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OCHOBHI NPUHLIMIIY T€OPii BIOpAIIHHOTO BUKOITYBaHHS
KOPEHEIUIOA1B

Po3po6iieHi 0CHOBHI TIOJIOKEHHS TeOpii BIUIIyYeHHS! KOPEHETIOAY 3 IPYHTY, SIK€ 3/11HCHIOETHCS i €0
BEPTHKAIBHOI 30ypyI0dol CHIM Ta TATOBOTO 3YCHIUIA, IO HAHAIOTHCS HOMY Bif BiOpamiifHOrO BUKOITYIOUOTO
pobouoro oprany. OTpumaHi cucTeMH AM(epeHIianbHUX PiBHSAHD, PO3B’SA3YBaHHA SKHX A0 MOXIHUBICTH
3HAWTH 3aKOH PyXy KOPEHEIUIOAY B MpOIleci Horo 6e3mocepeIHbOro BiOpaIliiHOTO BUTYYECHHS.

KOpeHeNn10], BipauiiiHuii BUKONYIOUHIi OpraH, NIJI0CKoNapaJelbHuil pyX, 1udepeHuiiine piBHIAHHA

Beryn. BiOpauiliHe BUKOIyBaHHSI KOPEHEIUIONIB 3 IPYHTY Ma€ psiji CyTTEBUX IepeBar
B MOpPIBHSAHHI 3 IHIMIMMHU crioco0amu. BOHO XapaKTepu3yeTbCsi MEHIIUM TOIMIKOKEHHIM
KOPEHEIUIO/IB, 3HWKEHHSAM BTpaT BPOXKar0 MpH 30MpaHHi, OUIBII IHTCHCUBHUM OYHIIICHHSIM
KOPEHEIUIOIB BiJl HAJIUIUIOTO IPYHTY, MEHIIUM 3axXapalleHHsM poOo4oro pycia Koraya
IpyHTOM Ta 3anumkamu Oyp’sHiB. Tomy came Lel TEXHOJOTIYHMM mpouec MnoTpedye
JOKJIaIHOTO aHAJIITUYHOTO AOCIHI/PKEHHS Ta MOAAJIbIIO] pO3pOOKH 1 IIUPOKOTO BIIPOBAIKEHHS
BJJOCKOHAJICHUX BiOpamiiHUX BUKOMYIOYHX OPraHiB.

IlocranoBka mnpoGaemMu. TeopeTwuHi AOCTIIHKEHHS TEXHOJOTIYHOTO TPOIECY
BiOpaIiifHOro BUKOMYBaHHS KOPEHEIJIOAIB I[yKpPOBOIr0 OYypsKy 3 IPYHTY NAlOTh MOXIIUBICTb
HAyKOBO OOIPYHTYBAaTH KOHCTPYKTHBHI 1 KIHEMaTU4HI MTapaMeTpH BiOpaliifHUX BUKOITYIOYMX
poboumnx opraniB. Taki HOCHIPKEHHS HEOOXiAHI y TEpIIy 4epry JJis TCOPSTHYHOTO aHaJi3y
po6oTH BiOpaLifHIX BHKOITYIOUMX OPTaHiB y HECHPUSATIMBUAX YMOBAaX, Ha BAXKKHUX 1 TBEPAUX
IPYHTaxX, A€ HaIIMHICTh pOOOTH OypsAKO30MpaTbHUX MAIIUH CYTTEBO 3HIKYEThCA. B CcBOIO
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4epry riIuOOKHid TEOPETUYHUIN aHai3 OyAb-IKOTO TEXHOJIOTIYHOTO MPOLIECY MOKIMBHI JIHIIIE
3a HasBHOCTI aJIeKBaTHUX MaTeMaTUYHUX MO/JIENIEH, 1110 ONMUCYIOTh TaHUH MpOIIec.

AHani3 pocaizkens i myoaikanii. SIk Oyno BcTaHOBIEHE I'PYHTOBHI TEOPETHYHI i
eKCIIEpUMEHTAJIbHI JTOCTIKEHHSI BIOpaIlifHOTO BUKOMyBaHHS KOPEHETUIOAIB OyJIM JOCTaTHBO
IIMPOKO BHUCBITIIEH] Yy mparisix [1-6].

Tak, y mpami [6] mporec BWIyYCHHS KOPEHEIUIOAY 3 TPYHTY PpO3TIISIAETHCS Y
HaWO1IBII 3arajlbHOMY BHUIMAJAKY — IMPU HECUMETPUYHOMY 3aXBaTi KOPEHEIUTOAY BiOpariiiHum
BUKOMYIOUYMM poO0ouuM opranoM. JlaHuii mpolec ONUCYEThCs 3a JI0MOMOIOI0 KIHEeMaTHYHUX 1
OUHAMIYHUX piBHsSIHb Elinepa. Otpumana y mpaui [6] cuctema nudepeHLianbHUX pIBHAHD
OMUCYE TPOCTOPOBHM KOJMBATBHUI MPOIEC 3aKPIMIIEHOTO0 Yy TIPYHTI KOPEHEIUIOAY, SIK Y
NpYy’)KHOMY CEpeOBHUIN, 3 OIHIEI0 TOYKOI 3aKkpimieHHA. Y JaHii poOoTi mporec
BiOpaliifHOTO BIITyYEHHSI KOPEHEIUIOAY 3 IPYHTY PO3IJISAA€ThCS MPU CUMETPUYHOMY 3aXBaTi
KOpeHer1ory oboma jgeMeriaMu BiOpaliifHoro BUKOMy04oro Oprasy.

