOCTI K, 1 k,.

Tima 1 i 2 MalTh CHUIBHUHA IIGHTP Mac,
posmimenuit y Touni O, macu m , m, Ta Bij-
MOBITHO MOMEHTH 1HEpIil I, 1, BIJTHOCHO
OCei, sIK1 MPOXOAATh Yepes iXHi BIACHI LIEHTPU
mac O,, O, Ta NepneHMKY/IAPHI OCi BUTYHA.
[TpyxHuii 3B’430K Tina 1 n03BOJIsiE oMY TO-
CTyHAJIbHUI pyX y3IOBXK OC1 JIBUI'yHa Ta 0e3-
TIEPEIIKOHUH TOBOPOT HaBKOMO O,

[Tpy>xHi 3B’513kM Tina 2 (CTPIYKK) TO3BOIS-
I0Th HIOMy MOBOPOT BITHOCHO TOUKH D (LIEHTp
CTPIYKOBOTO TIJBICY cTamens) Ta Oe3meper-
KOJAHUN MOCTYHalbHUM pyX MapajenbHO Oci
JIBUTYHA.

Jns onucaHHS pyXy CHCTEMH HEOOXITHO
CKOPHUCTATUCS 3aKOHOM TAru P(f), BU3HAUYM-
TH CHJIM TIPY)KHOCTI I 1 F,, 110 BUHUKAIOTh Yy
3B’s13KaX, AKi MalOTh )KOPCTKOCTI k| Ta k,, BHa-
CIAOK pyXy Tu 1 Ta 2, a TaKoXX 3a/1aTUCS CH-
JamMu onopy R Ta R, 0 3aBXKIU CyNPOBOIKY-
I0Th MEXaHIYHUHU pyX (puc. 3).

Rl
. A1 P(0)
X
—-e ()
| %
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R, l 1 { R,
F

2

Puc. 3. Cxema cuul, sKi JIOTB y cuCTEMI

PiBHOMIViHA CHJI TATH, TPY>KHOCTI W OTMOpY
HAJAa€ 1. M. CHCTEMH JIiHIHE TPUCKOPEHHS

SF
a =———
Tom tm, 1)
Ta HABKOJIO L. M. KyTOBE IIPUCKOPEHHS
M.
e==Mi 2
I +1

ne I, =1, +mo}; I,=1,+m0. — MOMEHTH
iHepwii Tin 1 1 2 BiANOBIAHO BIIHOCHO OCi, 1110
MPOXOJUTH Yepe3 1. M. Ta MEePIEHAUKYIISIPHA X.

PiBusnns (1) 1 (2) BUpaxaroTh MaTeMaTHIHy
MOJIeTTb pyXy cucTeMu. Po3B’si3yBaTH 3a3Ha4eH1
PIBHSHHS OyZIeMO IUIIXOM YHCJIOBOTO KOMII FO-
TEPHOTO MOJICIIOBAHHS Yy CEPeOBHUIl Ta0nIny-
Horo mpouecopa Microsoft Excel, skwii mae
3pydHHid iHTepdeic 1 mupoki rpadivyHi MOXK-
JUBOCTI BIIOUTTS pe3yabTaTiB MOJICTIOBAHHS.

Po3rstHeMO 3MIlIIEHHS] CHCTEMU, CTIPUYHHE-
HE JI€10 3MIHHOI B Yaci cuiiv Tsru P(f), siKe 1mo-
Ka3aHo cxematu4Ho Ha puc. 4. Ilix giero cunu
TSATU 1. M. 3 TIOJIOKEHHS piBHOBaru B toumi O
3MIIIYETHCS B HAMPSMKY OCI X, IO MapajieabHa
oci nBuryHa, B Touky O, a Bcs cucTeMa, Ky
300paxeno Toukamu O, A, B, D — BiANOBIIHO
B TOYKH 01', A, B', D'. MomenT, sikuii CTBOPIOE
CHJIa TSTH BIJIHOCHO II. M., TIOBEPTAE CUCTEMY
BigHOCHO O' Ha KyT ¢, @ TOUYKHU Ol', A, B D
3MICTATLCSI B TOUKH Ol", A", B", D". Ockinbku
3MIIIEHHSI cUcTeMHu oOMexeHi nedopMariisMu
NpPY>KHUX €JIEMEHTIB, TO KyT MOBOPOTY ¢ =~ 0,
i ToMy Gepemo, mo nepemimenns 0,0 ra D'D"
BiIOYBaIOThCS MO OCi X, a TXHI JOBKUHU TaKi,
10 JOPIBHIOIOTH JIOBKHHAM BiAOBITHUX JIYT.
Ockinbku @ = 0, 6epemo, 10 3MimeHas 44"
(BB") BinOyBa€eThCs IO OC1 y Ta IOPIBHIOE 10B-
xuHl nyru AA" (BB") 3 yMOBHHM LEHTPOM
BD".
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Puc. 4. Cxema 3MIII[EHHSI CUCTEMA

