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Abstract. To construct agricultural machinery it is important to know the
regularities of the motion of a particle (as a material point) on a rough surface of an
arbitrary position in a three-dimensional space, which allows us to calculate the
structural and kinematic parameters of the working bodies.

The application of computer modeling of the motion of a particle with rough surfaces
allows the discarding of bulky analytical transformations in carrying out computational
experiments on the analysis of the motion of a particle under different initial conditions of
its throw on any rough surface that is in a certain way located in space.

The purpose of the study is the development of Maple-model of motion of a particle
on a rough sloping disk.

When studying the motion of a particle on a rough sloping disk, a polar coordinate
system was used.

The trajectories of the particle motion on the rough sloping disk have been obtained
at various values of the angle of its throw. It is established that under the same initial
conditions of the particle throwing, the trajectories of particles on the rough sloping disk
are congruent to the trajectories of the particles along a rough sloping plane. At the same
time, the position of trajectories relative to the coordinate lines of flat compartments differ
considerably.

On the example of the developed model of motion of a particle on a sloping flat disk,
it is shown that the trajectories of the particle and its kinematic properties do not depend
on the type of parametric determination of the surface.

Key words: triedrone, material point, rough sloping disk, trajectory of motion

Topicality. In many technological processes of agricultural production there is a
movement of material particles with rough work surfaces of complex shape. Knowledge of
the laws of the motion of a particle (as a material point) by a rough surface of an arbitrary

position in a three-dimensional space allows us to calculate the structural and kinematic

parameters of the working bodies.
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Analysis of recent research and publications. An analytical derivation of the
motion of the particle on an inclined plane reduces to the compilation of a system of
differential equations of the second order, the dependence of which is the trajectory of the
particle, its speed, acceleration, the length of the traversed path, the normal reaction force,
the time to its stop, and other trajectory and kinematics characteristics . The sequence of
analytic transformations and methods for solving the derivation of a system of differential
equations is quite labor-intensive.

Computer simulation of the motion of a particle with rough surfaces allows to discard
bulky analytical transformations carried out by a scientist and provide him with a
convenient dialogue mode for carrying out the necessary computational experiments on
the analysis of the motion of a particle under different initial conditions of its throw on any
rough surface that is in a certain way located in space [1].

The purpose of the study is the development of Maple-model of motion of a particle
on a rough sloping disk.

Materials and methods of research. A characteristic feature of the developed
models of motion of a particle on a plane is its parametric assignment in a rectangular
coordinate system. But there are other systems of parametric plane assignment. Thus, in
the study of the motion of a particle in a plane that rotates around an axis perpendicular to
it, a polar coordinate system for determining the plane compartment is used [2, 3].
Although the trajectory-kinematic characteristics of the motion of a particle will not
depend on the choice of coordinate systems for the determination of the plane, but the
form of analytical transformations of the formation of the law of motion of the particle on
a sloping plane given in the polar coordinate system will be different. Let's illustrate this
on an example of a particle motion study on a rough sloping disk.

Research results and their discussion. Let's write down the parametric equation of

an inclined flat disk in the form:

R(w,v) = Rlvcos(u) cos(&), v sin(u), —v sin(u) sin(&)], (1)
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where: u € [0; 2r], v € [0; v,,] - independent curvilinear coordinates of a flat disk; ¢ - the
angle of rotation of the horizontal flat disk around the axis Oy (Fig. 1).

The first quadratic form ds® of flat disk R(w,v) is:

ds® = v? du® + dv?, (2)
where E, F, G - coefficients of the 1 st quadratic form are respectively:

E=v:F=0G=1. (3)
Since the coefficient F = 0, then the flat disk (1) has orthogonal 1,17 - coordinate

lines.

