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KHHEMATHYECKHH AHA/TH3 MEXAHH3MA TTPHBO/IA
KOBIIIA KO/IECHOTI'O ®POHTA/IBHOIO TIOI'PY34YHKA
C AABYMHA CTEIIEHAMH CBOBO/Ibl AHA/IMTHYECKHM
METOAOM

KuHemaTtnieckurt aHa/iM3 MexaHH3Ma SIB/ISeTCS BaAXHOH TeXHUYECKOH MHXXeHepHOH 3ada-
Yert NMpH NMPOEKTHUPOBaHUH H KOHCTPYHPOBaHUH moboro MexaHuaMa. Haubosee npeario-
YTHUTe/IbHBIM U3 BCEX CYINEeCTBYIONIMX METOA0B KHHeMaTHUeCKOro aHa/li3a (rpachHyecKo-
ro, rpacho-aHa/IATHYECKOro, aHA/TMTHYECKOTO) AB/ISETCS aHa/IATHYECKHE MeTod. Tak Kak,
HMes MaTeMaTH4YeCKHe YpaBHEeHHs, CBfA3bIBalollIe OCHOBHble KHHeMaTU4eCKHe H reoMer-
pHYecKHe MnapaMeTpbl MexaHHU3Ma, MOXKHO COCTaBHUTb IPOrpaMMy, IMO3BO/IAIOIVIO aBTO-
MaTH3UpPOBaTh IPOLIeCC BbIYUC/IEHHH, IpHYeM CTelleHb TOYHOCTH BbIYHMC/IeHHH MOXKeT
OBITh 3azaHa /obast. PaccMoTpeH KMHeMaTHMUYeCKMiT aHa/lu3 aHa/TUTHUECKHM CITOCOGOM
MexaHH3Ma IMPHUBO/Aa KOBILAa KO/IECHOTO (DPOHTa/IBHOIO IMOIPY34HKa C ABYMSA CTelleHAMH
cBobozabl. CocTaB/IeHbl YpaBHEHH s, onpeaesiolle MaTeMaTHYeCKHe 3aBUCUMOCTH MeK-
Ay reoMeTpHYeCKHMH (XOA0M TMAPOLIM/IMHAPOB, YI7laMH [TOBOPOTa 3BEHbEB, /TMHEHHBIMH
pa3MepaMH 3BeHbeB) U KHHEMaTHUECKHMH ([TMHEHHBIMU CKOPOCTSIMH THAPOLIM/IMHAPOB,
YIVIOBBIMH CKOPOCTSIMH M YI7IOBBIMH YCKOPEHHSIMH 3BEHBEB) IapaMeTpaMH MexaHH3Ma
MpHUBoJa KOBIIA KO/IeCHOTO (PPOHTa/IbHOTO MOTPY3YHKa C ABYMS CTEreHsIMU CBOOOBI.
[NonyueHHple MaTeMaTHYECKHE 3aBUCHMOCTH MOIYT ObITh HCITO/Ib30BaHbI MPH MPOEKTH-
pOBaHHH MexXaHHU3MOB AaHHOro tura. I lomyyeHHble MaTeMaTHUeCKHe YpaBHEHHS MOIYT
OBITh MCITO/IB30BaHbI /11 CO3AaHHUsA COOTBETCTBYIOIIMX MPOrpaMM, IMO3BO/ISAIONINX 3HAUH-
Te/IbHO COKPaTHUTh BpeMs IPH aHa/li3e pas/IMYHbIX BapUaHTOB KMHeMaTHYeCKHUX CXeM H
MPOEKTUPOBaHUU MeXaHU3MOB AaHHOIO THIIa, TeM CaMbIM 3HaUHTe/IbHO ob/1erdasi paboty
HHXKeHepOB IPOeKTHUPOBIIHKOB, Y4acTBYIOIIMX B CO3AaHUH AaHHOIO MexaHH3Ma.
KrroueBble c/10Ba: KMHeMaTHUECKHI aHa/ll3, aHa/IMTHYECKUI MeToz, BeKTOpHas MoZe/Ib
MexaHH3Ma, MeTOa 3aMKHYTOIro KOHTYpa, (hpOHTa/IbHBIFM KO/IECHBIH ITOTPY34YHK, YI/IoBast
CKOPOCTb, YI7TIOBOE YCKOpPEeHHUe.