BusHaueHHsi cuJ1 i MOMeHTIB, sIKi Jil0TH
y cucremi

Cunu mpyXHOCTI, SIKI BUHUKAIOTh B elie-
MEHTax CTaresi, MpOonopIiiHi iXHIM nedopma-
uisiM. Cuna npykaocti B TBC mae Burisn
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Fl - _kl (x tz ) >
ne k, —xopcrkicts TBC;

x = O0'— niepeMiIeHHs 11. M.;

z= OI'OI" = élgo — TMepeMIIIeHHs [IEHTpa Mac
TiIa 1 BIZHOCHO 3arajbHOrO II. M. BHACIIJOK
MTOBOPOTY HA KYT (.

Cuuty ipy»KHOCTI, 1110 BUHUKA€E B CTPIYKOBO-
My MiJIBiCi, 3aMUCY€EMO SIK

F,= —k2 y
ne y = lp — nepemitiernst Touku A (B);

k, — JOPCTKICTh CTPIYKOBOIO MiJBICY.

Cunu omnopy pyxy, 10 BUHHKAIOTh Y TPYK-
HHUX CTajJeBHX KOJUBAJIBHUX CHCTEMAX, 3a-
JIOBUIBHO OMUCY€ MOJEIb B’SI3KOTO TEPTS, BiJ-
MIOB1JTHO JI0 SIKOT BOHU MPOMOPIIiiiHI IIBUIKOCTI
Ta MPOTWICKHI 1. 3aMuCcyeEMO BUpa3U JUISI CHLIT
TEPTS:

R =-nyv_—cuna repts B TBC,
ne n, — xoedinient B’sa3ko0ro Tepts B TBC;

V_— IIBUJIKICTh 1. M. Y3/IOBXK OCi X.

R, = —n,V — CHJIa TepTs B miaBici,

e n, — KOeQIi€HT B’ A3KOTO TEPTS B MIJBICI;

v, - HIBUJIKICTh TOUKU A (B) y310BX OCl ).

MomMmeHTH, SIKi CTBOPIOIOTh 3a3HAYCHI BHUIIE
CWJIH, 3aITUCY€EMO B TAKOMY BUTJISIII:

M= P(£)0, — BIL CUJIK TATH,

M, = F 0, — Bin cumu npyxkuocti TBC,;

M, = 2F,[ — B cum Npy>KHOCTI MIABICY,;

M,= Rlél — Big cunu Tepts B TBC;

M, = 2R,/ — Bix cuu TEPTA B MIBICI.

YucaoBe MoaeIIOBAHHSA

Jlnist mpoBeZieHHsT OOYUCIICHb CIOYATKy He-
00X1THO 3aJaTH TMapaMeTPH KOJIMBAIBHOI CH-
CTeMH M, M, {cl, k1,1, 0,0,n,n,il, ara-
KOXK T10YATKOBI YMOBH PYXY Xy, Vs Zys P> Vygp V.
Ta ®,, yPaxoByIouH, mo o =V _ [0,; Vo=l
ax,=0;y,=0;z,=0; ¢,=0, TOMy 10 Ccrioyar-
Ky cucTema nepeOyBae B MOJI0KEHH] pIBHOBArH,
sIKe 301raeThCs 3 MOYaTKOM BIJUTIKY. 3HAUCHHS
IIOYAaTKOBUX JIHIHHOT v, Ta KyTOBOI @, IIBH/I-
KOCTEH 3ajiexarb Bl IMITYJIbCY, IIOB’S3aHOIO
3 BWJIBOTOM COIUIOBOi 3alNIyIIKU JBUTYHA, Ha-
SBHOCTI noyatkoBux 3a3opiB y TBC rta iHmux
0COOJINBOCTEN 3aIyCKy JABUIYHA.

[TouaTkoBe niHINHE TPUCKOPEHHS 1I. M. 3Ha-
XOIUMO 32 (OPMYJIOI0

— 0
x0 ml +m2 ’
ne P — mo4aTKOBe 3HAYEHHS TATH.