We substitute expressions u = u(t), v = v(t) f the desired particle trajectory in the
internal u, v- coordinates to the equation (3) of the flat disk R(1,v), from which we obtain

the trajectory of the particle r(t) in form:

rit) = r[r[t] coS ('u(t]) cos(&) , v(t) sin ('u(t] ),—v(t] si'n('u[t]) si'n[{]]. (4)
By the equations of the disk R{(i,v) and the trajectory r(t) of the particle we define

—  vector tangent =(t) of trajectory r(t):

[ cos (&) (i v(t) cos(ult)) — vit) i'u (t) sin (u(t]))
(t) = ir[t] =7 iv[t] sin(u(t)) + v(t) i'u (t) cos(ult)), )

i sin(¥) (L‘(t] i'u(t] sin(u(t)) — iv(t] cos ('u[t]:l.) |
—  the velocity V(t) of the particle:

| 5 .
V(D) =0l = 02 (2u@) + (Lv0)

_\! 1= 1S K
—  the curve k(t) of the trajectory r(t) of the particle:

e el
1

(6)
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b :l

|:|:|_,_L

k(t) =

L]

|1"'| Il_,i.i"'l| +|L_,i1"|| |

—  the vector of normal N(t) to the surface R(u,v) along the trajectory r(t):

N(t) = N[-v(t) sin(&),0, —v(t) cos(&)]; (8)
— cosines of the angles ¢ and 1 between the corresponding vectors n, N and G:

Ce(t) = cos(e) = cos(n,N) =0, 9)
Cn(t) = cos(n) = cos(G, N) = cos(¢). (10)

The analytical expressions of the normal vector n(t) of the particle trajectory and its
acceleration w(t) are somewhat bulky, and therefore are not given here.
The above expressions allow us to determine the centrifugal force F-(:) and the force

of the normal reaction Fy of the particle along its trajectory r(t):

RO=mr@rkg-—t & T F 5 g
Fy(t) =mg cos(e) + F, cos(n) = mg cos(&). (12)
To form the law (2.1.30), it is necessary to determine the orts R, = u and R, = v of

the local coordinate system OuwvN, that are tangent to the u, - coordinate lines of the flat

disk R(u,v):

R, = %R['u, v) = R;[—L’-[l‘jSiﬂ[:’LL[fj}CGS‘Ef), v(t) cag[:u[r:l}, L’-[rjsin[:’m[rj}sin[f)], (13)

R, = %R('u, v) = R, [cos(u(t)) cos(&), sin(u(t)),—cos(u(t)) sin(&)]; (14)
—  the value of the acceleration W (t):

S i O R N R N gl
.1'l:_:_l = -|I |I..J—._: i) _.l — L) I'.I | | | + 4f_ _:_IE"_.'I:_:_I |I '.-":_:_lE':-f':_:_l +;':-f':_:_|i— | |+ | F':-f':_:_' _.l y (15)

—  cosines of the angles between the vector w(t) and the vectors R}, and Ry,
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N O

o 2—ulr—=vi{ri+viti—=ulr)
cwult) = cos(w, R,) = =—= — i (16)
—:1"| 1"'Il?i.a ~I.I|_
Cwv(t) = cos(w,R}) = &5 — — (17)

—  the cosines of the angles between the vector G[0,0, —1] and the vectors R;, and R,:

cGult) = cos(G RL) = — sin(ult)) sin(&), (18)
cGv(t) = cos(G R,) = cos(ult)) sin(&); (19)

—  cosines of the angles between vector 7(t) and vectors R, and Ry:

() —ult)
(r ([ F
L) szult

Ctult) = cos(T,R}) = : — ‘J“n_ — =, (20)
(vir® I%u (0 I T+ Il_,iL (0 I 9
\‘ vk I vt I
— —v(t)
ctv(t) = cos(T,R}) = - ; == — =, (21)
[v(e)® | %u iz | + | %y{:_‘l | )
N

Then the law of the motion of a particle in projections on the orts u and v of the local

coordinate system OuvN on the rough flat disk R (1, v):

mf wlt) Sult) cos(f)

g d :
{I'u:=Jn{EEu{r}EL'{t}+L'{I}T:u{t})——mgsr w(t)) sin(&) — = -
w82 Sule) | +|Zeld) |