Came mpu TakoMy 3axBaTi KOPEHEIUIONY BHUKOIYIOUHMH JIEMEIIAMH 1 MOXKIUBHMA
MPOLIEC MOJANBIIOT0 TTOBHOTO BUIYUYEHHS KOPEHEIUIOAY 3 IpyHTY. ToMy AocCmiauMo mpoiiec
0e3rmocepeIHFOr0 BUWIIYUYEHHS KOPEHEIUIOAY 3 TIPYHTY TpPH CHMETPUYHOMY 3axBaTi HOTO
BiOpaIiiHUM BUKOMYIOYMM POOOYHUM OPTaHOM.

Merta pocaimkeHHsi. Po3poOMTH  OCHOBHI  TOJOXKEHHS  Teopii  BHIIyUCHHS
KOPEHEIUIONY 3 IPYHTY, sIK€ 3I1MCHIOETbCA MiA €0 BEPTUKAIbHOI 30ypyrouoi CHUiIH, IO
HAJA€ThCs KOPEHEIUIOAY BiJl BiOpaliiHOTO BHUKOMYIOUOTO poOOUYOro OpraHy, Ta TATOBOTO
3yCHJUISL BHACIIJIOK MTOCTYMAJIBHOTO PyXy Komaya.

PesyabTatu  gociimkenHsi. 3poOMMO  crovaTKy HEoOXiaHy (dopmamisallio
TEXHOJIOTIYHOTO Tpolecy, Akuid Oyne posrisgatuck. HesBakaiounm Ha Te, L0 MpPOIEC
BUJIyUEHHS 3 IPYHTY KOPEHEII01y BiAOYAEThCA 3a JIy’Ke KOPOTKUN MPOMIXKOK dacy (OCKIIbKU
MOCTyMaJlbHa IIBUAKICTh KOPEHE30MpAJIbHUX MAIlMH MOXE Jocsratd 2 m/c) Bech
TEXHOJIOT1YHUH TPOIEC MOXKHA YMOBHO MOJAUIMTH Ha OKpeMi B3a€MOMOB'sI3aHi, MOCTIIOBHI
onepariii. OCKUIbKY, SIK 3a3HAYAJIOCh BUILE, BUIYUYEHHS MOXJIMBE JIUIIE MIPU CUMETPUUHOMY
3axBaTi KOPEHEMJIoAy poOOYMM OpPraHoM, TO OAHOYACHO 3 MOCTYHNAJIbHUMHU KOJUBAaHHSIMU
KOPEHEIJIONY BiAOYyBAaEThCS KYTOBI KOJHMBAHHS KOPEHEIUIONY HABKOJIO YMOBHOI TOYKH
3aKpIIJICHHS Ha JESKUN KyT.

Ha nepmiomy erari BUIy4eHHs, a OCOOJIMBO IPH MEPLIMX KOJIMBAHHAX, BIIHOBIIIOKOYA
CuJia MpHU KyTOBUX KOJUBAHHAX, a OTKE, 1 il MOMEHT BIJHOCHO YMOBHOI TOYKH 3aKpIIJICHHS,
OynyTh MakcuMalbHUMU. TOMy KyT Haxmily KoOpeHemiony Oynae JOCHUTh HEe3HayHHH 1
MOXKJITUBE TIOBHE (200 YacTKOBE) BIHOBJICHHS HOTO BEPTUKAILHOTO IMOJIOKEHHS BHACHIIOK
MOCTYMaJbHOTO pyXy Komadva. [Ipore, 3aBAsKHM Aii MOCTYHNaJbHUX KOJIHMBAaHb KOPEHEILIOIY
pa3oM 3 OTOUYYIOUUM HOro IpyHTOM, YIIUIbHEHICTh 3a3HAYEHOr0 IPYHTY OyJie 3MEHIIyBaTUCh,
a TOMY BiJHOBJIIOIOYA CHJIAa TIPY KYyTOBHX KOJIMBAHHIX TakoXk Oyne 3MeHmryBatuch. OTxe, 3
KOXXKHHM HACTYITHUM KOJMBAHHSIM KyT Haxuiay KopeHeruiony Oyzae 30UIbLIyBaTHUCh, a
BiJTHOBJICHHSI MOTIEPEIHBOTO TOJI0KEHHS — 3MeHIyBaTuch. Kopenemia Oyae po3XuTyBaTUCh
HaBKOJIO YMOBHOI TOYKH 3aKPITUIEHHS 3 MOCTYOBUM 30UTBIICHHS KyTa HAXWITy KOPEHEIUIOLY
ynepes 1o xoay komadva. Lle Oyae npu3BoIuTH 10 pO3pUBY 3B’S3KiB KOPEHEIIIONY 3 TPYHTOM
y HanpsIMKy pyxy Komada, IIOYMHAI0YH 3 BEPXHbOI YaCTHHU KOHIYHOI MOBEPXHI 3HAXOHKEHHS
KOPEHEIIONY Y HEPO3MyLIEHOMY IPYHT1, IOCTYIIOBO HAOIMKAIOUYHCh 10 YMOBHOT TOYKH HOTO
3akpimieHHs. OTXKe, 3 BUILE CKAa3aHOT'O BUIUIMBAE, 10 PYyHHYBaHHS 3B’S3KiB KOPEHEIUIONY 3
IPYHTOM OJJHOYACHO BiJOYBAETHCS y BOX HAINPSIMAX — B3JIOBXK MOCTYIAIBHOTO PyXy Koraya i
y HampsMKy NEepHeHANKYISIpHO A0 BKazaHOro (MO TNIMOMHI pO3TallyBaHHS KOPEHEIUIOAY Y
rpyHTi). [Ipn 1bOMy CHITH 3B’513Ky KOPEHEIUIONY 3 IPYHTOM 1 CHIIM TPY>KHOCTI IPyHTY OyAyTh
MOCTYNOBO 3MEHIIYBAaTUCh IO TaKoi MIHIMaJbHOI BETWYMHHU, KOJM KOJMBAJbHI IMPOLIECH
nepeiIyTh y MPOLECH HENEePEePBHOrO MEPEMIIICHHSI KOPEHEIJIOAY Bropy 1 ymepea — B3/I0BXK
MOCTYTMATBHOTO PyXy KOTada, a TAKOX HETIEPEPBHOTO TIOBOPOTY KOPEHETUIOYy HABKOJIO HOTO
[EHTpa Mac Ha JAESIKUi KyT JO TOBHOTO BWJIYYEHHS KOPEHeIIony 3 IpyHTy. Cumm x
NpPY>KHOCTI TPYHTY MpPOCTO NepeiiyTh y CHIM ONOpYy PO3MYLIEHOTO TIPYHTY IpPH pyci
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KOpeHeIuoy y pobouomy pycii komawa. Ilicist mporo HacTymae eram 6e3nocepeaHbOro
BUIIyYEHHSI KOPEHEIUIOAY LIyKPOBOIo OYpsIKY 3 IPYHTY.