[TouyarkoBe KyTOBE HPHUCKOPEHHS CHCTEMH
HaBKOJIO 1I. M. 3HaX0UMO 32 (OPMYJIOI0

€, = —Poél )
I +1,
OO0uuncneHHsT Ha TEPIIOMY KpoIli (TpoMixk-
KYy) BUKOHYEMO B TaKii OCIiIOBHOCTI:

_ PO_kl (x0+20)_n1v0

a

x1

— [IPUCKOPEHHS;
m, + m,

v, =v,t a_ /At — WIBUJKICTB;
x, =x,tv_At—1epeMIILeHHs;
o = (Po —k, (xo +ZO)_nlv0)5l _Z(kzyo +n2vy0)l B
1
]1 + 12
KyTOBE MTPUCKOPEHHS;
o, = o, +¢& At — KyToBa LIBU/KICTb;

@, = ¢, t ® At — KyT IOBOPOTY;
¥, = lp,— po3TAr CTPIUOK;
V= la)] — MIBUIKICTE;

z, = 0,9, — OCbOBE HEPEMIIl[CHHs BHACIII0K
TIOBOPOTY.

Jlst ipyroro Ta HaCTYIMHHUX MTPOMDKKIB PyXy
OO4YHCTICHHS] MPOBOAMMO AaHAJIOTIYHO, a BiJ-
MOB1/IHI (POPMYITH MAIOTh TAKUH BUTIISIL:

:Pi_kl(xi+zi)_nlvxi,

x(i+1) m, + m, >

v =v tat,
xi i-1 !
xi =xi71 +Vx[At;
(Pi_ki(xi+zi)_n1vxi)6l_2(k2yi+n2v}’f)l
& = .
i+l ,
[ +1

. =w,  +elt;
i i-1 i

0, =9, T AL
v =lp,
v =lw;
i i
4= 51(01"

3HaueHHs 4Yacy B KiHIIl KO)KHOTO MPOMDKKY
PYXy 3HaXOIUMO SIK

L=t +At

ne At — KpOK Yacy JJis MPOMIKKIB PyXy, SIKUH
O6epeMo B po3paxyHKax.

MogentoBaHHsT TPOBEAECHO B CEPEIOBMILI
tTabimmuHoro mporecopa Microsoft Excel, mo
Jla€ MOXKJIMBICTD BiIOMBATH pe3yJIbTaTH po3pa-
XyHKIB y 3py4YHOMY JJIsi BUKOPUCTaHHS rpadiu-
HOMY BUIJISI]II.
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3arajbHUAM BUIVIS KPUBUX MOJEITIOBAHHS
(puc. 5) 3aneXUTh BiJl 3HAYCHD MApaMETPIB KO-
JMBAJIBHOI CUCTEMHM, TOYATKOBHX YMOB PYXY,
3YMOBJICHUX KOHCTPYKTUBHUMH OCOOIHBOCTSI-
MU CTaressl Ta 3aKpIIUIEHHS IBUTYHA, a TAKOXK
BiJl TPOIIECIB 3aIyCKy IBUTYHA (CIpaIfoBaHHS
3anajbHUKA, TOPIHHS 3apsiy, BHIIT COIUIOBOL
3amTyIKH Ta 1H.).

0,002 -

1

0,0015

1

0,001

ITepemitienss, m

0,0005 - fi

opoos-ﬂ i

—0,001

L

Puc. 5. 3aranbHuil BUITISIT KPUBUX MOJICTIOBAHHS
KOJIMBaHb JIBUTYHA

MoneaoBaHHA NMOBEIIHKH KOJHUBAJILHOIL
CHCTEMH 32 Pi3HHX YMOB

[Ticns BCB Ha Oyap-sikoMy eTarti Biamparito-
BaHHS JIBUTYHA JTy>K€ BaXKIIMBO 00 €KTUBHO 1H-
TEpIPETYBaTH Pe3yabTaTH BUMIPIOBAHb.

