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CKJIAJAHHA MATEMATHUYHOI MOJEJI BIBPAIIIMHOI'O CTOJIY

B cmammi ompumana mamemamuuna mooensv, aka 00 '€OHYe Mixc c00010 KOHCMPYKMUGHT | MEeXHONI02IYHI napamempu
TMEXHON02IUHO20 KOMNIEKNY 00AAOHAHHA OJis 8UPOOHUYMEa bemonHux eupobia (8ibpocmony), y axkozo ibpo36yoxcysay 3a-
KPINAIoEMbCsl HA 8AdICeNi 8ePMUKANLHO NO yeHmpy nio gibponaumoro. Mamemamuuna mooenb cKiaoeHa 3a 0ONOMO20I0
pisnans Jlaspansica opyeo2o pooy, AKi € HaUbIIbW 3a2aTbHUM MEeMOOOM NPpU PO38 A3Y8aAHHI 3a0a4 NPO pyX MeXaniunoi cuc-
memu. [Ipu ckradanni Oynu euxopucmanui memoou mamemamuynol Qizuxku ma Gizuxo-mamemamuine MOOEIOBAHHL MEMO-
oamu npuKknaoroi mexawixu. B pezynomami ompumano mamemamuuny Mooeisb si0payitinoco Cmoiy y 6ueiaoi Cucmemu 3 cemu
Oughepenyianvrux pieHaHb Opy2020 NOPAOKY, AKA ORUCYE NPOCMOPOBULL pYX NOGepxHi gibpocmony. Busnaueni meopemuyni
SHAYEHHA AMNITMYOU KOIUBAHb 8IOPOCIONY NPU 3MIHHIT O08XHCUHT 8AdHCENA MA NOPIGHAHI 3 eKCHEPUMEHMATbHUMYU OAHUMU NPU
00HAKOBUX BUXIOHUX napamempax. Busaeneno, wjo 6asxcinoHe 3aKpinieHHA 00380JA€ Maudice NIHIUHO NIOSUWUMY AMALIMYOY
8IOPOKONIUBAHD 30 PAXYHOK 30ibULEHHS O0BICUHU BAJICEIIAL.

Knrouoei cnosa: ¢ibpocmin, sasxcin, 6i0po30y0icysay, MamemMamuyHa MoOeb, KiIHemuuHa eHepeis, y3a2albHeHa cuid,
amnaimyoa 8i6poOKONUBAHD, eHEP203A0UAONCEHH.

AKTYyaJIbHICTh TeMH J0CJiIxKeHHsA. BiOpyBaHHS € HAUMOIIMPUHIIIAM METOIOM YIIIUTb-
HeHHst 0eToHHUX KoMTo3uTiB [ 1,2]. [Toran 90 % Bcix OyaiBenbHUX BHPOOIB 3 OETOHY i 3a1mi300€-
TOHY BUTOTOBJISIETHCS 3 BUKOPUCTAHHSAM LILOTO METOAY YIIUIbHEHHsS OetoHHOi cymimi [3]. Lle
HOSICHIOETBCS TUM, IO B ITpoIieci BiOpaLiitHOTro BIUIMBY Ha OCTOHHI CyMillli CTBOPIOIOTHCS CIIPH-
STIUB] YMOBU THKCOTPOITHOTO PO3PIIKEHHS Ta HAMOLIBIII KOMIIAKTHOTO PO3MIIIICHHS YaCTUHOK
3armoBHIOBavIB [4,5].

Icnye BenmuesHa Oe3miv BIOpaIlitHUX MaIlHH, 1110 3aCTOCOBYIOTHCSI B OYIIBHHUIITBI, SIKI PO3-
PI3HAIOTHCS 10 KOHCTPYKTHBHOMY BHKOHAHHIO Ta 3a MpU3HauUeHHSAM. O pi3HOMaHITHUX KOH-
CTPYKIi BiOpariifHoro obnajHaHHs MOKa3ye, 0 IPH BUPOOHHLITBI IIMPOKOT HOMEHKIIATypH Oe-
TOHHUX BHUPOOIB BUKOPHCTOBYEThCS OOTaIHAHHS 3 HEOOXITHUMH POOOUYMMH TapaMeTpaMu, 3a J10-
MIOMOTOI0 SIKUX JIOCATAEThCS SIKICHE BIOPOYIILIbHEHHS O€TOHHOI cyMmimni. CydacHHA PO3BHTOK
OymiBHMIITBA TIOTpeOy€e BIIPOBAPKEHHSI HOBITHIX TEXHOJIOTIH Ta BCTAHOBJICHHS 1H)KEHEPHOTO
o0raHaHHs 3 PI3HUM MPU3HAYCHHAM 32 KpUTEPIAMH MiHIMi3allii eHeprii Ta BUCOKOI €()eKTUBHOCTI
BUKOHAHHS TEXHOJIOTIYHOTO Tporiecy. I, Hacammepen, Ciij mpu3Ha4aTh BEIUKY YBary po3poo-
JICHHIO Ta BIPOBA/HKEHHIO €HEPro3aolaHUX TEXHOJIO 1M Ta 00IaAHaHHS.

IMocranoBka nmpodaemu. [1jist Toro, mo0 3’sCyBaTH BIUIUB OKPEMHX MapaMeTpiB po3po0d-
JICHOTO HaMH TEXHOJIOTIYHOTO KOMIUICKTY OOJaaHaHHS JUIsl BUPOOHHUIITBA OETOHHUX BHPOOIB
[6] HA pyX loTO POOOUOTO OpraHy Ta EHEProCIOKUBAHHS, TOTPIOHO CKIACTH MaTEMaTHYHY MO-
JIeNb i€l MEXaHIYHOT CUCTEMH.