st po3poOKHM OCHOBHHUX MOJIOXKEHb T€Opii BiOpAIifHOr0 BUKOIYBAaHHS KOPEHEIUIONY
3 IPYHTY HacamIepe] CKIaJeMO EKBIBaJICHTHY CXEMy B3a€MOJil KOPEHEIUIOLy 3 PoOOunMH
HOBEPXHAMH BIOpalifHOrO BUKOIIyI04Oro pobo4oro oprany (puc.). s 0boro npeacTaBUMo
BiOpariiiHuii BUKOMyIOYHMH pOOOYMH OpraH y BHUIVBIII JABOX CHAPEHHX BHUKOIYIOYHX
noBepxoHb (kauHiB) A B,C, 1 4,B,C,, KoXKHHUH 3 IKUX y IPOCTOPI Ma€ HAXUI MiJ KyTaMU .,
B, y 1 sKi BCTAaHOBJICHO TaKUM YHWHOM OJIMH JIO OJHOTO, IO YTBOPIOETHCS pobode pycio,
3a7Hd 4YacTMHA SIKOIO 3BYXyeTbcs. Bka3aHi KIMHM 3IiHCHIOIOTH KOJIMBAlbHI pPyXH B
MOB3/IOBXXHbO-BEPTUKAIIBHIN TUIONIMHI (MEXaHI3M NPHUBOAY JIEMEIiB y KOJUBAJIbHUN PyX HE
MI0Ka3aHO), 3 BIANOBIIHMMHU aMIUNITYZOK 1 4acToTor. HampsMok NOCTymaabHOro pyxy
BiOpauifHOr0 BUKOITyI0UOro poO0ouoro opraty nokasaHo crpiiakoro. Ilpoekuii Touok B, 1 B,
Ha Bicb O, y, Mo3HaueHi Toukamu D, 1 D, BiIIOBITHO.

BBaxkaemo, mo 3 moepxHsamu kiauHIB A B,C, 1 A,B,C, y BIANOBIIHMX TOYKax

B3a€MOJII€ KOPEHEIUTi, SKUH ampoKCUMYEThCS TUIOM KOHYCOIMOMIOHOT (QopMu, mpuyoMy
3aXBaT KOPEHEII01y POOOYHNM OPTraHOM BiJI0YBAETHCS CUMETPUYHO 3 000X Horo OOKiB.
[Ipumyckaemo mami, mo poboua moBepxHs KnuHa A B,C, 3nilicHIoe Oe3nocepenHii

KOHTAaKT 3 KOpeHemiooM y toulli K, a nosepxua A4,B,C, —y touui K, . IIpsami, npoBeneHi
yepe3 TOUYKM KOHTAaKTy KopeHemnony K, i1 K, 1 Touku B, 1 B, yTBOPIOIOTh Ha NEpPETHHI 31
croponamu knuHiB A4, C, 1 A,C, BignosinHi Touku M, 1 M,. Takum 4mHOM, & — 1€
IBOXTpaHHUH KyT (£ B, M,D,) MiXX HWKHBbOIO OCHOBOIO A, D,C, Ta poO0Y0I0 MOBEPXHEIO
kauHa A B,C, abo BiANOBIAHO ABOTrpaHHMNA KyT (£ B, M,D,) MiX HHXHBOIO OCHOBOIO
A4, D, C, Ta pobouoro nosepxHero knmHa 4,5,C, .

[Tokaxkemo cuiH, SIKi BUHMKAIOTh BHACTIIOK B3a€MOJIii KOPEHEIUIONY 3 BiOpaliitHIUM
poOoUrM OpraHom.
Hexaii Bij BiOpaliiiHOro BUKOIYIOYOro poO04Yoro oprasy Ji€ BepTHKajbHa 30ypyroda

cuna Q. , AKa 3MiHIOETHCS 32 TAPMOHIHHAM 3aKOHOM TAKOTO BUTIISAJY:
0, =Hsnot, (1)
ne H — ammiityna 30ypyrouoi crm;

(O —ygacrora 30ypyr04oi CHIIH.