Oco6nuBO peTenbHO HEOOXITHO aHalli3yBa-
TH KOJIMBAJIbHI MPOIIECH JBUTYHA B CTameli 3
TI€I0 METO, MO0 y 3armTyTaHoMy aehopmy-
BaHHI JaTYMKA CHJIM BUIUIMTHU CKJIaI0BI1, OB’ s-
3aHi 3 MpOLeCaMu y ABUTYHI, Ta CKJIQJIOBI, SIKi
BHOCSITh Y BUMIPIOBaHHS KOJIMBAJILHUMU IIPO-
[[ECaMU B CHCTEMI «CTamelb—IBUTYH». 3 €10
METOI0 IPOMOJIEITIOEMO KPUBI CHJIN MPY>KHOCTI
B TBC 3a ymOB peaizarlii pi3HOTO Xapakrepy
3MIHM TSTH JIBUTYHA, HAsSBHOCTI MOYaTKOBOTO
IMITYJIbCY JBHUTYHA, COPUYUHEHOTO BHJIHOTOM
COIIOBOI 3arTymku Ta (ab0) HaAsSBHICTIO TO-
YaTKOBUX MeXaHi4HuX 3a30piB y TBC, a Takox
3a YMOBH Pi3HHX 3Ha4eHb xkopcTkocTi B TBC.
Po3misiHeMo nexinbka MPUHIMIIOBO Ba)JIMBHUX
BUITAKIB.

[Mepmmii Bunagok. Hexait mix yac 3amycky
JBUTYH Ma€ HE HYJhOBE 3HAYCHHS IMOYATKOBOI
TSTH, SIKa CTMOYATKy IIBHJIKO 3pPOCTa€, a MOTIM
BUXOJIUTh HA TIEBHUI pPiBEHB, OTHOYACHO BiA0-

YBA€ETHCS MYJIbCAIliSl TATH B JISTKAX MEXax 3 4a-
CTOTOIO, sIKa JIOPIBHIOE YACTOTI MOCTYMATbHUX
KOJIMBaHb JABUTYHA B crameni. [louarkoBuM iM-
MyJIbCOM JIBUTYHA Hextyemo. Ha puc. 6 BuIHO,
[0 3a CTaJiol aMIUTITYIu MYJbCallii TSITH, aM-
TUTITYa CUJTH TIPYKHOCTI HAPOCTAE B Yaci — pe-
30HAHC.
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Puc. 6. [lepmuii BUNIaok — 4acToTa MYJIbCAIIT TATH
JTIOPIBHIOE YaCTOTI MOCTYMAIbLHUX KOJMBaHb (PE30HAHC)

Hpyruit Bunagok. Hexail mijg yac 3amycky
JBUTYHA Ta BUXOAY HOTO Ha PEXHM peai3o-
BaHI Taki )k YMOBH, SIK y TIEPIIOMY BHUITJIKy 3a
Ti€l pi3HMIIL, 1110 YACTOTA MyJAbCAIlil TATH TOPiB-
HIOE 4acTOTi 00epTanbHUX KonuBaHb. Ha puc. 7
BUJHO, IO 3a CTaJ0l aMIUTITYIH ITyJabCarii
TATH aMIuTiTYya cuiau npykHocti B TBC 3racae
y 4aci, He3Ba)Kaloud Ha yMOBHU, CTBOPEHI AJis
sBHIla pe3oHancy. OTke, CUCTEMA «UyTIHBA
JI0 PE30HAHCY KOJINBAaHb MOCTYMAILHUX Ta «HE
Yy TJIMBa» 10 00epTaIbHUX.
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Puc. 7. [Ipyruii BUnagox — 4actoTa Mmy/ibCcamii Taru
JIOPIBHIOE YaCTOTi 00EPTAIbHUX KOJHBAHb
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Tperiit Bunagok. Hexail mim 4dac 3amycky
JBUTYH Ma€ HE HYTbOBE 3HAUEHHS MOYaTKOBOI
TSATH, sSIKa CMOYATKy HIBHUIKO 3pPOCTAa€, a TO-
TIM BUXOAUTH HA TIEBHUU piBEeHH (puc. §) 3a
yMOBH, M0 30UIbIIeHHAM KopcTKocTi TBC
no0uBaeMoCs PIBHOCTI YAaCTOT MOCTYMAIbHUX
1 obepTanpbHUX KONMBaHb. [louaTkoBUM i1M-
MyJ5COM JBUTYHA HexTyemo. Ha puc. 9 Buu-
HO, 0 B TBC BMHUKAIOTH 3racaroui KOJWBaH-
HS CHJIH TIPY’KHOCTI, HE3Ba)Kal0uu Ha CTBOPEHI
B CHCTEMi YMOBH MMapaMETPUYHOTO PE30HAHCY
(piBHICTP YacTOT 1 HAsBHICTh HapameTpHu-
HOTO 3B’S3Ky TMOCTYMaJlbHUX 1 00epTaIbHUX
KOJIUBaHb 4epe3 mapaMerp z). Y UbOMY BHU-
NajKy pe30HaHC BiJCYTHIiH, OCKIJIBKH BiACYT-
HI MyJbcalii TATH, aje HasBHICTh MPYKHOTO
MapaMeTPUYHOTrO 3B’SI3KYy MIXK MOCTYIMaJbHU-
MU i 00epTaibHUMHU KOJIMBAHHSIMU 3yMOBIIOE
MOBUIBHIIIE 3racaHHs KOJIMBAaHb, HIK y IOIIe-
PEIHBOMY BHITAJIKY.
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Puc. 8. Tperiii BUIaiok — piBHICTh 4aCTOT
MOCTYHAJIBHUX 1 00epTaIbHUX KOJIMBaHb

