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Abstract. There is proposed a new design of a trailed sugar beet head cleaner from the remnants of tops without 

extraction of beets from the soil, with a vertical cleaning shaft. However, the quality of its operation depends to a 

large extent on the magnitude of the vertical oscillations of the cleaner frame, which take place at a high speed of 

its forward movement. According to the developed equivalent scheme and the initial equations in the form of 

Lagrange of the 2nd kind, a mathematical model has been constructed for the root crop head cleaner, hanged 

from behind to an integral tractor, consisting of two nonlinear differential equations describing the oscillations of 

its pneumatic tracer wheels and the cleaning tool when moving along the surface irregularities. Numerical 

simulation on the PC has made it possible to determine the optimal design and kinematic parameters of the 

cleaner, allowing to reduce the magnitude of oscillations of its tracer wheels, frame and cleaning tool, which, on 

the whole, significantly increases the efficiency and quality of the root crop cleaning from the tops without 

extracting the root crops from the soil.  

Keywords: sugar beet, harvesting, cleaner, oscillations. 

Introduction 

Sugar beet is an important agricultural crop used for the production of sugar; and it also has great 

prospects for the production of bioenergy [1]. The leading producers of sugar beet in Europe are 

Ukraine, Germany, France and Poland. Contemporary technologies of harvesting sugar beet tops 

assume, at first, complete uncopied cutting of the main green mass with subsequent individual post-

cleaning of the heads of root crops from the remnants of the foliage [2]. The operation of additional 

cleaning of the root crop heads from the remnants of tops (leaves) without extracting the heads from 

the soil should meet high demands for the quality of removal of the green and dry residues from the 

surfaces of the heads, excluding damage caused by the additional cleaning tools. We have developed a 

new design of a trailed cleaner of sugar beet heads from the remnants of tops (leaves), with a vertical 

cleaning shaft. However, the quality of its operation depends to a large extent on the magnitude of the 

vertical oscillations of the cleaner frame, which take place at a high speed of its forwards movement. 

The use of pneumatic tracer wheels causes intensive oscillations of the root crop head cleaner in a 

vertical plane, which have the greatest effect on the quality of this technological process. In this 

connection, a need arises for theoretical investigation of the movement of a root crop head cleaner 

attached to the wheeled integral row-crop aggregating tractor and for determining the degree of 

influence of its structural and kinematic parameters on the vibrations in the vertical plane. The method 

of constructing computational mathematical models of agricultural machines is described in detail in 

[3]. A methodology of constructing computational mathematical models of agricultural machines is 

described in detail in [3], in which problems related to simulation of the plane-parallel movement of 

aggregates, their oscillations in the longitudinal-vertical plane, as well as the dynamics of drives of the 

machine units performing certain technological processes are considered. However, there is still a 

need to improve the methods of theoretical research, the development of appropriate numerical 

calculation programs and the possibilities of wide simulation on a PC, in order to find optimal design 

and kinematic parameters. The development of a contemporary beet harvesting technology is 

connected with the development and wide application of combined machines [4-8]. Thus, the use of 

integral row-crop tractors as energy resources makes it possible to widely use combined beet 

harvesting aggregates consisting of front-mounted top-harvesting machines that carry out a complete, 

uncopied cutting of the main mass of sugar beet tops and its collection for further use (for example, for 

biogas production), and rear-mounted root crop head cleaners from the remnants of the tops (leaves) 

[9]. Such an aggregate not only qualitatively performs the technological process of harvesting the tops, 

but is also considerably less energy-intensive (in contrast to the traditional harvesting methodologies 

of the tops). In the studies of oscillations of the front-mounted and rear-mounted combined machine 

aggregates moving along the soil surface irregularities the theory of oscillations of root crop head 
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cleaners from the remnants of the tops without extracting the heads from the soil is not considered 

[10]. 

The purpose of this work is a theoretical study of the oscillations of the root crop head cleaner 

with the pneumatic tracer wheels moving along the soil surface irregularities and determination of the 

optimal design and kinematic parameters. 

Materials and methods 

During the research, methods for constructing computational mathematical models of agricultural 

machines were used, based on the compilation and solution of the systems of differential equations, as 

well as numerical simulation applying programs compiled on the PC. 

