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Abstract. One of the necessary conditions for the creation of effective working bodies that ensure high quality
tillage with the lowest possible energy intensity of the process is the search for the optimal geometric and
kinematic parameters of the working body of the tillage implement. This problem is successfully solved for
working bodies making a simple flat movement. At the same time, a significant proportion of the working bodies
of agricultural machines have relatively complex working bodies, which, along with the portable rectilinear
movement, rotate around its axis. So, many rotary working bodies rotate around disjoint axes and move
progressively in a direction that does not coincide and does not intersect with the instantaneous axis of rotation.
One of the promising designs of the working bodies for deep loosening of the soil is a rotary working body
conical shape. In the article, the equations of motion of an arbitrary point of the working surface of a subsoiler of
a conical shape are obtained. The subsoiler is a screw cone mounted on a bearing, with the possibility of
frictional rotational movement. The main research results are obtained on the basis of theoretical study using
methods of mechanics, analytical geometry and laws of agricultural mechanics. The rational parameters of the
angle at the apex of the cone y and the rear cutting angle ¢ are revealed. Using the obtained equations, it is
possible to determine the speed of action on the soil, as well as the acceleration of various points of the working
surface of the cone-shaped rotary working bodies, which can be further used to analyze the process of interaction
of the tool with the soil and justify its structural and technological parameters.
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Introduction

The determination of the optimal parameters of tillage working bodies is based on the study of the
processes of their interaction with the soil [1-6] and geometric and kinematic parameters of the
working bodies. Knowledge of the laws on the working bodies and their elements allows to fully set
the indicators that determine the process of moving the guide elements in the soil, which makes it
possible to reasonably approach the design of the subsoiler, as well as the choice of the mode of its
operation [7-8].

Studies devoted to the determination of the kinematic parameters of the rotary working bodies, the
implementation of complex movements in all directions, are often distributed horizontally and in the
directions of movement, as of today, are frequent and describe the trajectory of the external points of
the cutting element of the rotary working body [9-11].

However, in particular, for a subsoiler made in the form of a cone [12; 13], there are no equations
of motion for the visible point of its working surface. The conclusions of such equations will fully
interact with the soil [14-21].

Materials and methods

Overall view of the screw conical rotary subsoil loosener is shown in Fig. 1. The tool is designed
to perform subsoil loosening of the soil and is a screw cone subsoiler mounted on a rack by means of
bearings and ability to rotate from the reaction of the soil around its own axis [22].

Fig. 1. Overall view of the screw conical rotary subsoil loosener:
1 —tine, 2 — bearing unit; 3 — cone, 4 — screw wings
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The main design parameters of the working body are: the radius of the base of the cone
(R =0.07 m), the height of the cone (H = 0.15 m), the rear cutting angle (¢ = 5°), the number of screw
turns (n = 0.33).

During the movement of the tillage machine, the subsoiler is penetrated into the soil and loosens
the sub-arable horizon of the soil with the formation of moles channels in it. The subsoiler can freely
rotate around its axis, this ensures sliding cutting of the soil and facilitates a reduction in draft
resistance, compared to a passive subsoiler, as well as a better loosening of the under-plough horizon
and destruction of the hardpans.

The main research results are obtained on the basis of theoretical study using methods of
mechanics, analytical geometry and laws of agricultural mechanics.

Results and discussion

The kinematic parameters of the subsoiler, which largely determine the quality and energy
intensity of the soil cultivation, include the magnitude and direction of the absolute speed of
movement of points on the surface of the subsoiler.