YersepTuii Bunanok. Hexait nix yac 3amyc-
Ky JIBUTYHA Ta BUXOJy HOTO Ha PEKUM peai-
30BaHI Takl )k YMOBH, K y TPETbOMY BUIIAJIKY
3a Ti€l pi3HUIN, 110 JABUTYH OTPUMAaB ACAKUN
MOYaTKOBUHM IMITYJIbC, MOXJIMBO, BHACIIiJIOK
BUJILOTY COIMIOBOi 3armymku. Ha puc. 9 mo-
Ka3aHo, [I[0 HasBHICTh Y JIBUTYHA TOYaTKOBOTO
IMITYJIbCY, 32 YMOBH 30€peKeHHS BUCOKOT KOp-
ctkocti TBC, mpu3Bena 10 iCTOTHOTO 301J1b-
IICHHS aMIUTITyI¥ KOJUBaHb CUJIM MPY>KHOCTI
3 TIEPeX0JIOM OCTaHHBOI B 0OOJACTH PO3TATY,
10 Y pa3l BUKOPUCTAHHS JaTyMKa CUJIM CTHUC-
Ky Tpu3Bene J0 YacTKOBOI BTPAaTH 3HAu€Hb
BHUMIPIOBAHOT TSTH.
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Puc. 9. YerBepTHii BUMIaIOK — HAsIBHICTH TIOYATKOBOTO
IMITyIIBCY Y JBUTYHA

[T’stuit Bunagok. Hexail mig vac 3amycky
JBUTYHA Ta BHUXOJl MOr0 Ha PEKUM peai3o-
BaHI Taki ) YMOBH, SIK Y TPETbOMY BHUIAJIKY,
3a Ti€i PI3HUII, IO 3MEHIIEHHSM XOPCTKOCTI
TBC no piBH#, mo OyB NpUWHATUN y HepIIO-
My Ta IpyroMy BUMAJKaX, 3MEHIIYEMO BIACHY
9acTOTY MOCTYAIBHUX KOJIMBAHb Ta, SIK HACITi-
JIOK, JIIKBITyEMO YMOBY MapaMeTPUIHOTO PE30-
HAHCY MOCTYMaJIbHUX 1 00epTaTbHUX KOJIMBAaHb
nBuryHa B crameni (puc. 10).
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Puc. 10. IT’siTuit Bunanox — 3umkeHHs sxoperkocti TBC
3a HassBHOCTI [MOYATKOBOT'O IMITYJIbCY Y JIBUTYHA

Bunno, mo 3a 3umxenHs xopctkocti TBC,
B YMOBax HasBHOCTI Yy JBUTYHA IOYaTKOBOTO
IMITyJIbCY, BIIOYJ0CS 3MEHIICHHS AaMILTITY-
1 KOJIMBaHb CUJIM TIPY>KHOCTI, a BIJICYyTHICTh
3a3HAYEHOI paHille yYMOBU MapaMeTPUIHOTO
PE30HAHCY MPU3BOAUTH JIO MOPIBHSIHO IIBHJIKO-
TO 3racaHHsl KOJINBaHb.
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IlopiBHSIHHI KPMBHMX MOJEJIOBAaHHSA Ta
pe3yJbTarTiB BUNIPOOYBaHb