AHaJIi3 0CcTaHHIX [Kepes A0CTi/IzkeHb. Y CydacHOMY BUPOOHHLITBI JU1s1 (popMyBaHHS OETOH-
HHX BUPOOIB BUKOPHCTOBYIOTh BiOpalliiiHi MallliHU 3 TapMOHIHHUMH (KPYTOBUMH KOJTMBAaHHAMH Yy
BEPTUKAIIBHIHN TUIONIMHI, BEPTHKAIFHO i TOPU3OHTAITLHO HATIPABJICHUMH KOJIMBAHHSIMH, ITPOCTOPO-
BHUMU KOJIMBAHHSIMH ) Ta 3 YAAPHO-BIOpaIiifHMU (Ha TIPY>KHUX TPOKIIAIKaX, TBOMACOBI 3 TOPHU30H-
TaJIbHUMH Y BEPTUKAJIbHUMHU HAITPABICHUMH KOJIMBAaHHSAMM) pyXaMH pobodoro oprana. Bee Oub-
M PO3BUTOK 1 BIPOBA/KEHHS OTPUMYIOTh TaKi TEXHOJOTII (popMyBaHHS OCTOHHUX BUPOOIB, K
BiOpomnpecyBaHHs1, BIOpPOBaKyyMyBaHHS Ta IMITYJIb.CHUI METO/1 YIILTbHEHHS [ 7].

[IIupoke BUKOPHCTAHHS BIOpAIliiHOT TEXHIKH, YUCICHHI TEOPETUYHI Ta EKCIIEPUMEHTAIbHI
JOCITI/HKCHHS TMHAMIKH BiOpaIlifHUX MAaITuH JO3BOJWIM BUSBUTH OCOOIMBOCTI X pOOOTH, TIO-
SICHUTH 1 3aCTOCYBaTH Ha MPAKTHII CBOEPiHI €()EeKTH, SKI BUHUKAIOTH Mia Yac Jii BiOparii Ha
mexaHiuHi cuctemu [8,9,10]. Tomy Garato mociikeHb Ta pO3pOOOK MPUIUIIETHCS IBOMY ITH-
TaHHIO [ 11], B IKMX PO3KpUBAIOTHCS TaKi epeBaru BidpariitHoro o0iaaHaHH, sIK BUCOKA e(eK-
TUBHICTh YUIUIBHEHHS, IPOCTOTa KOHCTPYKIil, BUCOKA HAAIMHICTh Ta BIIHOCHO HEBEIUKA Me-
TAJIOEMHICTB 1 EHEPTOEMHICTb.
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OnHMM 3 TIPIOPUTETHUX HAMPSMKIB PO3BUTKY OymiBeslbHOT BiOpaIiifHOi TEXHIKH € 3MEH-
IICHHS] EHEPIreTUYHUX BUTpPAT MpU BUpOOHUIITBI. EHEpro3aomaaai TeXHOOTIT HapsIy 31 3011b-
IIEHHSIM IPOAYKTHBHOCTI Ta MiABUIICHHSAM SKOCTI MPOAYKIi] 3aiiMalOTh MEPIIOYEProBe MICIIe B
cydacHoMy OyniBHUITBI. HanmpsiMok eHepro3aolakeH s pO3BUBAETHCA 38 paXyHOK ONTUMI3alii
TEXHOJIOTIYHUX TapaMeTpiB 00IaJHAHHS T4 BUKOPHUCTAHHS Cy4aCHUX TEXHOJOTIH.

BuainenHsi HeqocaiKeHUX YaCTHH 3arajibHoil npoodaemu. HeoOXiqHO cKilacTh MaTeMa-
THYHY MOJIETIb PO3POOJICHOTO Ta CKOHCTPYHOBAHOTO TEXHOJIOTIYHOTO KOMIUIEKTY OOJIaJHAHHS
JUIs1 BAPOOHUIITBA OETOHHUX BUPOOIB (BIOPOCTIN) 32 KIHEMATUYHOIO CXEMOIO, STKa paHiIlle He BH-
KOPHCTOBYBAJIacs.

Mera crarTi. /s niaATBEpKEHHS TEXHOJIOTIYHUX MOXKIIMBOCTEH KOHCTPYKIIii BIOpOCTOITY 3
BaXUIBHUM 3aKpiIyIeHHsM BiOpo30yKyBadya 3 METOI 3MEHILEHHS 00CsAry J1abopaTOpHUX M0-
CJTI/DKEHb HAMH 3aIPOITIOHOBAHO PO3POOUTH MaTEMAaTUIHY MOJIEN b BIOPOCTOITY, sika O TIOB i3y BaJia
MK COOOI0 aMILTITYAy KOJIMBaHb Ha MOBEPXHI BIOPOCTOMY 3 HOr0 KOHCTPYKTUBHUMH 1 TEXHO-
JIOTIYHUMH TIapaMeTpaMH, TaKHMH, SIK KOJIMBaJIbHAa Maca BiOpPOCTOy, KOPCTKICTh BiOpoomop,
Maca BaHTaXxy, Maca fie0anaHcy, eKCIIEHTPUCUTET Jie0anaHcy Ta BiJICTaHb BiJ LIEHTPY Mac Bi0-

POIUTHTH 110 OCi 00epTaHHs AeOaTlaHCHOTO Bally, SIKa BUSHAYAETHCS JTOBKUHOKO BaXK1JIs / s

OpepxaHa 3aJI€KHICTh J03BOJUTH HPOBOJAUTH MaTeMaTHYHE MAJENIOBAHHS 3 METOI0 OIl-
TUMI3allil MepeideHnx MapaMeTpiB y HaNpsIMKy MOKPALICHHS €Hepro30epekeHHs Ta TeXHO-
JIOTIYHUX MOXIJIMBOCTEH BiOpocTomy. Hamu Oynu mocTaBieHi HACTyIHI 3aBIaHHS ISl TOCST-
HEHHS BU3HAYEHOI METH:

- CTBOPHUTH MaTeMaTU4YHYy MOJIETIh, sika 0 00’ €qHyBaja MiX coO00I0 KOHCTPYKTHBHI 1 TE€X-
HOJIOT1YHI ITapaMeTpH BiIOPOCTOY 3 BAXKUIHHUM 3aKpIIJICHHSIM BIOPO30y/IKyBada, BKa3yrUH ixX
BIUIMB HAa aMIUTITYAy KOJMBaHb POO0YO0i OBEPXHI BIOPOCTOIY;

- oJepXaTu MiATBEPIKEHHS CTBOPEHOI MaTEeMAaTUYHOI MOJIENI aJeKBAaTHO OIMCYBAaTH
BIUIMB 3MIHU KOHCTPYKTUBHHUX 1 TEXHOJIOT1YHUX MapaMeTPiB eKCIIEPUMEHTAIBHUM IUISIXOM;

- TYPTYIOUHCH Ha pe3yJibTaTaX eKCIEepPUMEHTaIbHUX AOCTIIKEHb 1 MATEMaTUYHOTO MO-
NENIOBaHHS, BU3HAYUTH pIBEHb BIUIUBY BUKOPHUCTAHHS BaXKUIBHOIO  3aKpIIUICHHS
B10p030yIKyBaya Ha MiABUIICHHS €()eKTUBHOCTI pOOOTH JTOCHITHOT KOHCTPYKITIi BiIOpOCTOITY.