pou3BesieM aHa/IMTHYeCKHM MeTOOM KMHeMaTW4eCKHH aHa/i3 MexaHH3Ma
MPUBO/Ia KOBIIa KOZIECHOTO (PPOHTA/TBHOTO MOTrPY3UHKa C [BYMsl CTeIIeHsIMI
CBODO/IbI aHA/TUTUUECKUM MeToZIoM. /17151 3TOro Co3/azmM BEeKTOPHYIO MO/eb Mexa-
HusMa. Ha puc. 1 npeacraBieHa Takast BeKTOpHas MOerb.
CocTaByUM BEKTOPHOE YpaBHEHWE B COOTBETCTBUU C pUC. 1

C+T =1, (1)
CripoeliipyeM BeKTOpHOe ypaBHeHue (1) Ha ocu KoopauHAT
Iy -cos, +1, -cos@, =1, -cos@y =Xy
Iy -sing, +1, -sing, =1 -sing, =y, 2)
Ipu sananuex I, 1,, ¢, ¢, MOXHO BBIMHUC/IUTL KOOPAWHATBI TOUKU K — X, , U, .

Wnu, 3anaBasich KOOPAMHATAMH X, Y, I, I, v ¢, MmoxHO BbIUMCANTD ¢, . [Tpoand-
depeHLIpyeM cHcTeMy YpaBHEHHH (2) 110 BpeMeHH.

—lg -sinQ, - @, =1, -sinQ, - o, =X, =v 4
16'COS(P6‘(D6+I4‘COS(P4‘(D4:yK:VyK (3)
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V13 uetbipex mapameTpoB o, ®,, V, ., V, ABYMsl [IapaMeTpaMy 3a1al0TCH, & OCTarlb-
Hble /1Ba ONpe/e/fioTCA U3 CUCTeMbl YpaBHeHu# (3). Hanpumep, sanasmycs v, Vo

MOHO OTNpe/erniTh M, U ®,.
W3 nepBoro ypaBHeHus cHCTeMbl YpaBHeHHH (3) BHIpaskM o,

Vgt sing, o,
I, - singy (4)

Wg =

[ToacraBuB nonydeHHOe BhipazkeHHe BO BTOPOE YpaBHEHHe CUCTEeMbl YpaBHEHHI
(3), onpeznenm o,.
Vi -SINQg + V- COS Qg
I, - sin ((Ps - (P4) (4)
[loacraBum nonmyyeHHoe BhIpakeHHe ®, B YpaBHEHHe (4) monyunm o
Vg -SinQ, -cos@, +V . -sing, -sing,
6 .
I - sm((p6 - (p4)
[pomudpdepeniipyeM cucteMy ypaBHeHuit (3) o BpeMeHr

W, =

2 . 2 . _
—l, -coso, -, -1, -sing, g, —1, -cos, -, —1, -sing, g, =a

. 2 : 2 —
—lg - singg - g + 1, cos @y g5 — 1y -sing, -y +1, -coso, -g, =a, (5)

W3 yerbipex mapameTpos &, g,, a, a ABYMSA NapaMeTpaMu MOXHO 3a/1aThC,
a ocTazibHbIE /1Ba ONpeae/IsiioTCA U3 CUCTeMbI ypaBHeHuH (5). HanpumMep, sagaBmvch

8,4, @y, MOMKHO OTIDe/Ie/UTb &, &,.
Y3 nepBoro ypaBHeHMs cHCTeMbl ypaBHeHwi (5) BBIpasuM €,
ay + 1, -coso, o +1, -sing, g, +1, - cos@, - o

I, -sing, (6)

€4

[ToacTaBUB ronyyeHHOe BhIpazkeHHe BO BTOPOe YpaBHEHHEe CHCTeMbl YpaBHEeHHIt
(5) monyumm ¢,
. 2 2
ay - SINQ, +a, - COsQ, + 1 - -cos(Qg — @y ) + 14 - 0

€ =

s -sin((p4 - (Pe)

Puc. 1
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Puc. 2

I[loacraBuB nonyyeHHoe BbipaxeHUe g, B ypaBHeHHe (6) MOXKHO MOMYUMT €,, 3a-
BHClllee OT Harepe/ 3aaHHbIX [TAPaMeTPOB a,,, &, ¥ M3BECTHbIX Be/IMMH.