To derive the equation of motion of an arbitrary point of a subsoiler of a conical shape, we
consider it in the coordinate system OXYZ Fig. 2.
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Fig. 2. Scheme of movement of the conical working body: side view (2A), view A (2b)

The radius of the base of the cone is R = 0,50A. The angle at the vertex of the cone is y. Suppose
that in relative motion the working body rotates at a constant frequency w, and the portable uniform
movement of the working body with speed v, occurs along the X axis. It is necessary to describe the
pattern of motion of an arbitrary point on the circumference of the base of the cone in a fixed
rectangular coordinate system OXYZ. We introduce the following notation: Ri is the distance from the
axis of rotation to the considered point of the cone surface; wf — is the angle determining the position
of point A; on the surface of the cone at time z. For the beginning of the report of the current rotation
angle of the radius vector, we take point A.

At time ¢, point A, rotating around the axis 0,03, moves to point A; and rotates through an angle
® = ot.

At the same time, in a figurative motion in a fixed coordinate system, the point A passes the
distance v,t.

The equations of motion of the point A of the surface of the cone-shaped cultivator in the adopted
coordinate system OXYZ at an arbitrary moment of time can be derived as a special case from the
general equations of motion of an arbitrary point of motion of rotary organs (1), deduced by Professor
Makarov P.I. [8]:
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where the upper sign refers to the case when the working body rotates from top to bottom, and
the bottom — from bottom to top;
o — angle of attack (degrees);
S — angle of inclination of the working body in the vertical (degrees);
Ri — distance from the axis of rotation to the considered point A (m);
V, — portable speed (m-s™);
t — time instant (s),
y;— distance from the plane of rotation of the point in question to the origin (m).

For our cone subsoiler with a height H, a radius of the base R, with an angle at the apex of the
cone ¥ and a rear cutting angle ¢, in the adopted coordinate system, the individual design parameters
and technological adjustments will have the following values: 8 = ¢; o = 90°% R; = R.

Determine the angle of inclination S of the base of the cone to the vertical. Angle § represents the
difference in angles y and #. From an isosceles triangle O;AO: y = (180° — w)/2. From a triangle O;AN:
n=180°-90° - (¢ + ) = 90° — (¢ + ¢). Thus, the angle of inclination of the base of the cone to the
vertical is:

,B=7/—77=18()T_y/—90°+5+1//=8+%; 2

Substituting the value f into equations (1), we obtain the equations of motion of point 4 of the
working surface of the cone-shaped cultivator in the adopted coordinate system:

x=v, .tiR(l+cos¢).sin(€+%];
y=FR-sin g, 3)

Z=R-cos(€+%)(l+cos¢).

In equation (3), the upper sign refers to the case when the cone-shaped organ rotates
counterclockwise, and the lower sign refers to its clockwise rotation.

This system of equations determines the position of any point on the surface of the base of the
cone-shaped subsoiler.

In order to find the coordinates of a similar point on the surface of the cone-shaped ripper at
R = R,, it is necessary to find the magnitude of the change in the X and Z coordinates, i.e. AX and AZ.

Consider AOO,0Os:
0.0y = cosﬂ ; from here 00, :L .
00, 2 T ocos(y/2)
From AOKO;:
K =sing, OK =00, sinezm.
00, ; cos(y/2)
Similarly, for another section of the cone, we find
_ H,-sine
cos(y/2)
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Therefore, the change in the Z coordinate upon transition to the radius R; is:

AZ =OK — PT = H -sine _ H,-sing :(H—Hi)sinel @
cos(y/2) cos(y/2) cos(y/2)
From APO,0;:
tg(y/2)

Change of X coordinate upon transition to radius R;

AX = KT =(0,0 - O,P)-cos €,

po_ i . (6)
cos(y/2)
AX = KT = H 4 _(H—-H,)cose (7)
cos(y/2) cos(y/2) cos(y/2)

Therefore, the coordinates of any point on the surface of the of the subsoiler in the adopted
Cartesian coordinate system, taking into account formulas (3), (4), (7), are described by the system of
equations:

r=v. 't”_LRi(1+COS¢)-sin(e+y//2)+m;
cos(y/2)
y=FR, -sing; (8)
=R, -cos€(1+cosgo)—w.
cos(y/2)

where e+y/2 = ¢,.