Jlana po0oTa € IPOJAOBKEHHAM OTPUMAHHUX Pe3yJIbTaTiB B podortax [12, 13].

Buxuiag ocHoBHOro marepiasy. J{ns 3°sicyBaHHS 3arajbHOi TE€HAEHIIT BIUIUBY OKPEMHX
napameTpiB TEXHOJIOTIYHOTO KOMIUICKTY OOJIaIHaHHSI JIJIs1 BAPOOHHUIITBA OETOHHUX BHPOOIB Ha
pyX Horo pob6o4yoro opraHa, a TAaK0>X B3aEMHOT'O BIUITMBY PyXy OKPEMHUX BY3JIiB JaHOTO 00J1a1-
HaHHS PO3TJISTHEMO HOTro SIK MEXaHIYHY CHUCTEMY 1 OTpPUMAaeMO MaTeMaTHYHy MOJIeb i€l Me-
XaHIYHOT CHCTEMHU.

3aranpHUI BUTIIS TEXHOJIOTIYHOTO KOMIUIEKTY OOJIaqHAHHS AJisi BUPOOHUIITBA OETOH-
HUX BHPOOIB (BiIOpOCTiNT) 300paxeHo Ha puc. 1.

Puc. 1. 3acanvnuil 6uensao mexHonoeiuHo2o KOMNIEKmy 001a0HAHHS
0J151 8UCOMOBIEHHS OEMOHHUX BUPO0DIE
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Jlnst OTpUMaHHsI MaTeMaTUYHOT MOJIeNi BiOpocToiry 300pa3suMo HOro KiHeMaTHUHYy CXEMY
(puc. 2), K MeXaHIUYHy CHCTEMY, IO CKIJIAQTA€ThCsA 3 BiOporumTH 1, Baxkens 2, KOPITyCy
BiOp030ymKyBaua 3, foro nebanaHcHOro Bajga 4, po3TalloBaHOIO HA HbOMY jAebanaHcy S Ta
€MHOCTI 3 OETOHHOIO CYMIIIIITIO 6.

Puc. 2. Kinemamuyna cxema 8iopayitinozo cmoiny

MaremaTnyHa MOZENb BIOPAIIHHOTO CTONY JjIsi BUTOTOBJICHHSI OETOHHUX BUPOOIB [14]
y BUTJISII piBHSIHB JlarpaHka qpyroro poay

d aT) aT . .
—|—=)——=0; i=12,...,i...,s 1
FG) =0 G=12.00.,9) (1
ne T — KiHeTHYHA EHEepris MeXaHIYHOi CUCTeMH, BU3HaueHa y pobori [12];

Q1, Qy, ...,Q; , ..., Qg, ne Q; — y3aranbHeHa cuiia, O BiANOBiKa€E y3araibHEHiN

KOOp/IMHATI q;, BU3Ha4CHI y pobori [13];

0 . . . . . . aT
Frie YaCTUHHA MOX1/IHA 32 y3arajJbHEHOI MBUIKICTIO (; Bl KIHETUYHOI eHeprii 7, Fre
: .

YacTUHHA MOXIJJHA 32 y3araJlbHEHOI0 KOOPAMHATOIO ¢; BiJ KIHETUYHOI eHeprii T, % (:—;) —3a-
rajgbHa MOXiJHa 32 YaCOM t BiJI YaCTUHHOI MOXITHOT 3a y3araJlbHEHOI MBHUAKICTIO (; BIJ KiHE-
tU4HOi eHeprii T.

Meron piBHsAHB Jlarpanxa apyroro poay € HalOUIbII 3araIbHUM METOIOM, SIKUM BHUKO-
PHUCTOBYIOTH IIPU PO3B’sI3yBaHHI 3a/1a4 PO pyx MexaHiyHoi cuctemu. PiBusuus (1) — 1e cu-
cTeMa 3BHUYAMHUX JU(EpeHIIaTbHUX PIBHAHBb JPYTroro TOPSIKY BITHOCHO S HEBIIOMHUX
dynkwiii q, = ql.(t), IO SIBJIIIOTH COOOIO 3aKOH PYXY JAOCIIIKYBaHOI MEXaHIYHOI CUCTEMHU.
KinbkicTb piBHSIHB (1) TOPIBHIOE YUCITY S CTYNEHIB BUTBHOCTI, TOOTO TX HAaMEHIIT MOKJIUBOMY
qHciy, a opMa 3amKcy HUX PiBHAHB HiSK HE 3aJISKUTH BiJl KOHKPETHOTO BUOOPY CUCTEMH y3a-
TaJIbHEHUX KOOPIMHAT.
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Ockinpku  BiOpamiiiHi Kyt @, f§ 1 P HaOyBaloTh TUIBKM MaJuX 3HA4YeHb (HE
oineire 0,01 pag.), To, po3kiagaouu B popmyti kiHeTnyHoi eneprii T [12] TpuronomeTpuyHi
byHKIT sin 1 cos y psaau MakiaopeHa, 0OMEXUMOCS TUIBKH 1X TMEPIIMMH JTOJaHKaMU. Takox
BpaxyeMo Te, 10 BeIMYUHU @ i a - B [12] € ManuMK BeTMYMHAMH JPYTOro HOPSIKY, IKUMH

3HEXTYEMO. 33 TAKOTO NPHITYIICHHS AiCTAHEMO, IO
M, M .2
T=7'XC+E'yc+7'ZC_
—[mg+m)-£+mg-4g] -Xc-a—m-e-xc-a-cosp —
—m-e-%c-P-sing + [(mg+m)-£—mg-£s] -V B+
+m-e-yc-f-cosp—m-e -y PP -sing +
+m-e-yc-¢p-cosp+[(mg+m)-£+mg gl -Zc-a-a+
+m-e-Zc-a-a-cos¢p +[(mg+m)-£—mg- gl 2o B+