Jlana cuiia Bifiirpae OCHOBHY pOJib y MPOLIECi PO3MYILIyBaHHS IPYHTY B 30HI poOOYOTO
pycla Komaya Ta BIJIy4YeHHS KOPEHEIUIOy. 3a3HadeHa 30ypyioua cuma O, NPHKIAJAEThCS
710 KOpEHEeIIoay 3 IBOX Horo OOKiB, a TOMY Ha CXeMi BOHA Ipe/CTaBlIeHa IBOMa CKIIQJI0BUMHU
Qm Ta _35_2. Jani cwim mpuKiIaaeHi BiANMOBiIHO y Touykax K 1 K, Ha BiactaHi 4 Bif
YMOBHOI TOYKHM 3akpiruieHHs (O 1 caMe BOHM BHKIMKAIOTh KOJHMBAHHS KOPEHEIUIOAY B
MOB3/IOBXXHbO-BEPTUKAIBHIM TUIONIMHI, SKi PYHHYIOTH 3B’SI3KM KOPEHEIIOAY 3 IPYHTOM i
CTBOPIOIOTH [ OCTAHHBOTO YMOBH BHITYUEHHS 3 IPYHTY.

OCKUIbKM 3aXBaT KOPEHEIUIOAY CHUMETPHYHHN, TO OYEBHJIHO, 10 OyJe MaTh Micie
HACTYIIHE CIiBBITHOIICHHS:

1 )
0.51=0.52 :EHSIHQ)I . (2)

Po3sknagemo nani cuiim Ha HopMaibHi N, 1 N, 1 gotuuHi ckinanosi 7, 1 7,, Ak 1e

nmoka3zaHo Ha puc. OcCKUIbKM BiOpaliiiHUIl Komad pyXaeThCsl MOCTYMAJIbHO y HAIMpPSIMKY OCI
O,x, BIIHOCHO KOpPEHEIUIONYy, SKUIl 3aKpilUIeHWH y IpyHTI, TO B MOMEHT 3axBaTy

KOPCHEIUIOAY PoOOYMM OPraHOM y HampsiMKy oci O,x, AiOTh Takox pyuiiini cumu P i P,.
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Takox po3kinagemo cumn P, i P, Ha 1Bi ckimanoBi: Hopmanbhi L, i L, i gotwuni S, i S, 1o
nosepxonb A4, B,C, 1 4,B,C, BIINOBIAHO.

Kpim Toro, y Toukax koutakty K, i K, nirote cumu teptsi Fy, i F,, Bianosimso, sxi
HOPOTUAIIOTH IIPOKOB3YBAHHIO KOPEHEIUIOAY o poOouiil nosepxHi knmuHiB 4, B,C, 1 4,B,C,
mijg 4Jac Horo 3axBaTy BiOpauwiHuM poO6OYMM oOpraHoM. BekTopw IMX CHJI HaIpsMIIeHI

MPOTHJICKHO BEKTOPY BIAHOCHOI IIBUAKOCTI MPOKOB3YBaHHS KOPEHEIJIOAY IO IOBEpPXHI
KJIMHIB.

[TpokoB3yBaHHS KOPEHEIJIONY 1O TIOBEPXHI KIIMHIB MOXKE BIIOYBATHUCA y HANIPSMKY il
cun T, T, (mapanenbHo jinism B, M, Ta B,M,) Ta y HanpsaMKy, HPOTHIEKHOMY JIii CHII Sl,

S, , 32 paXyHOK CHJI OTIOpY IPYHTY.

Pucynok 1 — ExBiBaneHTHa cxeMa BiOpauiifHOro BUKOITyBaHHS KOPEHEIUIONY OypsKy 3 IPYHTY

ToMy BEKTOp BIJIHOCHOI IIBHJKOCTI IMPOKOB3YBaHHsS KOPEHEIUIOAY IO IOBEpXHI
KJIMHIB MOKHA PO3KJIACTH Ha CKJIAJOBl y 3a3HauCHMX BHILE HampsMax. OTxe, culy TepTs

F k1 TAKOX MOJKHA PO3KIACTH HA JBi CKMAMOBi: F, —y HATIPAMKY, TIPOTHJIEKHOMY BEKTOPY
", Ta E, — y HanmpsAMKy BeKTOpa Sl.
AHaJOri4Ho, CHIIy TepTs F k2 Takok MOXKHA PO3KITAcTH Ha 1Bi CKiamoBi: F, —y
HATPAMKY, TIPOTHJIEKHOMY BEKTOpPY I, Ta E, — y HanmpsMKy BeKTOpa S, .
Oueunno, mo F =F,, E =E,.
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V 1eHTpi Baru kopeHeriony (touka C) fie cuna Baru KopeHerwony G , - Cunn onopy

PO3MYIIECHOTO TPYHTY MPHU PYyCi KOPEHEIUIOAY Y poOodoMy pycili Komada y HalpsSMKy OCeH
Oix Ta O\z) no3HaueHi uepe3 R, Ta R BIANOBIIHO.

[Tpu OGe3nocepeHbOMY BMIYYEHHI KOPEHEIUIOAY 3 IPYHTy Oyle 3AiiCHIOBAaTHCH
MOBOPOT KOPEHETJIOAY HaBKOJIO Horo neHTpa mMac C Mif Ai€l0 Mapy CHUJI OMOPY PO3MYIICHOTO
IpyHTy. [lo3HauMMO MOMEHT Lii€l mapu cui yepe3 M.