We study the equations of motion of the point of the screw of the subsoiler. To do this, by setting
the parameters ¢, y, and ¢ to different values, we compare the resulting equations with the known
equations of motion of the points of various tillage machines.

From expressions (3) and (8) at e =0 (which is typical for the knives of tillage machines
performing thinning seedlings), the system of equations (8) takes the following form:

(H—-H,)cose
X=V, tH———A——
cos(y/2)
y=%R, -sing; 9

z=R -(1+cos@).

which corresponds to the equations of motion of an arbitrary point of a knife of rotary tillage
machines. When ¢;_0 and y =0 (i.e., R;-0), the working body turns into a flat knife, the equation of
motion of which along the OX axis has the form:

X=V, 1. (10)

When ¢ = wt =0, we obtain the equations of motion of the points of the upper guide of the
working surface of the passive conical scavenger, which have the following form:

X=V, 1+2R, -sin(g+y//2)+m.
cos(y/2)
y=0 (11)
Z=2RI. -cogg_wl
cos(y/2)
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Thus, using the obtained equations, we determine the rate of action on the soil of various points of
the working surface of the conical subsoiler.

The projections of the velocity of the points of the working surface of the conical working body
on the coordinate axis are defined as the first time derivatives from the derived equations (8):

V.=v, v, -sina)t-sin(€+zj;
' 2

V, =V, coswt =R -cos ax; (12)

V, =V, -Cos&;-sinwt.

The absolute velocity module of the impact of a point of the subsoiler on the soil is defined as:

V=V +vi+vl (13)

The issues of analytical research of the laws of motion of rotating bodies have been studied by
many authors such as Zheligovsky V. A., Destain M.-F., Gainanov H. S., Makarov P. 1., Valiev A. R.,
Bulgariev G. G., [14-21]. However, the equations of motion of working bodies of agricultural and
other machines obtained by them are only a special case of the general equation under consideration
and do not allow determining the coordinates of any point of the tool at any time.

The equations obtained by us allow to determine the characteristics of movement and interaction
with the tillage soil of an arbitrary point on the surface of a screw rotary subsoiler, taking into account
the design features.

Based on the calculation results, the projections of the velocity V of the point of the working
surface of the developed subsoiler on the coordinate axis OX were obtained, a graphical interpretation
of which is presented in Fig. 3.

2) ? V,ms’ b) f V, m-s™
0 w -1 0 w
wt, rad-s o
o 30 330 2n5 30 wt, rad-s
o 2.3
v=30 deg. ]:7; O— =3 deg.
0 o y=40deg. 270 1% 5190 e=1 deg.
=50 deg. g £=5 deg.
120 240 0O 120
e =6 deg.
150 210 150
180 180

Fig. 3. Dependence of the projection of the velocity of the point of the working surface of the
cultivator on the coordinate axis OX on the angle of rotation at different angles at the apex
of the cone y (a) and the values of the rear cutting angle ¢ (b)

As it can be seen from Fig. 3a, the change in the angle when exposed to the top is independent of
speed, but at a speed of rotation y = 30°. This will stabilize the rotation of the rotary subsoiler. When
changing the rear cutting angle, Fig. 3b, the most effective impact of the working surface on the soil is
observed at € = 5°, decrease in the angle of incidence of the operating point.

Conclusion

The article presents the obtained equations for determining the speed, as well as accelerating the
impact on the soil of various points of the working surface of the conical subsoiler.
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As it can be seen from equations (12), (13) and Figure 3, the modulus of the velocity of the impact
of a point of the working surface on the soil depends on the values of the speed of its translational and
rotational motion, the cutting back angle, and on the location of the considered point of the subsoiler
with the soil.

The equations obtained by us allow to more fully reflect the character of the interaction of the
conical rotary subsoiler with the soil, taking into account the design characteristics.
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