L L my-£2+mg- £ . m-£2
+tm-e-Zc-f-sing+m-e-zc- ¢ -sing + 4t ——a +
2 2 2 2
me mz+m)-£°+mg-fg+m-e .
+mf-e-da* - cos¢p — 5 -dz-coszd)+( s+ m) 5 ¢ 6 B+

2

: : m :
+m-£-e-B?-cosp+m-L-e-f*-B-sinp — > -1)? - sin?¢ +
+m-£-e-d-f-a-sinp+m-£-e-d--sing +

. m ;
ca-f-a-sin2¢ + ~a - -sin2¢ +

. H . m
+m-f-e-a-¢-a-sing +
2

2
m-e . .
> ca-¢p-a-sin2g—m-£-e-f-YP-y-sing +

+m-L-e-f-d-cosp+m-L-e-L-¢p-p-singp—
.02
m-e ﬁlplp51n2¢+mezﬁ¢_

2
.e? . . 1 . . .
T ptpsin2g 2 a2 fEAZ 42 G2
Takox 32 03HaYCHHUX MPUITYIICHb MOAYMT Q4 1 Q5 y3aralbHEHUX CHJI 54 1 65 [13]
HaOyBalOTh 3HAYCHB
Qu=—(mz+m)-g--a+mg-g-fg-a—m-g-e-a-cosp —c,-a%-a
i

+

— 2
Qs=—(mz+m)-g-€-B+mg-g-€c-p—ce-b*-p.

PosrnsgyBana MexaHiyHa CUCTEMa Ma€ S = 7 CTYIEHIB BUIBHOCTI, y3aralbHEHUMH KOOP-

JWHATAMHU € q1 = X, §2 = Y, 43 = Z¢, Qa = @, 45 = B, qe = Y 1 g7 = ¢, a y3aranpHeHnMHU

. dx . d . d .. d .. g 4
WBHAKOCTAMH — §; = —° = X¢, G = 5=, G3 = 3 =Zc, u =, =& s =5 = b,
. dy d¢ y
G =3 =V iq,=,=¢.
: . . 9T . aT .
OO0YMCAMMO YaCTHHHI IMOXiHI % i F (i=1,2,....7).
oT oT M ,
a—qlza—xcz?'z-xc—[(m3+m)-{’+m6-€6]-1-a—
-m-e-1-a@-cosp—m-e-1-1-sing
abo
oT 0T . )
a—c,h=a—xc=M-xC—[(m3+m)-€+m6-{’6]-a—
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—m-e-d-cosp —m-e - -sing;

or _ ot
9q:  dxc
o aTM'+[(+)€ le] - B +
—.=—.= . m m- _m. .

34, ay.c Yc 3. 6 6.
+m-e-f-cosp—m-e-P-yP-sing+m-e-¢-cosp;
o _ ot _
an_GYC_

O 0T Mot +my+m) - £+mg- Lol -G-a+t
FrA Zc ms+m mg-fel-a-a

+m-e-d-a-cosp+[(mg+m) £ —mg -] BB+
+m-e-B-sin¢+m'€'¢3'Sin¢§

or _ ot _
dqs  dz¢
oT aT . , o~ .
a—%zﬁzly-a+(m3-{’ +mg-g)-a—m-£°-a+

+2-m-f-e-d-cosp —m-e?-d-cos?p—
—[(mg+m)-£+mg-4€g] -%c—m-e-Xc-cos¢p +

+[(mz+m) - €+mg- -yl -Zc-a+m-e-Z;-a-cosp +
+tm-£-e-B-a-sinp+m-£L-e-P-sinp+m-£-e-¢d-a-sing +
me? . me? . m-e? .
+= -,B-a-51n2¢+T-tp-sm2¢+ . ¢ - a-sin2g¢;
aT—aT—[( +m)- £+ el - Z t + 4 X +
90, da ms;+m Mg Ll Zc-a+m-e-zZ;-a-cosp

+m-£-e-a-f-sinp+m-£-e-d-¢-singp +
2 . 2 .
+d- B sin2¢ + 7= d- ¢ - sin2¢.

m-e

+
2

oT  0dT

—=—=L-f+[ms+m) > +mefi+m-e?]-f+2-m-£-e-f-cosp +
dqs ap .
+2-m-€-e-f-f - sing +
+H[(mg+m) -£—mg gl -yc+m-e-yec-cosp+m-e-Z;-sing +

+[(mzg+m)-€—mg- -yl - Zc-L+m-£-e-a-a-singp +

m - e? .

+ > ca-a-sin2g—m-£-e-P-yP-sing +
+m-£’-e-d)-cos¢+m-£’-e-d)-ﬁ-sind)—m'Tez-tj)-t/J-sinZgb+m-ez-d);
OT_OT_[( m)- 0] i f+
9qs 08 mzTm me - el - 2c - B
+m-£-e-B%-sing+m-£-e-f-¢-sing.
o, —m e ip-sine (o -sing
—=—=LY—m-e“-Y-sin“p—m-e-x;-sing —

aq6 61/) Z C

-m-e-yc-P-sing+m-£-e-a-sing +
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2

+ d-sin2p—m-L-e-f-1-sing —

me? mee?

— B -1 sin2¢ — - - sin2¢;
oT dT

_:_:_m.e.' ...Sin —_
9qs oY e ¢

‘e
2

m-e?

—m-{’-e-ﬁ'-l,b-sinqb—m'Tez-B-l,b-sianb— . < - ¢ - sin2¢.

or _or Is- ¢+ ' o+ ¢ - sing +
—=—= " m-e-yc- Cos m-e- Zc - sin
34, 9% 5 Yc C
m-e?
+m-f-e-a-a-sing +

-a-a-sin2¢ +
+m-£-e-f-cosp+m-L-e-f-p - sing +
+m-e2-ﬁ'—m'Tez-1/')-1p-sin2¢;
oT  adT o .
a—q7=%=m-e-xc-a-sm¢—m-e-xc-lp-cosqb—
—m-e-yc-B-sinpg—m-e-yo-P-P-cosp—m-e-y.-¢-sing —
—m-e-Zc-d-a-sinp+m-e-z;-f-cosp+m-e-z;-¢p-cos¢—
—m-£-e-d*-sinp +m-e?-a?-cosp-sing—m-£-e-f?-sing +
+m-£-e-B%-B-cosp —m-e?-Y?-singp-cosp+m-£-e-a-f-a-cosp +
+m-f-e-da--cosp+m-£-e-d-¢-a-cosp+
+m-e?-a-f-a-cos2¢p+m-e?-da-p-cos2p +m-e?-a-¢-a-cos2¢p —
—m-£-e-B-Pp-p-cosp—m-£-e-B-P-sing+m-£-e-B-¢-p-cos¢p—
—m-e?-L-P-P-cos2¢p —m-e%-P-¢-1P-cos2e.
BizpMeMo 3aranbHi MoXigHi %(aa—;) (i=1,2...7).