Cunu omopy po3MyIIEHOTO IPYHTY MpU Oe3MocepeIHbOMY BHIYUYEHHI KOPEHEIIONY
MO’KHA BBa)KaTH 3aJIe)KHUMHU B1Jl IIBUJKOCTI pyXy KOPEHEIUIONY Y PO3MyLIEHOMY IPYHTI, a0o,
y TepHoMy HaOMMKEHHI, — MPOCTO MOCTIHHMUMM BEIUYMHAMM. ToMy Uil CHpOILEHHS

MaTeMaTH4HOi Mojeni Oyiaemo cumu R, R, Ta MOMEHT mapu M BBakaTu HOCTIHHUMHU

BEITMYMHAMU.
CxiagemMo cnodatky JudepeHIiagbHl PIBHAHHSA pPYyXy ILEHTpa Mac KOPEHEIUIONLY
(Touka C), TOOTO MOCTYNAILHOTO PYXY KOpEHEIoay B3AoBxk oceil O1x; 1 O;z;. BpaxoByrouun
BHIIC TIPHUBEJICHY CXeMy CwJjl, AudepeHIiiabHe PIBHSIHHS PyXy IIEHTpa Mac KOPEHEIUIONY Y
BEKTOPHIi popMi mpH #oro O6e3nocepeIHLOMY BIIIYUYSHHI Oy/1e MaTH HACTYITHUN BUTJISL;

ma=N+N,+L +L,+F+F,+E +E,+G, +R,+R,, (3)

Je d — MPUCKOPEHHSI PYXY IEHTPa Mac KOPEHEIUIONY .

OCKUIbKM TpoOIeC BWIYYEHHS, AK OyJIO 3a3Hau€HO BHINE, BiAOYBAa€ThCS TMIPHU
CUMETPUYHOMY 3aXBaTi KOPEHEIUIOAY POOOYHUM OpraHoM, TO PYyX KOPEHEIIONy B3IO0BXK
pobouoro pycna komada BigOyBaeThCs (DAKTHYHO Yy TOB3IOBKHBO-BEPTHUKAIBHIN TUIOMIMHI
(rutotuHi x10)21), @ TOMY BEKTOpHE PiBHSHHS (3) 3BOJUTHCSA JO CUCTEMHU JBOX PIBHSAHD Y
mpoekiisx Ha oci Ox; 1 Oz).

[licns BU3HAUEHHA 3HA4YEHb YCIX CWJI, IO BXOSATh y BEKTOpHE piBHAHHA (3), Ta iX
npoekIiid Ha oci Ox; 1 Oz; OTpUMAEMO JIB1 HACTYITHI CUCTeMH TU(EepeHITiaIbHUX PIBHSIHD:

1 cosdrgy

X, =—

m | \Jtg*y+1+1g”B

+ f'cosdcos (y+mjcosy Hsinwt+ix
2 my

+ fcos’d sin(y +%)siny +

Smyrgy + fsin’y sin (y +%] cosd+

X
\/tgzy +1+tg2B

. R

+ f'siny cosy cos(y +%ﬂl’l ——=
my
a

Z -1 cosdigh — fcosd sin| y+——"" sin§ |Hsinw 7+

m | \Jtg*y+1+1g"B 2

i o R

i Slnyth —fSiIl’Y sin 'Y+ Ky max Sil’lS Pl—i—g,

my | \Jtg*y+1+1g’B 2 my

4
ot €[2kn, 2(k+1)n], k=0,1,2,... @
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s = 2P, siny1gy +2f B sin’ ycosd+ f P, sin2ycosy—R,,,
Jigiy+1+1g°B
m.z, = 2R sinyigp -2fP, sin’ ysind-G, —R,, ©

1/tg2y+1+tg2[3

ot e[(2k-1)r, 2kn, |, k=1,2,...

[Tpu upomy cuctema nudepeHIiaTbHUX PiBHAHB (4) omucye mporec Oe3rnocepeHbo
BiOpaIiiHOTO BUJIYUYEHHS KOPEHEIUIOAY ILYKPOBOTO Oypsiky 3 IpyHTY (TOOTO BiApi30K, Ha
SKOMY Ha KOPEHEIUTI i€ TMepioAudHa 30ypyroda cuia), a cucrema audepeHIliaTbHuX
piBHsHB (5) ommCye TpOIEC BWIYYCHHS KOPEHEIUIONY 3 TIPYHTY, KOJTM Ha HBOTO HE i€
30ypyroua cuna. ToOTO oauH 1 TOM k€ BiOpalliiiHWIA BUKOMYKOYHH poOOYMi OopraH y pi3Hi
MPOMDKKHA 4Yacy MOXe 3[1MCHIOBAaTH MPOIEC BUKOMYBAaHHS KOPEHEIUIONY $K 3BUYAWHUN
JIEMIITHUHN KoTaY.

Po3B'soxkeMo oTpumani cucteMu qudepeHIiaaTbHUX PiBHSIHb.

s nanux cucreM qudepeHiiaabHuX piBHAHB (4), (5) moyaTKkoBi yMOBH OyIyTh MaTH
HACTYITHUUN BUTJISA:
npu ¢ = 0:

i =0, =0,
1
Xp = X0 Z :_Ehk' (6)

Cucrema audepeHIiaTbHUX PIBHSIHBb (4) € CHUCTEMOK IHIHHUX IudepeHIaTbHUX
PIBHSIHB JAPYTOro Mmopsaky. Sk BiioMo, BOHA pO3B’A3Y€ThCS B KBajapaTypax. s crporieHHs
3amucy cucteMu AudepeHIlialbHUX piBHIHD (4) BBEIEMO HACTYIIHI MO3HAYCHHS.