_ . . . 2 .
g, =[ay -sing, -cos@g +ay -sing, -sing, +I; -, -sing, +

+1, - @f -singg +1, cos, -sin(p, — @)l /1, - sing, - sin(g, — ¢;)

[TornoxkeHre KoBIlla MOrpy3drKka Mpu paboTe Orpeesisercss XOA0M ABYX THAPO-
LM/IMHAPOB, UX Paboyel A/MHOM, T.e. 3HaUeHUs YITIOB @, §, HAMPAMYIO 3aBUCAT OT
XO/la TMAPOUMAUHAPOB. [l TprMepa PacCMOTPUM MeXaHH3M MMOBOpPOTa KOBIIa To-
rpy34rika BOKpYr TOUuKK C, COCTOSIIEro U3 CUCTeMbI phiuaroB 2, 3 v KoBiia 4, cTerneHb
noaBrxkHOCTH KoToporo W = 1. [puMeHss Merton 3aMKHYTOTO KOHTYpa, COCTaBUM
TPH 3aMKHYTBIX BeKTOpHBIX KoHTypa — ABC, CFE n CDEF (cMm. puc. 2 u puc. 3).

CocraByM ypaBHeHue /s 1epBOro 3aMKHYyToro KoHtypa ABC.

zZ+1 =1 (7)
CrpoerpyeM ypaBHeHue (7) Ha ocu
KOOPAMHAT.
z-cos@, +1, -cos¢, =1-cose,
z-sing, +1, -sing, =1-sing, (8)
B sTom ypaBHeHnu yron ¢, onpesnens-
eTcsA KOHCTPYKTUBHBIMK pa3MepaMH CTpe-
7Bl TIOTPY3uMKa 6, T.e. ¢, = const. Beipa-

3UM K3 TIePBOTO YpaBHEHHUsl CHUCTeMbl (8)
COsQ,.

I -1
cosp. = cos ¢, — I, cos ¢,

‘ z 9)
Toraa
2
sino, :\/1_ (I-cos g, —il -cos @, )
VA
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Iloncrasus sing, Bo BTOpoe YpaBHeHHe CUCTeMbl YpaBHeHUH (8), momyunm
z=P+I-2-1-1 -cos(p, —¢,)
INoacrasus z B hopmyay (9) nonyumm coso,
I-cosg, — 1, cos ¢,
P+1Z-2-1-1 cos(o, - 9,)
[TpoanddepenimpyeM 1o BpeMeHr CUCTeMY YpaBHeHHI (8)

cosg, =

z-cosp,—z-sing,-o, -1 sing, -, =0
z-sing,+z-cosq, -, +1 -cosp, -0, =0 (10)

B cucteme ypaeHenuit (10) z — oTHOCHTenbHast CKOPOCTh WMITOKA TMAPOLIM/NH-
apa 5, T.e. CKOPOCTH IITOKa OTHOCHTeNMbHO ruapoLmanHapa 5. O6o3HaunM ee v,
Toraa crcrema ypaBHenuit (10) mpumer Buz.

V' -cosq, —z-sing, -, —I sing, -, =0
V' -sing, +z-cos@, -, +1, -cose, -o, =0 (11)

YMHOXas nepBoe ypaBHeHHe cHcTeMbl YpaBHenuit (11) Ha sing,, a BTopoe Ha

COS(,, ¥ BBIUNUTAsA U3 BTOPOTO IepBOe, MOMYUHM.

_ I 'COS((PZ _(P1)
=

z

[lonyuns o, 1 noacTaBUB ®, B epBoOe YpaBHeHHe CUCTeMbl ypaBHeHui (11) no-
IY4uM V'
v' =[sing, -, -cos(¢, - ¢, ) +1; sing, -, |/ coso,
[Mpomudpdepeniipyem o BpeMeHu cuctemy ypasuenuit (11). YuureiBas, uto
7=a,a 2-v-0,=a", nonyuum.

Q)

a’ -cosq, —a"-sinp, —z-cos,-®> —z-sing, ‘&, —
2 . .
—l, -cos@, -] -1, -sing, -&, =0
a'-sing, +a"-cosq, —z-sing, o’ +z-cose, g, —
. 2 _
—I, -sing, -] +1, -cos¢, -¢, =0 (12)
3amaBuKCh 3HaUEHHEM &, MOXHO OINpe/ae/uTh U3 CHCTeMbl YpaBHeHui (12) a’

¥ ¢, [lns 3TOro YMHOXKKM TepBOe YpaBHeHHe CHCTeMbl ypabHeHHH (12) Ha cosg,,
a BTOpOe Ha SinQ, U C/I0KNM.