d (0T d (0T . . .
E(a—ql)=a<a—xc)=M-xc—[(m3+m)-£+m6-{’6]-a—m-e-a-cos¢+
+m-e-d-¢-sinp—m-e-1-sing—m-e-P-¢d-cosp =
=M -%c—[(mg+m) -£+mg-€g+m-e-cosp|-a+
+m-e-d-d)-sind)—m-e-(1}3-sin¢+1/)-<15-cos¢).

d (0T d (0T . .
E(a—%)—$<a—h)—M'}’c+[(m3+m)'f—m6'f’6]'ﬁ‘*‘
+m-e-f-cosp—m-e-f-¢-sing —

—-m-e-P-1P-sing—m-e-P?-sinp—m-e-y-¢-yP-cosp +
+m-e-¢-cosp—m-e-P?-sing =
=M-Jc+[(mz+m)-£—mg-£c+m-e-cospl-f —

—me - -1 - sinp —me - Y% - sing —me - - p - - cosp —me - f - ¢p - sing +
+m-e-¢-cosp —m-e-@?- sing =
=M-Jc+[(mz+m)-£—mg-£c+m-e-cospl-f —
—m-e-B-(ﬁ-sin¢—m-e-(lﬁ-¢+lp2)-sind)—m-e-t/)-d)-¢-cosd)+
+m-e- (¢ - cosp — PH? - sing).
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d (0T d (0T
a<a—q3>=E(a—Z,C>=M-ZC+[(m3+m)-€+m6-€6]-d-a+
+[(mz+m)-L+mg-Lg]l-a>+m-e-d-a-cosp +
+m-e-d?-cosp—m-e-d-¢-a-sing +
+[(m3 +m)-£—mg-£s]-B-B+[(mg+m) -£—mg-Le] - p*+
+m-e-f-sinp+m-e-f-¢-cosp+m-e-P-sing +m-e-p?-cosp =
=M-Zc+[(mg+m)-€+mg -] (¢ -a+da?)+
+m-e-(&-a+da?)-cosp—m-e-d-¢-a-sing +
+[(m3+m)'€_m6'€6]'(E':B-I_Bz)-l'
+m-e-(,[?-sin¢)+,3-¢')-cos¢)+m-e-(di-sin¢+d)2-cosd))=
=M-Z;+[(mg+m)-£+mg-£g+m-e-cosp]-(@-a+d?)—
—m-e-d-¢-a-sing+[(mg+m) -£—mg-4]- (6 -B+P?)+
+m-e-([§-sin¢+ﬁ'-¢3-cos¢)+m-e-(di-sin¢)+d)2-cos¢).

d 0T\ d (0T\ _ . 5 N .
E(T%)_E<£>_ yrd+(mg-€°+mg-Le) -d—m-£°-d+
+2m€eacosd) Zm{’ead)smd)—

—m-e? - d-cos’p+m-e?-a-2-cosp-sing - P —
—[(mz+m)-€+mg-£g] - ¥c—m-e-%c-cosp+m-e-x;-¢-singp +
+H(mg+m) -£+mg- -]l -Zc-a+[(mg+m)-£+mg-Lgl 20 -a+
+m-e-Z.-a-cosp+m-e-zc-d-cosp—m-e-z;-¢p-a-sing +
+m-£-e-f-a-sinp+m-£-e-f-d-sing+m-£-e-f-¢p a-cosp+
+m-£L-e--sinp+m-£-e-P-¢-cosp+

+m-f-e-¢p-a-sinp+m-£-e-p-a-sinp+m-£-e-Pp?-a-cosp +
m-e? . _ m - e?
+ > “f - a-sin2¢ +

2

B-d-sin2p+m-e?-f-¢-a-cos2¢p +
m-e? . o
+ 5 -lp-sin2¢+m-e2-¢-d)-c052¢+

2. $% - a-cos2a.

d(aT)_d aT _ ..+[( m) P ml? 3 5 .

+2-m-£-e-f-cosp—2-m-£-e-f-¢-sing +
+2-m-£-e-f-B-sing+2-m-£-e-p%-sing+2-m-L-e-f-¢-L-cosp+
+[(mz+m) - —mg gl - Fo+m-e o cosp—m-e-yc-¢P-sing +
+m-e-Z.-sinp+m-e-z;-¢-cos¢p+
+(mz+m) - £ —mg-Lg]-Zc- B+ [(m3 +m) - £ —mg 6] 2c- B+
+m-f-e-d-a-sinp+m-£-e-a’*-sinp+m-£-e-a-¢-a-cosp+
m'ez . . m'ez 2 . 2 . H
S, aa > -a®-sin2p+m-e“-a-¢-a-cos2p—
—m-£-e-P-P-sinp—m-£-e-P?-sing—m-£-e-P-p-P-cosp +
+m-f-e-p-cosp—m-£-e-p?-sing +
+tm-£-e-¢p-f-sinp+m-L-e-¢-f-sing+m-£-e-¢p%-p-cosp —
me?

—T-lﬁ-w-sianb—mTez-l,bz-sin2¢—m-e2-1/)-(15-1,0-C052¢+m-e2-(]5.
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dt (6q6 T dt <2_T>

—m-e?--sin®p—2-m-e?-y-¢-sing - cos¢p —
—m-e-Xc-sin¢—m-e-xc-cl}-cos¢—
—m-e-Jo-P-sing—m-e-yc-P-sing—m-e-yc-d-1-cosp +
+m-£-e-d-sinp+m-£-e-d-¢-cosp+

2

Je @ -sin2¢p + m-e?-da- ¢ cos2¢p —
—mﬁeﬁt/;sm¢ mﬁeﬁt/;smgb m-£-e-f-¢-1p-cosp —
_n a ,8 Y- sm2¢)—— ﬁ Y -sin2p —m-e?-B-¢ -1 -cos2¢p —
2. % - cos2¢.

d(@T) d (0T _ N N
at\ag, a a¢ s p+m-e-jo-cosp—m-e-yc-¢-sing

+m-e-Z.-sing +m-e-z;-¢-cosp +
+m-£-e-d-a-sinp+m-£-e-d’> sing+m-£-e-d-¢p-a-cosp+
m'ez . . m- z . . H
> & -a-sin2¢ + @?-sin2¢p +m-e®-da-¢p-a-cos2¢p +
+m-£-e-f-cosp — mﬁe,[;’q'bsinqb+
+tm-£-e-f-B-sing+m-£-e- ,82 51n¢)+m t-e-B-d-B-cosp+
+m e [ —

_.¢ -sin2¢p —m-e? - - ¢ - - cos2¢.