1 ot ) .
— CosSoieY + fcos’ 8sin (y +Mjsmy +

m 2 2 2
Kl AJtgTy+1+12°B %)

+ f cosdcos (y+%]cosy} =0,

2 sinytgy

— + fsin’ ysin(y+mjcosf§+
m, \/tg2y+l+tg2[3 2 ®)

+fsinycosycos(y+%ﬂ =y,

1 cosdgP

— ——fcosSsin(erMjsinB =0,, ©)
my | \Jtg*y +1+1g°B 2

2| sinvigh —fsianin(Y+—aK1 ma"jsinfi =V, (10)
m, \/¢g2y+1+tg2[3 2

Bpaxoyroun Bupazu (7)—(10), cucrema mudepeHmianbHuxX piBHAHL (4) HaOyzde
HACTYITHOTO BHUTJISTY:
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x1

. R
X, =¢,Hsinot+y P - o
k
(11)
z1 _g.

Z, =¢,Hsinot+y,P, -
m
[IpoiaTterpyemo cucremy nudepenmianbaux piBHsHb (11). Ilicma nBoxkpaTHOTO
IHTEerpyBaHHA 1 3HAXO/KEHHS JOBUIBHHMX CTAJIMX OTPUMYEMO HACTYMHI PO3B'SA3KH CHUCTEMH
nudepeHuiaIbHUX PIBHAHB (4) y OCTaTOYHOMY BUTJISAL:

H R _t H
X, =—¢l—coscot+\ylPlt—#‘+¢l—,
o m,
H Rt H (12)
z, :—¢2—c0smt+w2Plt— - —gt+¢2—.
o m, o)
H . Bt* R,t* ¢ Ht
X, =—¢‘—2smwz‘+w1 e +¢' + X5
) 2 2m,
o, H Pt* R, > gt O,Ht 1 (1)
7y =——— sinpr+420 ! _fal & |9 —=h,.
0) 2 2m, 2 o 3

Cucremu piBasiHb (12) 1 (13) BIONOBIIHO OMHUCYIOTH 3aKOHM 3MiHU MIBUAKOCTI 1
MEepPEMIIIEHHSI [IEHTpa Mac KOPEHEIUIOAY y Tpoleci WOoro 0e3rmocepeHbOro BIIIYYCHHS 3
IpyHTy. 3 JApyroro piBHsSHHS cuctemM (13) MokHA BHM3HAUUTH 4ac ¢ Oe3nocepeHbOro
BIWIYYEHHSI KOpPEHEIUIoAy 3 IpyHTy. s 1boro HeoOXifHO y JIiBY YacTUHY 3a3HAYEHOrO
PIBHSIHHS NIACTaBUTH 3Ha4YeHHS z; = (0 1 po3B’A3aTU OTPUMAHE pPIBHSIHHA BIJHOCHO /.
OCKiNbKY PIBHSHHS € TPAHCUEHACHTHUM, TO OTPUMATH aHANITUYHHUI BUpa3 AJs BUSHAYCHHS /
HEMOXIIUBO, MIPOTE HOro MoxkHa po3B’si3aTi Ha [IEOM 3a nomoMororo BiIOMHUX YHMCEIbHUX
MeToziB. OOuYnciieHe 3HAYEHHS 7| MOYKHA 3aCTOCYBaTH [UISI BH3HAYCHHS MPOJYKTHBHOCTI
arperaty Jjs BUKOIYBAaHHS KOPEHEIUIONIB. BiOpamifHUMHM BHUKOMYIOYUMH poOOYUMU
OpraHamH.

Po3B'sokemo mani cucremy nudepeHmianbHux piBHAHB (5). [ crpoieHHs 3amucy
JaHOT CUCTEMHM TaKOX BBEIEMO HACTYIHI MO3HAYCHHS:

L 2sinyigy +2fsin3'y0058+fsin2YCOS'Y :Wia (14)
m \ \Jig?y +1+1g°p
1 2sinygP _2fsin’ysind |= .. (15)

my \/tgzy+1+tgzﬁ
3 ypaxyBanHsaMm BupasiB (14), (15) cucrema audepeHuiadbHuX piBHSAHB (5) HalOyxae
BUTJISTY :

X =y,h - le )
k
G, R 16
E e "
k k

ot e[(2k -1, 2kn, |, k=1,2,...
[Ticas nBOXKpaTHOro IHTErpyBaHHS cUCTEMU PiBHSIHDB (16) 1 3HaXOKEHHS JOBUIbHUX
CTaIUX OTPUMAEMO PO3B'SI3KM CUCTeMH AudepeHIliabHUX pIiBHAHL (5) y OCTaTOuYHOMY
BUTJISIJII:
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. ’ Rxl
X =y Rt ——1,
m,

3 (17)
1 t,

) G
L=vyR-—tr——
k k

ot €[(2k -1, 2kn, |, k=1,2,...

t X
X, =Y R ————+x,,

2 k

2 G2 Rt (18)
Z = ’2P1t__ - ] __hk>

Cucremu piBHaHb (17) Ta (18) BiAMOBIAHO OMUCYIOTh 3aKOHM 3MIHM IIBHIKOCTI i
NEepeMilIeHHs] [EHTpa Mac KOPEHeIUIoAy y mpoleci Horo Oe3mocepenHbOro BHIIyYEHHS 3
TPYHTY IIPH BIZICYTHOCTI Jii 30ypyroUuoi CHIIH.