(22)

mf —vit] cos(¥)

82 { d I )
O = m[?L'{t}—L *"—u{r} ] )—mg cos(u(t)) sin(¥) — - -
w2 Zuld) | +| 2ol |

The initial conditions of the solution of the system of differential equations are:

1-,:.3]'{,:.|

0i —;u (0) = u(t,) = u,o, v(0) =V,cos(e, ), vity) =1, (22)

where: o, - the angle between the vector of the |n|t|al velocity V, and axis 0z = v; V, - the
initial velocity V(t,) of the particle in the beginning t, =0 of its motion;

u(t,) =u,, vit,) = v, -internal u,v- coordinates of the particle position.
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To form the particle motion law in the projections on the orts T and P triendrone of
Darboux OTPN we define the vector P as a vector product of the tangent #(t) and the
normal N(t):

v(t) cos(&) [i v(t) sin I:u[:tjlj + (1) iu (t) casI:u ::t}) )J
P(t) = ¢t) x N(t) = P|v(t) cos(£) [i v(t) sin(u(t)) + v(t) iu (t) cos(ult)) )J . (23)

v(t) cos(&) [i v(t) sin(u()) + v(t) iu (t) cos(u l:t}])
The cosines of the angles ¢, x and @ between the vectors P, n and G are defined:

sin{FHvicl—ul(c) sin{ulc) |-—vicl cos{ulzl ||
VLD U VULL) J= 2D LuLt) )|

Cu(t) = cos(PG) = — i T 0 ) 24)
vl El:j%u-:_'r_‘u |_ + |:%1;-:_':_‘| )
N
Cx(t) = cos(P,n) = —1, 25)
e sin(£] ' v(g)Eu(s) sin(u(t)} Lz cos(u(c)) )
Co(t) = fﬂs({}', r) = _ L dt T A (26)
...--":"'l'f __--.": i __,__-.:
|wiohs| Fpuled | + | Zpviel |
N

From here we obtain the law of motion of a particle on a sloping rough disk in

projections on the orts T and P triendrone of Darboux OTPN:

' 4z .
|I wiE)* —,_J|+|.J—,_,||"|——L-|+||—[.-|+|—L-|+||—,_,||+|] ]|_
I GL ris iy
I i .z'»".i o a1 e oy d P e | zx-l"f zx.: I“’i .z-;--
n:gt cas'.xulxr,le.lﬂ—__u'\:,l—s:mf,l Ilkl-"\t,l sinfult) ) —ult) | + mf co=(f) 'L:l\r,l-lu—__w\rj] + = lf"\f,I]
| "4\ = = e TETE 2o
2 A 4= A
=m rTL'*||9—d'*|—b'*| —[,l"l—ql"l |—bl*l—ql*ll—b'*l —L-"'||—d"'|] ] |_
I‘f ri g Gl de &l
g
mg sin(f) '.I w(£) sin{u () + v —ult) cos{u(t) :']

\

The initial conditions for the solution of the resulting system of differential equations

are (22), since in both cases the expressions u(t) and v(t) are sought. It is possible to

solve both systems of differential equations only approximately.
In Fig. 1, and the trajectory r(t) of the particle on the rough disk is constructed at

different values of the angle of its throw e, = 0°,30°,60°,90°, if the initial velocity of the
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particle is equal to V, = 4 m/s, the coefficient of friction f = 0.3, the initial position
u, =1, v, = 2 and the angle ¢ = 30° of the inclination of the disk to the plane Oxv. None
of the particles will stop on the disk, since f = 0.3 < tan(¢ = 30°). The straight-line
trajectory of a particle thrown at an angle «, = 0° (from the center of the disk to the top)
will pass through it - the point O. If the initial position of the particle is taken on the
horizontal creature disk - u, =m, v, = 2, then under these starting conditions of the

trajectory the particles will already be on the other side of the diameter of the disk (Fig. 1,

b). Trajectories of particles throw in one direction «, = 120°, but with different initial

velocities V, = 2,4,6,8 m/c, is shown in Fig. 1, c.