r : 2 2
a' =—1 & -sin(p, ¢ )+ 1 -of -cos(p, —¢,)+z-
[loacraBus B nepBoe ypaBHeHHe CUCTeMbl YpaBHeHu# (12) a’ nonyunm ¢,
k . 2 2 .
g, ={—a -sing, —z-cos@, -, —1, -cos@, -] -1, -sing, -&, +
. 2 2 .
+[—I1 -& -sin(@, —¢; )+ 1, - o -cos(q, —(pl)+z-oaz]‘coscpz}/z‘sm(pz

CocTaBUM BeKTOpHOE YpaBHEeHHe A/ 3aMKHYyToro KoHtypa CEF

c+l, =5 (13)
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Cripoenvipyem ypaeHenue (13) Ha ocu KoopavHaTt, yuuThiBas, uto I, = const
{c-cosow]4 -COS(, =S-COS P,
c-sina+1, -sing, =s-sing, (14)
['me a = const, Tak Kak Touru C 1 F npuHaanexar 3BeHy 6, KOTOpoe MpH pPaccMOT-

peHHr MexaHK3Ma [TOBOPOTa KOBIIa BOKPYT Touku C cuMTaeM HeroABUXHBIM. Bos-
Bens B KBaapaT ypaBHeHUs (14) 1 c/10KHB UX, TTO/TYUUM.

s:\/lf+cz+2c-14-cos((p4—oc) (15)
Vs crcremsl ypaBHeHuit (14) MOXHO BBIPa3UTh tgp,
c-sina+1, -sing, c-sina+1, -sing,

tgo, = ¢, = arctg

c-cosa+l, -COsQ,  orryna c-cosa +1, -cosg, (16)

CoctaBuM BeKTOpHOe YpaBHeHHe A/1s 3aMKHyToro KoHtypa CDE
L+l =5 (17)
CrpoeurpyeM ypaBHenre (17) Ha ocu KoopayHaT
I, -cos@, + 1, -cosp, =s-cos o,
L, -sing, + 1, -sing, =s-sing, (18)
Hcnonbayst TeopeMy KOCUHYCOB, MOXKHO 3arvcaTh (cM. puc. 3)
E=s"+I-2-1,-s coso,
Z=s*+1?-2-1,-s-coso, (19),
Otkyna nonyyaem
12_52_12 12 2_12
3

2 3 2
@5, = arccos ®,, = arccos
3 2:-s a ° 2:1,-s (20)

Kaxk BuaHo us puc. 3
Py =@, + Py, @05 =@+ @y (21)

Toraa, noacrasus B hopmynel (21) ¢ us (16) u ¢, @, us (20), nonyunm saBu-
CHMOCTH @, U @, OT .

sino.+ ] -si E—12-c*-2c-1,-cos(p, —a)—12

¢,=arctg ¢ ona 14 0P arccos 22 —— : (0 —) -
c-cosa +l, -CcosQ, 2-12~\/14+c +2c~]4-cos((p4—oc) (21)

sinol+ ] -si E-12-c*-2c-1,-cos(p, —a)—12

@, =arctg ¢ ona 14 NP4 arccos 22 —— : (0 —) -1
c-cosa +l, -CcosQ, 2-13-\/14+c +20~I4-cos((p4—oc) (22)

[lnsi onpeaeneHysi CKOPOCTeM U YCKOPeHHH 3BeHbeB MeXaHK3Ma [I0BOPOTa KOB-
ma BOKpYr Touku C MCronb3yeM 3aMKHYThIN BeKTopHbIN KoHTYp CDFE. CocTaBruM
BEKTOPHOE YpaBHEHHe.

L+l =c+l, (23)
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CripoenipyeM BeKTOpHOE ypaBHeHue (23) Ha oCcH KOOPAHHAT.
L, -cos@, +1,-cosp, =c-cosa+1, -coso,
I, -sing, +1; -sing; =c-sino+1, -sing, (24)
[TpomndpdepeniipyeM o BpeMeHu crMcTeMy ypaBHeHuit (24)
—1,sing, -, — 1, -sing, -, =1, -sing, - ®
L, -cos@, +1;-cosg, =1, -cosg, -, (25)
W3 cuctemsl ypaBHeHuit (25), yMHOXMB MepBoe YpaBHeHHE Ha COSQ,, a BTOpOe
Ha SinQ,, U C/I0XUB UX, TTO/IYUUM.
_ I -sirl(go3 —(p4)
2 1, -sin(g; —¢,)

[loactaBus B neppoe ypaBHEHHe CHUCTeMbl YpaBHeHHH (25) o, noayunm o,, 3a-
BUCHIIee OT ©,.