Cknanemo mani audepeHiagbHe PIBHAHHS IOBOPOTY KOPEHEIUIONY HaBKOJO HOro
IeHTpa Mac, abo HaBkoJi0 yMOBHOI oci Cy., sfika MpOXOoauTh depe3 1eHTp mac (Touky C)
napaienbHo oci Oiy;. 3rigHo [8], 3a3HayeHe PIBHAHHA y 3arajJbHOMY BUIUIAAL Oyne MaTH
TaKuW BUTJIAL:

d’e
Ye dt2
ne 6 — KyT HOBOPOTY KOpeHeIuioay HaBkojo oci Cy.;

I, — MOMeHT 1HepLii KopeHeIoy BifHOCHO ocl Cy,;

1

=M, (19)

e o . . . . .
M y, — 00epTanbHuil MOMEHT HaBKo1I0 oci Cy, (CymMa MOMEHTIB YCiX 30BHILIHIX CHIL,
c

10 JIIF0Th Ha KOPEHEILTi 1, BiqHOCHO oci Cy,).
MowmeHT iHepii /. KopeHenaoay BifHOCHO oci Cy. BU3HAYAEThCs 3riAHO [8] 3 Takoro
BUpA3Y:

3 3, )
I, =|—+—tg°c|mh, . 20
e (80 20 ] Kk (20)

[lincraBnstoun Bupaszu (2), (20) y nudepenmianbie piBHsAHHA (19) 1 BUKOHYyHOUH
HEoOXi/IHI TepEeTBOPEHHSI OTpUMAEMO AudepeHiiaTbHe PIBHIHHS MOBOPOTY KOPEHEIUIOAY
HaBkoJ10 oci Cy, npu 6e3nocepeIHLOMY BiOpamiifHOMy BHIIYYEHHI 3 IPYyHTY (TOOTO IpH 1ii Ha
HBOT0 30ypYIOUOi CHIIN), IKE Ma€ HACTYITHUN BUIJISLL:

3 3 o
(%4—2—0@28)% ey =—H(~h, +h—z)sin@sinwt + 2P cosO(~, +h—z,)+
+2(%chosSsino;t +fP sinyjsin(y+oc,<1 maxsin(ot)coss(—hk +h—z])sin9+

+ 2(% fHcosdsinot + f P, sinyj cos(y + 0L, maxsincot)cosy (— h,+h—z, )cose - (21)

-M,
ot €2k, (2k+1)n], k=0,1,2,...

HudepentianbHe piBHAHHS IIOBOPOTY KOPEHETUIOAY HaBKOJIO oci Cy, MPU 3BUYAMHOMY
BIWIy4€HH1 (TOOTO IpH BiACYTHOCTI 30ypyrouoi CHIIN), MAa€ HACTYITHUM BUTIISAA:
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2

(i+itg28)mkhf%= 2P, cose(—hk +h—zl)+2fP1 sin® vy x

80 20
xcose(—h, +h—z )sin@+ fPsin2ycosy(—h, +h—z, )cos®— M, (22)
of € [(2k-1)r, 2kx], k=1,2,..

[Ipoananizyemo otpumani mudepenmianbhi piBHaHHS (21) 1 (22). dudepenmianpHe
piBHsiHHSA (21) € HenmiHiltHUM. P0o3B’s13aTH floro MoxHa HAOMM>KEHUMHU YHCETbHUMHI METOAAMHU
3 3acrocyBaHHAM [IEOM, mpuuomy i KOXXHOIO KpOKY 3aCTOCYBaHHS YHCEIbHOIO
QITOPUTMY 3HA4YEHHS z; HEOOXIJHO 3HAXOAWUTU 3 Jpyroro piBHsHHS cuctemu (13) ans
BIJIIIOBITHOTO MOMEHTY 4acy f. Judepeniianpie piBHAHHS (22) yepe3 BXOMKEHHA B HbOTO
BEJIMYUHU Z], KA € 3MIHHOIO, TAKOXK € HEJHIMHUM, 1 JII1 KO)KHOTO MOMEHTY 4acy fj 3rajlaHy
BEJIMYMHY z; HE0O0X1THO BU3HAYATH 3 JIPyroro piBHAHH: cuctemu (18).

TakuM YMHOM, OCTAaTOYHO MOKHA BBaXKaTH, MIO PO3POOJICHI OCHOBHI ITOJIOKEHHS
mporecy Oe3nocepeHhOr0 BHIYyUYEHHS KOPEHEIUIONy 3 IPYHTYy mIpu BiOpamiiiHOMy ioro
BUKomyBaHHI. OTpuMaHi pe3yibTaTH JAIOTh MOXJIMBICTh BHU3HAYATH KiHEMAaTHYHI PEKUMH
BiOpaIliiHOrO BUKOITyBaHHA KOPCHEIUIOAIB 3 YMOB iXHBOTO HEMOIIKO/DKCHHS Ta
KOHCTPYKTHBHI TapaMeTpH BiOpalliiHUX BUKOITYIOUUX OpPIaHiB.

BucHoBknu:

1. Ckmameni 1Bi cucteMH  JOudepeHIalbHUX  PIBHAHb, 1[0  OMHUCYIOTh
TUIOCKOTIApAJIeIbHUM pyX KOPEHEIUIOAY y IPYHTI Mpu Horo Oe3rnoceperHbOMY BHITYYEHHI,
KWW 31ACHIOETBCS i JI€F0 BEPTUKAIBHOI 30ypyrO4Oi CHIIHM, IO HAJAETHCS KOPECHEIUIOMY
BiJl BIOpaIiifHOro BUKOIYIOUOI'O OpraHy, Ta TSITOBOIO 3YCHUIS, IO BHHMKA€ BHACIHIJOK
MOCTYMAJIBHOTO PYXY KOTaya.