Fig.1 The trajectory r(t) of the particle on the rough disk depending on:

a) the throw angle «, and the initial position u, = m; b) the throw angle <, and the initial

position i, = 1.5m; c) the initial velocity ¥

Let us note that under the same initial conditions, the particles are thrown, and the
trajectories of particles on the rough disk (1) are congruent to the trajectories of the
particles along a rough sloping plane [4]. At the same time, the position of trajectories

relative to the coordinate lines of flat compartments differ considerably.
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Conclusions and perspectives. On the example of the developed model of motion of
a particle on a sloping flat disk, the independence of the trajectories of the particle and its

kinematic properties from the type of parametric determination of the surface is shown.
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MAPLE-MOJEJII PYXY YACTUHKMU 110 IOXUJIOMY IIOPCTKOMY
JIMCKY, 3AJAHOI'O Y TOJISAPHIA CUCTEMI KOOPJIUHAT
A. B. Hecgioomin

Anomauia. /[ KOHCMPYIOBAHHS CLIbCLKO2OCNOOAPCHKOI MEXHIKU 8ANCIUBO 3HAMU
3AKOHOMIPHOCMI pDYXY YaCMUHKU (K MamepianvbHOi mMOouKuU) WOPCMKOK NOBEPXHED
008ITbHO20 NOJIONHCEHHS 8 MPUBUMIPHOMY NPOCMOPI, WO 00380JIA€ NPOBECMU PO3PAXYHOK
KOHCMPYKMUBHO-KIHEMAMUYHUX NAPAMEMPI8 pOOOUUX OP2AHIS.

3acmocyeanns  KOMN 10MepHO20 MOOENI08AHHS  PYXY  YACMUHKU — UWOPCMKUMU
NOGEPXHAMU 00380JI5€ BIOKUHYMU 2POMIZOKI AHANIMUYHI NEPeme8oOpeHHs. NPU NPOBEOeHHI
0OUUCTIOBATILHUX EeKCNEPUMEHMI8 3 aHANi3y pyXy YACMUHKU 34 PISHUMU GUXIOHUMU
ymosamu ii KUOaHHs no 6y0b-AKill WOPCMKIU NOBEPXHI, SIKA NeGHUM YUHOM PO3MAULOBANA
8 NPOCMOpI.

Mema oocniosxcenns — pospooxa Maple-modeni pyxy uacmumku no wopcmKoMy
NOXUTIOMY OUCKY.

Ilpu  Oocniddcenni  pyxy  4acmuHKU NO  WOPCMKOMY  HOXUIOMY  OUCKY
BUKOPUCMOBYBAIACS NOJIAPHA CUCTNEMA KOOPOUHAM.

OmpumaHni mpaekmopii  pyxy 4YacmuHKU HO UWOPCMKOMY OUCKY 34 pISHUMU
3HaueHHAMU Kyma il KuoauHs. Bcmanoeneno, wjo 3a 00HAKOBUX NOUYAMKOBUX YMOB
KUOAHHS 4ACMUHKU NOOYO08AHI MPAECKMOPII YACMUHOK HA WOPCMKOMY OUCKY €
KOHSPYEeHMHUMU 00 MPAEKMOPIli YACMUHOK N0 WOPCMKIU NOXUNit naowuni. ¥ moi dice
yac, NONONCeHHsI MPAEKMOPIU B8IOHOCHO KOOPOUHAMHUX NIHIU NIAOCKUX BIOCIKI8 3HAUHO
BIOpPI3HAIOMbCAL.

Ha npuxnaoi pospobnenoi mooeni pyxy uacmuHKu no nOXuiomy HIOCKOM)Y OUCKY
NOKA3aHO, WO MPAEKMOPIL YACMUHKU MA i KIHeMAMUYHI G1ACMUBOCII HE 3AeHCaAmMb 810
8UOY NAPAMEMPUYUHO2O0 3A0AHHS NOBEPXHL.