Iy o, - [Sin Q- Sin((Ps ) ) —sing, - Siﬂ((ps ~ 0y ):I
I - sing, - sin(p; — ,)
[MponnddepeHimpyeM 1o BpeMeHu CUCTeMY YpaBHEHMUI (25)

Wy =

I, -cos, @5 —1, -sing, &, — Iy -cos @, - 05 — I, -sing, &, =

=-1, -cosp, -®. —1, -sing, ¢,

I, sing, -5 +1,-cos@, g, — I, -sin@g, - ®> + 1, -cos @, - £, =

=—1, -sing, -, +1, -coso, - &, (26)

YMHOXMB TepBoe YpaBHEHUE CUCTeMbl YpaBHeHui (26) Ha cosg,, a BTOpoe Ha
sing, 1 C/I0XKWB 3TH /IBa YPABHEHHUS, B UTOTE TO/TYUHM.

Iy~ @3 +1, - cos(@; — ¢, ) @5 =1, -cos(p, —93)- 0 +1, -sin(g; — ¢, )&,
I, -sin(g, — 9,)

€, =

YMHOXMB IepBoe YpaBHeHHe CHCTeMbl YpaBHeHui (26) Ha cosg,, a BTOpoe Ha
sing, ¥ CI0KUB 3TH [1Ba YPaBHEHHs, B UTOTe TTOMYUHM.

L "”3 +1 'COS((Pe, _(Pz)'(’)g -1 'COS((P4 _(Pz)'(’)zzl +1, 'Sin((Pz _@4)'84

&, =
3 I -sin((p2 —(ps)
3uas saBucuMoctu 9, = f(o,), ¢, = flo,), ® =flo,), &, = fle,), &, = f(g,),
MOXHO YCTaHOBHTb 3aBUCHMOCTH ¢, f((pz), (p3 = f (pAS = flo,), 0, = flw,), g, = fle,),

= f(e,).

KaK BUAHO U3 puc. 3 @, = ¢, + B, rae B = const. OTciona nonyyaem o, = w, U
g, = &,. TakuM 06pa3oM, OTCIo[a MOKHO YCTAHOBUTb 3aBUCUMOCTH KHHEMATHYeCKHUX
rapamMeTpoB MexaHH3Ma [MOBOPOTa KOBIIA MOrpy3yrka BOKPYr To4ku C OT KMHeMa-
THUYECKMX TapaMeTpoB Z, @ , ® , & MMAPOLMAXHAPa 5.
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KINEMATIC ANALYSIS OF THE MECHANISM OF THE DRIVE OF THE BUCKET WHEEL
FRONT LOADER WITH TWO DEGREES OF FREEDOM ANALYTICAL METHOD

Busygin A.M., Candidate of Technical Sciences, Assistant Professor,
Mining Institute, National University of Science and Technology «MISiS»,
119049, Moscow, Russia, e-mail: Busy9@rambler.ru.

Kinematic analysis of the mechanism is an important technical engineering challenge in designing and
construction of any mechanism. The most preferred of all existing methods of kinematic analysis (graphical,
grapho — analytical, analytical) is an analytical method. As with mathematical equations linking the main
kinematic and geometric parameters of the mechanism, it is possible to make a program to automate the
calculation process, and the degree of precision of the calculations can be set to any.

The article considers the kinematic analysis of the analytical method of the drive mechanism of the bucket
wheel front loader with two degrees of freedom. Composed of equations that determine the mathematical
relationships between the geometric (stroke cylinders, the rotation angles of the links, the linear dimensions of
the links) and kinematic (linear speeds of the cylinders, the angular velocities and angular accelerations of the
links) parameters of the drive mechanism of the bucket wheel front loader with two degrees of freedom. Ob-
tained in this article, mathematical relationships can be used in the design of mechanisms of this type. In ad-
dition, mathematical equations in this article can be used to create relevant programs that significantly reduce
the time when the analysis of different variants of kinematic schemes and the design of mechanisms of this
type, thereby greatly facilitating the work of design engineers involved in the creation of such a mechanism.

Key words: kinematic analysis, analytical method, the vector model of the mechanism, method, closed-
loop, front wheel loader, angular velocity, angular acceleration.
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