[TincTaBnsroun yci 3HaiIeH] 3HAYCHHs BIAMOBIIHUX MOXITHUX 1 y3aralbHEHHX CHI B
piBasHHA (1) Jlarpanka 1pyroro poay Ta 3poOUBIIM CKOPOYCHHS, IEPETPYyIyBaHHs, IEPETBO-
PEHHS 1 OOYUCIIEHHSI OCTATOYHO OTPUMAEMO MAaTEMAaTU4YHY MOJENb BiOpalifHOTO CTOMY ISt
BUTOTOBJICHHsSI OETOHHUX BUPOOIB [6] y BUTIIANI CUCTEMH 3 ceMH IU(epeHIIaTbHIX PiBHIHB
JIPYTOT0 MOPSIKY

M -Xc+Cox-xc=[(Mz+m)-£+mg-€g+m-e-cosp]-d—
—m-e-c’r-d)-sind)+m-e-(1}3-sin¢+1/)-<15-cos¢)+cex-5-a. (2)

M-jic+cey-yc=—[(m3+m)-f—m6-€6+m-e-cosd)]-,[?+
+m-e-ﬁ'-¢5-sin¢+m-e-(tﬁ-1/)+1/)2)-sin¢+m-e-¢-d)-1/)-cos¢—
—m-e- (P cosp —p?-sing) —coy - 5 . (3)

M:-Zc+ce-zc=—[(m3+m)-£+mg-€g+m-e-cosp]-(d a+a?)+
tm-e-d-¢-a-sing —[(mg+m) - £ —mg-4]- (6B +p?)—
—m-e-(ﬁ-sin¢+ﬂ-d)-cosd))—m-e-(di-sin¢)+d)2-cos¢). 4)

[I, + (ms—m) - 2+ mg - €3] -G+ m-e-cos¢p-(2-€—e-cosp) - &t —
—[Z-m-e-d)-(f—e-cosg{))-sing{)]-02+
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+{[(m3 +m)-£+m-e-cosp|-(Z;+g)+

+mg - g (Zo — g) m-e- ZC ¢ - sing +
+m {-e- (ﬁ sm¢+,8 ¢ cos¢)+¢) 51n¢)+¢2 cos¢)+

]+ce-a2}-a=

=[(mg+m) - L+mg-Lg] - %c+m-e- (k- cosep —xc- ¢ sing) —
—%-[(2-£-sin¢+e-sin2¢)-1])+2-({’-cos¢+e-c052¢)-1/}-¢3]. (5)

[l + (mg+m) €2+ mgfi+m-e?]-f+2-m-£-e-(cosp +f-sing) - +
+m-£-e-p%-sinp—2-m-£-e-(sing —f-cosgp)-¢p-f +

+{[(m3+m)-€—m6-€6]-(Zc+g)+m-€-e-(d5-sin¢+<}52-cos¢) +ce-b2}-,8=
=—[(m3+m)~{’—m6-€6]-j}C—m-e'(j}C-Cosd)—yc'd)-sind))—
—m-e-(ZC-sind)+z’c-d)-cos¢)—
—m-e-({+e-cosp) (& -a+a?—19-yp—1?)-sinp —
—m-e-(£-cosp +e-cos2p) - (¢-a—vp-9P)-d—
—m-¢-e- (¢ cosp — 2 -sing) —m-e? - . (6)

L-{P—m-e? - -sin?p—m-e?-y-¢-sin2¢ —
—{m-e-(yc-sin¢+yc-¢3-cos¢)+m-{’-e-(ﬁ-sin¢+ﬁ-d)-cos¢)+

+—m-2€2_[(ﬁ+q§)-sin2¢+2-(B+q'5).q'§.c052¢]_Cex.bz_cey,az =

=m-e-(Xc-sin¢+5cc-g[)-cosgb)—m-{’-e-(d-sin¢+0’z-d)-cos¢)—
~ (& sin2p +2- ¢ - cos2e). )

Is-p+m-e-jc-cosp+m-e- (% +g)-sing —
—m-e-(k¢c-d—yc B —2c d-a)-sing +
+tm-e- (J'cc Y+ Ve PP —zc- ﬁ) cos¢ +
+m-£-e- [(a a+pf- ﬁ)+2 (a +ﬁ)] sing +
tm-L-e-[f—p*B—(a-a—y ) -f—d | cosp +
+m'T-(a-a—lp-lp)-sm2¢—m-e [(a a—- 1,0) p+a- 1,0] cos2¢ =
= My, —m-e%-f (8)

[IpoBenemo aHamiz orpuMaHux Hamu piBHSAHB. Ilepmi tpu piBHsHHS (2), (3), (4)

BIJIMIOBIJAIOTH 32 KOOPAMHATH MEpeMiIleHHst X , V¢ , Zc TO KOOPAMHATHUM OCSAM, SIKHMHU €

BimoBiHO oci Ox, Oy, Oz. PiBusuns (5), (6), (7) onucy0Th KyTH TTOBOPOTY &, [ 1 1) HAaBKOJIO
oceit 0Oy, Ox ta Oz BianoBiaHo. PiBHAHHS (8) onuUCye KyT MOBOPOTY ¢ AebaiaHCy HABKOJIO OCl
obepTaHHs IebaTaHCHOTO BaTy BiOpo30yIKyBaya.
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JlaHa MaTeMaTH4Ha MOJIENb Y BUTJISAI CUCTEMH 3 CeMHU JU(epeHIiaTbHIX PIBHIHD JIpY-
roro MOPSJIKY OIUCYE PYyX Y MPOCTOpi Oyab-IKOT TOUKHM MOBEpXHI BiOpocTomy. J{iis Toro, oo
BU3HAYUTHU aMIUTITYly BEpTUKAIBHUX KOJMBAaHb BIOPOCTONY, BIAMOBIJAI0UY 32 SKICHE YILIiIb-
HEHHs OETOHHOI CyMIiIIIi, PO3TITHEMO JeTaNbHiIIe piBHIHHS (4). BOHO MicTUTB B cO01 KOOpIU-