KurouoBi cioBa: cynpogionuit mpuzpanHuk, mamepiaibHa MOYKA, NOXUIUILL
WOPCMKUIL OUCK, MPAEKMOPIs pYXy

MAPLE-MOAEJIM IBUXEHUS YACTHUIIBI 10O HAKJIOHHOMY
ITEPOXOBATOMY JIUCKY, 3AJTAHHOMY B TOJISIPHOW CUCTEME
KOOPAUHAT
A. B. Hecéuoomun

AHHOTAWMS. [ KOHCMPYUPOBAHUSL CEIbCKOXO3AUCMBEHHOU MEXHUKU BANCHO 3HAMD
3AKOHOMEPHOCMU  OBUJICEHUSL Yacmuybl (KaK MAmepuaibHoOl MOYKU) Wepoxosamoul
NOBEPXHOCMbIO NPOU3BOTILHO2O NOJONCEHUS 8 MPEXMEPHOM NPOCMPAHCMEe, HMO
n0360J1em NPo8ecmu pacuem KOHCMPYKMUBHO-KUHEMAMUYECKUX NaApamempos padouux
OP2aH08.

Ilpumenenue komnviomepHo2o MOOEAUPOBAHUSL OBUNCEHUSL YACUYBL UUEPOXOBABIMU
NOBEPXHOCMAMU NO360J5lem OMOPOCUMb 2POMO30KUE AHATUMUYECKUEe NPeodpaz08anus
npu npoeeodeHul BbIYUCTUMENbHBIX IKCNEPUMEHMO8 NO AHAIU3Y OBUNCEHUS. 4acmuybvl C
PA3MUYHBIMU UCXOOHBIMU YCIOBUAMU ee OPOCAaHUsL NO 000U WepoxX08amoll NOBEPXHOCMU,
onpeoeneHHbiM 00PA30M PACNONONCEHHOU 8 NPOCPAHCMEBE.
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Llenv uccneoosanuss - paspabomxa Maple-modenu Oeudicenus uwacmuyvt no
ULepox08amomy HAKIOHHOMY OUCK).

Ilpu uccnedoganuu O08udMCEHUS YACUYLL NO ULEPOXOBAMOMY HAKIOHHOMY OUCKY
UCNOIb306AIACH NOJISIPHASL CUCEMA KOOPOUHAM.

Ionyuenvt mpaexmopuu O0BUdCEHUS YACUYLL NO  UEPOX08AMoMy OUCKY C
PA3TUYHBIMU 3HAYEHUAMU Yead ee Opocanus. YcmaumoeieHo, umo npu OOUHAKOBHIX
HAYaIbHLIX YCI0BUAX OPOCAHUE HACMUYbl NOCMPOEHHble MPAEKMOPUU HACmuy Ha
wepoxosamou  Oucke SGIAIMCA  KOHSPYIHMHbIMU K  MPAeKmMopuil  d4acmuy no
Wepoxo8amou HAKIOHHOU nIocKocmu. B mo owce 6pems, nonodcenue mpaekmopuil
OMHOCUMENbHO KOOPOUHAMHBIX IUHULL NIOCKUX OMCEKO08 3HAUUMENbHO OMAUYAIOMCS.

Ha npumepe pazpabomannoii mooenu 08uUdxiCeHUs 4acmuybl N0 HAKIOHHOM) NIOCKOMY
OUCKY NOKA3AaHO, 4MmO mMpaeKmopuu uacmuyvl U ee KUHeMamuieckKue ceolucmea He
3asucsam om 8U0a NApaAMempuyecko20 3a0anus NOBEPXHOCHIU.

KiioueBble ciioBa: conpoeooumenvHuvlii mpexcpaHHuK, MAamepuaibHas mouka,
HAKIOHHBLIL WEPOX08amblil OUCK, MPACKMOPUA O8UNHCEHUS
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