2. Po3B’s130K naHuX nudepeHiiagbHuX piBHAHD HAJIa€ MOKJIMBICTh 3HAXOUTH 3aKOH
PYXy KOpEHEIUIOAY Yy IMOB3JA0BKHbO-BEPTHKAIBHIN IUIOMMHI Mpu Oe3rnocepeHbOMY
BWJIYYCHHI 3 ITPYHTY.

3. Otpumasi pe3ynbTaTH AAIOTh TAKOXX MOXIIUBICTh BU3HAYATH KiHEMATH4HI PEKUMHU
BIOpAIlIfHOTO BHKOITYBaHHS KOPEHEIUIOAIB 3 YMOB IXHBOT'O HEMOIIKOKEHHS Ta 3HAXOIUTH
parfioHaJIbHI KOHCTPYKTHBHI MTapaMeTpy BiOpaIiifHUX BUKOIYIOUHX POOOYHX OpTaHiB.
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B.bByneakos , U.I'onosau , H.Ceupenwv , 1. Kupog
OcHOBHbIE NPUHIMIBI TEOPHU BUOPANHOHHOI0 BHIKATIHIBAHHS KOPHEIJI0I0B

Pa3paboTaHbl OCHOBHBIE MOJIOKEHUSI TEOPUH W3BJICUYEHHS KOPHEIUIONA W3 MOYBBI, OCYIIECTBISIEMOrO
MoJ| JCWUCTBUEM BEPTHKAJIBHONW BO3MYINAIOIICH CHJIBI U TACOBOTO YCHIIHS, KOTOPbIE MEPEAAlOTCS €My OT
BHOPAIIOHHOTO BBHIKANbBIBAaIOmero padodero oprana. llomydena cucremsl nudQepeHnInaIbHBIX ypPaBHEHUI,

pelieHne KOTOPBIX Jajl0 BO3MOXKHOCTH OIPENCIUTh 3aKOH JBWXKCHHS KOPHEIUIOAAa B TIPOILIECCE €ro
HETOCPEACTBEHHOIO BUOPAIIMOHHOT'O U3BJICUCHUS.

V.Bulgakov, I.Holovach, M.Sviren, I Kirov
Theory of a root crop direct extraction from soil at vibrational digging up

The new mathematical model which describes process of a beet root crop direct extraction from soil,
realized under act of a vertical disturbing force and a tractive force which are transmitted a root crop from a

vibrational digging out end-effector is developed. The system of the differential equations which solution has
enabled to determine the law of a root crop movement during its direct vibrational extraction is received.

Opeprxano 14.09.11
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B.I. KpaBuyk, 4wi.-kop. HAAHY, npo¢., 1-p texu. nayk, B.Il. JlaBuaok, kaHja. TexH.
HAYK

Vrpaincokuii Hayko8o-0ocnionuii incmumym NpocHO3Y8AHHA mMa 6UNPOOVEAHHS MEXHIKU |
MexXHON02I 0I5l CilbCbKO2OCNOOApChKo20 8upoonuymea im. J1. [locopinoco

AHaIITUYHE B1JOOPa’KEHHSI KIHEMATUYHOTO 3B'SI3KY, SK
NepeayMoBa  CTBOPEHHS  TEOPETHYHUX  MOJICJIEH
B3a€EMOII TPY>KHO — B'SI3KUX €JEMEHTIB MEXaHI4HOIi
CUCTEMU

Y crarri HaBeleHO YHi(ikoBaHA cHCTeMa pIBHSHb KIHEMAaTHYHOTO 3B'SI3KY, BHUKOPHCTAaHHS SKOi
BiJIKpMBA€ MOJMJIUBICTh CTBOPEHHS KOMIIOHEHT IOCTYMAJILHOTO HMPUCKOPEHHS Ta eHeprii B3aeMoJii elIeMEeHTIB
Oynb — SIKOT MEXaHIYHOT CHCTEMH.
poGounii e1eMeHT MALIMHH, 00’ €KT CHPOBHMHH, pesKUM (PyHKIIOHYBAHHS

IlocranoBka npodaemu. [IpoGrema KiHEMaTUYHOTO 3B’S3KY €JIEMEHTIB MEXaHIYHOT
CUCTEMHU B aHANITUYHIN (opMi 4aCTKOBO BHCBITJIEHA B HayKOBuX mpaisx [1, 2, 3, 4 ta in.].
Tam xe opmaizalliss KIHEeMAaTUYHOTO 3B’ 3Ky MaTepiaJibHOI TOYKH 1 €JIeMEHTa MAIluHU, 5K
YMOBHU OOMEKEHHS PyXYy, aHATITHYHO BUPAKAETHCS PIBHAHHSAM ITOBEPXHI €JIEMEHTA MAIIUHA

f(x,y,2)=0, (D)
IIPU IIbOMY, SIKIIIO TIOBEPXHS 3MIHIOETHCS, TO TAaKUH 3B’ 530K HaOyBa€ BUTIIAAY:
f(x,y,z,t)=0, (2)

TOOTO 3aJIeKUTh TAKOX 1 BiJ 4acy. Takox B 3arajbHii (Gopmi HNPUBOIUTHCS aHATITHYHA
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