HaTy Z, TMEepeMillleHHs LEHTPY Mac BIOpOIInTH 1o oci 0z, sika 1 ABJIsi€ COO0I0 aMILTITYAy Bep-

TUKaJIbHUAX KOJHMBaHb. TakoX B HOro CKIajai € psijl 3HaYyHmMX (aKTOpiB, BIUTUBAIOUYMX Ha
BEJIMYMHY J1aHOi aMIUTiTy1u. HuMu € kKonmmBaibHa Maca BiOpOCTOITY, JKOPCTKICTH BiOpootop,
Maca BaHTaXxy, Maca fie0anaHcy, eKCIICHTPUCUTET Jie0anaHCy Ta BiJICTaHb BiJ LIEHTPY Mac BiO-
poruTHTH 10 oci oOepTaHHs ne0aTaHCHOTO Bally, A0 CKJIAAy SIKOi BXOIUTH JOBXKWHA BaXKIJIS

l

saosic. "
Posrasgatoun pyx BiOpocToiy Bij nii 30yprorouoi CHiIH, SIKY CTBOPIOE BIOPO30yIKyBad
oOepraHHsIM nebanancy (AMB. puC. 2), MIPUXOJUMO 0 BUCHOBKY, IIIO0 3HAYEHHS KOOPIWHATU

nepeMileHHss X, Ta KyTH MOBOPOTY & 1 1 OynyTh JOPIBHIOBUTH HYJIIO, a OTXKE 1 1X MOXiAHI

MEPIIOro Ta APYroro MOPSIKY TaKoX OyIyTh JOPiBHIOBATH HYIO. BpaxoByroun BHUIlEHaBe-
neHe, piBHsAHHS (4) HaOyae HACTYITHOTO BUTJISITY

M-Z;+co-zc = —[(ms +m)'£_m6'£6]'(lg':8+ﬂ.2)_
—m-e-(ﬁ-sin¢+,8-¢-cos¢)—m-e-(¢-sin¢+¢2-cosgb). 9)
Sk mpukiian 3actocyBaHHs PiBHAHHS (9) MO0y MyeEMO JiarpaMu BEpTUKAIBLHUX KOJIUBaHb
BIGPAIIfHOrO CTONY 3aI€XKHO Bifl HOBXKHUHH Baxemst £ s> 1O AKOTO BiOpO30y/KyBad 3a-

KPIIUTIOETHCS TI0 TIEHTPY i1 BiOporumToro. Jjis moOymoBu OyJjia BUKOpHUCTaHA MaTeMaTHYHa
nporpama "Mathcad Prime". Bennuunu 3Hauynmx (aktopis, siKi BXOAATHh 10 piBHAHHA (9),
MPUHMAEMO BUXOJSIYM 3 TEXHOJIOTTYHHMX MOKA3HUKIB MPOEKTOBAHOTO BIOPOCTONY B MeXax
palioHaJIbHUX MapaMeTpiB (IuB. Tad. 1).

Tabauys 1 — Payionanvhi napamempu 8iopocmony.

No [To3Ha- OnuHuLS Benuuuna
Hazpa napametpy .
YCHHS BHMIPIOBaHHS
1. KosnBasibpHa Maca BibpocTouty M KT 332
2. Maca BiOpomuTH my KT 170
3. Maca BiOpo30ymKyBaya ms KT 10
4. Maca nebananca m KT 2
5. Maca BaHTaxy 3 (HOpMOIO me KT 150
6. ExkcrienTpucuret nebananca e M 0,03
7. Kopctkicts BiOpoomniop Ce H/™m 570000

Jlns npukiazna OyiM BUKOPUCTaHi mapaMeTpu BiOpo30ypkyBaua B-99BY?2 (moTyxHicTh
N = 0,5xBr, wacrora 50 I';, wactora o6epranns n = 3000 xB™!, 36yproroua cuna P-=3 kH).

Jlopxuna Baxens £ npuitmanack piBHo BignosigHo 0; 100; 200 MM Buxoastuu 3 300pa-

6AIfC.
JKEHb, 110 aMIUTITYy1a Oy/1e 301IbIIYBaTHUCh Bijl 3HAYEHB, SIK1 HE JOCTATHI JIJIs AKICHOTO YIIIiJIb-
HioBaHHs (MeHmie 0,3 MM), 10 3HA4Y€Hb, 10 3a0e3MeUyI0Th SKicHe yuliibHeHHs (Outbme 0,3
MM).

OTtpumani giarpamMu HaBeJsieH1 Ha puc. 3 — 5.
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TeopeTuuHO ollepKaHi YHCENbHI 3HAUECHHS MapaMeTpiB BiOPOKOIMBAaHb, 300pakeHUX Ha
puc. 3-5, BU3HAUEHUX TPHU paIllOHATHPHUX 3HAYEHHAX KOHCTPYKTHMBHHUX TapaMmeTpiB BiOpo-
CTONIy, PO3paxOBaHUX TMpPH 3MIHHIM JOBXKHMHI Baxens, uepe3 SKUNH BiOpo30yIKyBau
MIPUETHYETHCS 10 BIOPOCTONY, OyJIM TOPIBHSHI 3 €KCIIEPUMEHTATLHUMHU TAHUMH TIPH OJTHAKO-
BUX BUXIIHUX mapameTpax. [loxuOka ckiana e Oinbiie, Hix 15%, 110 mMATBEpIKYE aeKBaT-
HICTh CTBOPEHOI MaTEeMaTHYHOI MOJIENl peaJbHOMY TEXHOJIOTIYHOMY IPOIEeCy BiOPOYIIiihb-
HEHHS Ha BIOPOCTOJI1, IKHI TOCITIIKYEThCS.