[Tix wac BUmpoOyBaHb OJHOTO i3 CEPIMHUX
PJITII, mo mpoWiioB TpUBAJIUM CTPOK E€KCILTY-
ararii, 3 MeTor 3MeHIIeHHs BuUTpar Ha BCB
OyJ710 BUKOPUCTAHO CTPIYKOBHUIl CTarenib, MpH-
3Ha4YeHUI 17151 BUNpoOyBaHb iHIIOTO JIBUTYHA.
UYepes 110 Ta 1HII NPUYMHHU ITiJ 9ac BUIPOOY-
BaHb y KOHCTPYKIIi Oyno peanizoBaHO iCTOT-
HE 3MIIEHHS IOJIOKEHHS L. M. KOJHMBaJbHOI
CHCTEMH BITHOCHO OCi JIBUTYHa Ta HasBHICTb
MOYAaTKOBOTO IMITYJIbCY JBUTYHA TIiJT 4ac 3aITyCKy.
3a3Ha4yeHl YMOBM BUIIPOOYBAaHHS MPU3BEIH IO
BUHUKHEHHS y KOJTUBAJIbHIN CHCTEMI «CTareb—
JIBUTYH» TOCTYMaJbHUX 1 00EpTaNbHHUX KO-
nuBaHb. KpuB1 MOJEIIOBaHHS TArW JBUIYHA,
KoJMBaHb cuiM npyxHocTi B TBC 1 moka3anp
JaTYuKa TATH, K1 peecTpyBanucs nijgyac BCB
3a3HAYEHOrO JBUTYHA, HaBeJEeHO Ha puc. l1.
VYpaxoByrwouu Te, 1O AJisI BUIPOOYBaHb OYII0
BUKOPUCTAHO JATYUK TATH, KU IMpaltoe Ha
CTHCK, MiJl 4ac 0OYMCIICHb CUJIH MPYXKHOCTI B
TBC Bia’eMHi 3Ha4eHHS (PO3TAT) MPUPIBHIHO
710 HYJISL.
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Puc. 11. KpuBi MozenfoBaHHS pe3yiIbTaTiB
BHUITPOOYBaHb

Ha rpadiky BuaHO, 1mo 3MoenroBaHa KpH-
Ba CHJIM TIPY>KHOCTI B IIJIOMY BiATBOPIOE 3a Xa-
paKTepoOM Ta 3HAUEHHSMU KPUBY MOKa3aHb JaT-
gyrka cuian. OTxe, 1 mapaMeTpy KOJTUBAIBHOTO
Mpoliecy, MPUUHATI B MOJENI, BIAMOBIIAIOTH
peanbHUM.

BucnoBku

3anponoHOBaHA METOAMKA J03BOJISE MOJE-
JIIOBATH IUIOCKI OCTYHaNIbHI i 00epTabHi KO-

JIMBaHHS JIBUTYHA B CTaIlei, 10 BiI0YBAarOThCS
mig yac BCB.

VY MeToauili BUKOPUCTAHO MPOCTY MareMa-
TUYHY MOJENb pyXy Tul, nporpamy Microsoft
Excel, o mae MOXIJIMBICTh BiIOWBATH PE3yiib-
TaTH PO3PAaXYHKIB y 3pY4YHOMY JUISI BUKOPH-
CTaHHA rpadiqYHOMY BUIIISII.

MonerntoBaHHS TUIOCKUX KOJIMBAHB 3 JIOTIOMO-
TrOI0 3a3HA4Y€HOI YMCIIOBOI METOIUKHU JO3BOJISIE
BiJITBOPIOBATH KPUBY TMOKa3aHb JaT4yMKa CHUIU
TBC 3anexHO BiJl 3HAYCHD TSTH JBUTYHA Ta iX
3MIHM B 4acl, 10 CIpuse 00’ €KTUBHIN 1HTEp-
npeTarii KpUBoi TATH, TPOBEICHHIO TOCTOBIp-
HOTO Ta MOBHOTO aHali3y poOOTH JBUTYHA il
gac BCB, aeranpHIOMy Ta TOYHIIIOMY IPO-
€KTYBaHHIO CTare’sl.

MeTtonuka 103BOJISIE MOJAENIOBATH SBHILA
pPE30HaHCY B CTareli, OIHUTH BIUIMB OYaTKO-
BOTO iMITyJIbCy BUTYHa Ta xkopcTkocti TBC Ha
KPHBY ITOKa3aHb JTaTYMKA CHIIH.

Pesynpratu MozentoBaHHA KOJUBaHb CHUIIU
npykHocti B TBC BigTBOPIOIOTH peanbHi
BUMIPIOBAHHSI TATH JATYMKOM CWJIHM IiJ 4ac
BCB. Otxe, 1 mapamMeTpu KOJIMBAJIBHOTO IMPO-
1ecy, MPUHHATI y MOJIET, BIATIOBIAAIOTh pealib-
HUM.
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