BukopucroBytoun gasi 3 puc. 3-5, nodyayemo rpagik 3MiHU BETHYUHU aMILTITYIH BEp-

TUKAJIbHUX KOJMBAHb Z; B 3aJIEXKHOCTI BiJ] TOBXKUHU BasKess / e (puc. 6).
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Puc. 6. I'paghix 3sminu eenuuunu amnaimyou 8epmuKaIbHUX KOIUBAHD 8I0 O0BHCUHU BAIHCEIISL

AHani3 ofepKaHo1 3aJIeKHOCTI HA pyc. 6 3MIHM aMIUTITYd BIOpOKOJIMBaHb Ha poOOUii
MOBEPXHI BIOPOCTOITY Bijl 3MiHHU TOBKHMHA BaXKeJlsl, HA SIKOMY 3aKpIILTIOEThCS BIOp0O30yIKyBay,
BKa3ye, 110 BaX1JIbHE 3aKPIIUICHHS BIOPO30y/KyBada M03BOJISIE MalKe JIHIWHO MABUIITUTH
aMIUTITYAy BEPTUKAIBHUX KOJHMBAHb AHAJIOTIYHO TaKOMY 3K 3MEHIICHHIO EHEProBUTPAT
Bi0Op030ymKyBada mpu JoBXHHI Baxess 200 M.

BucHoBku. CTBOpeHa MaTeMaTHYHA MOJIENb, sika 00’ €JHY€ MK cO00I0 KOHCTPYKTUBHI
1 TEXHOJIOTTYHI TapaMeTpH BIOPOCTOITY 3 BaXK1JIbHUM 3aKPITIJICHHSIM BiOp030yIKyBaua, TAKMMH,
SIK KOJIMBaJIbHA Maca BIOpOCTOIy, KOPCTKICTh BIOPOOIIOp, Maca BaHTaXy, Maca Jie0anaHcy, eKc-
[IEHTPUCHUTET JIe0aTaHCy Ta BIICTaHb BiJI IIEHTPY Mac BIOPOILIUTH 10 Oci oOepTaHHs jaedanaHc-

HOT'0 Bally, sKda BUBHAYAECTHCA JOBXKUHOKO BaKCIIA Egam . O;[epn(aHa 3aJICKHICTD AO3BOJIAE TIPO-

BOJUTH MAaT€MAaTHYHE MOJICIIOBAaHHS 3 METOI0 ONTHUMI3allii TepeiyeHrux MapameTpiB y
HaNpsMKY IMOKPALICHHS TEXHOJOTTYHUX MOKIMBOCTEH BIOPOCTOITY.

['pyHTYyrOUHCH Ha CTBOPEHIN MaTeMaTUYHIM MOJIEINI 1 PalliOHATIBHUX KOHCTPYKTUBHHX ITapa-
MeTpax BiOpPOCTONYy BHM3HAUEHI TEOPETUYHI 3HAYEHHS aMIUTITYAWM KOJMBaHb BiOpPOCTOIY MpH
3MIHHIH JOBKUHI BaXKEJIsl, 4epe3 KUl BiOpo30yHKyBad MPUETHYETHCS 10 BiOpocToy. 30ir Teope-
THYHHX 1 €KCIIEPUMEHTAIBHUX JaHUX MPU OJHAKOBHUX BUXIJHUX MapaMeTpax BiJIpi3HSAE€TbCS HeE
OubiLe, HiX Ha 15%, 110 MIATBEPDKYE aIeKBAaTHICTh CTBOPEHOT MATEMATUYHOI MOJIEIN pealbHOMY
TEXHOJIOTTYHOMY TIpOLIECy BIOPOYIIUIbHEHHS Ha BIOPOCTOII, SIKUI TOCIIIKY€EThCS.
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3 aHami3y oJiepKaHO1 3aJIKHOCTI 3MIHM aMILTITY 11 BiIOPOKOJIIMBaHb HA pOOOUiii MOBEPXHi
BIOpOCTOMyY BiJl 3MIHM JOBXXKHHA BaXKeJIsd, Ha SIKOMY 3aKpITUTIOETHCS BIOpO30YIKyBad, CIiIye
10 BaXKUTbHE 3aKPITUICHHS BiOp030yIXKyBada O3BOJISIE Maike JIIHIWMHO MiIBUIIUTH aMILTITYAy
BIOpOKOJIMBaHb AHAJIOTIYHO TAKOMY K 3MEHIIIEHHIO €HEProBUTPAT BiOp030yIKyBada Mpu JOB-
xuH1 Baxkens 200 M.
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VIBRATION TABLE MATHEMATICAL MODEL COMPOSING

In this article, a mathematical model is obtained, which combines the design and technological parameters of the
technological set of equipment for the concrete goods production (vibrating table), in which the vibrating exciter is fixed on
the lever vertically in the center under the plate compactor. This equipment is used for the manufacture of small-sized concrete
products. The mathematical model is composed with the help of Lagrange equations of the second kind, which are the most
common method for solving problems about the motion of a mechanical system. Methods of mathematical physics and physical
and mathematical modeling by methods of applied mechanics were used in the compilation. To determine the position and
describe the free motions of the material bodies that make up the mechanical system under consideration, an orthogonal vi-
brational reference system of three coordinate systems was used. Analyzing the kinematic diagram of the vibration table, it is
determined that the position in space of all material bodies of the mechanical system, which simulates the specified vibrating
table, can be uniquely set by the following independent parameters: Cartesian coordinates, vibration angles and the angle of
rotation of debalance. Thus, the mechanical system in question has seven degrees of freedom with seven generalized coordi-
nates. As a result, a mathematical model of a vibrating table for concrete products manufacturing in the form of seven second
order differential equations system, which describes the vibrating table spatial motion surface, is obtained. The theoretical
values of the vibrating table vibrations amplitude at variable lever length were also determined and compared with experi-
mental data at the same initial parameters. The difference was 15%, which confirms the adequacy of the created mathematical
model to the real technological process on the vibrating table, which is being studied. Analyzing the change in the vibration
oscillations amplitude on the vibrating table working surface from the change in the lever length on which the vibrating exciter
is fixed, it was found that the lever fixation allows an almost linear increase in the amplitude of vibration oscillations due to
an increase in the lever length. This, in turn, makes it possible to reduce energy consumption when compacting the concrete
mixture.

Keywords: vibrating table, lever, vibration exciter, mathematical model, kinetic energy, generalized force, amplitude
of vibrations, energy saving.
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