Let us consider analytically the movement of the sugar beet head cleaner of the new design only 

in the longitudinally vertical plane, i.e. we will construct a mathematical model of oscillations of a 

cleaner, rear-mounted on the wheeled aggregating tractor, moving along the irregularities of the soil 

surface. The use of the rear-mounted cleaner leads in the course of work to its movements in space, 

which are determined by the forward speed of the tractor, the relief of the field surface in the inter-row 

aisle of the crops, the placement of the tracer wheels relative to the frame and the three-point linkage 

system (device for mounting machine for tractor), etc. (Figs 1, 2). At the same time, the wheels of the 

tractor, as well as the pneumatic tracer wheels of the cleaner, move along the inter-row aisles, between 

which the main mass of the leaves is cut off. 

 
 

Fig. 1. Scheme of the aggregate: I – integral row-

crop tractor; II–rear-mounted cleaner of the root 

crop heads: 1 – frame; 2 – linkage system; 3 – tracer 

wheel; 4 – drive; 5 – cleaning tool 

Fig. 2. Sugar Beet Head Cleaner with a 

Vertical Cleaning Shaft 

Let us compose an equivalent scheme of the root crop head cleaner, rear-mounted on the tractor, 

considering its movement in the longitudinal-vertical plane (Fig. 3). As it is evident from the 

diagramme, the frame of the root head cleaner from the top remnants is attached to the aggregating 

tractor by means of two lower links BD and one upper link LM, which have pivots at points B, D, L 

and M. In this case, vertical oscillations of the tractor during the operation of the aggregate are 

practically not transferred to the frame of the cleaner. While moving along the irregularities of the soil 

surface, the aggregating tractor acquires vertical oscillations. Therefore, the pivots at the points D and 

M, as belonging to the tractor, also perform vertical oscillations. However, due to the presence of 

pivots at points B and L and, belonging to the frame of the cleaner, and a significant mass of the 

cleaner itself, these oscillations are practically not transferred to the cleaner frame.  

The vertical oscillations of the tractor cause only angular vibrations of the links BD and LM, 

connecting the frame of the cleaner to the tractor. At the same time, we can assume with a sufficient 

degree of accuracy that the links B and L do not perform vertical vibrations, but the links BD and LM 

only rotate around the points B and L; and their other ends (pivots D and M) oscillate together with the 

tractor. Thus, the vertical oscillations of the tractor are actually converted into angular oscillations of 

the links BD and LM, not transmitted to the frame of the trailed cleaner. Therefore, we assume that the 

points of suspension of the cleaning frame (i.e. pivots B and L) move rectilinearly and evenly. 



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 24.-26.05.2017. 

 

1397 

 

Fig. 3. Equivalent scheme of movement of the root crop head cleaner 

Here we will consider the movement of only one of the tracer wheels of the cleaner with a radius r 

(the second wheel is in the same state as the first one). Suppose that in the process of operation the 

tracer wheel, moving in the inter-crop aisles along the surface of the soil of a sinusoidal transverse 

profile [11], has passed from one position I to another position II. In the plane of rotation, the forces 

acting upon the tracer wheel are: the weight of the cleaner G̅  and the tractive force FT̅  , directed along 

the link BD from the point B to point D. Besides, along the link LM, there is an effort ST̅   directed from 

the point L to the point M. From the side of the root crophead cleaner, a resistance force Fres̅  acts at the 

point E , which is equal in magnitude and opposite in direction to the stripping force Qbru̅  of the tops 

from the root crop heads, which will be defined below. Under the impact of these forces, a normal N̅ 

and tangential fN̅  reaction occurs at the point of contact K1 between the tracer wheel and the 

irregularities of the soil surface (where f is the rolling resistance coefficient). The direction of the 

action of the normal N̅ and tangential fN̅  reactions of the soil is determined by the angle α. The angle 

between the traction force FT̅   and the direction of movement will be denoted by β, which determines 

the character of the vertical oscillations of the root crop head cleaner in the longitudinally vertical 

plane. Let us denote the height of the frame suspension by H. We will consider that the speed of the 

forward movement of this aggregate is constant and equal to VM. 

Let us regard the presented dynamical system with respect to the fixed Cartesian coordinates 

K1XY [12], assuming that all its points are moving only in this plane. Let us locate the centre of the 

coordinate axes at the point K1, i.e. at the point of contact of the tracer wheel with the soil. As can be 

seen from Fig. 3, the location of the centre of the tracer wheel is determined by the coordinates x and 

y. The movement of the suspension points of the frame of the cleaner towards the aggregating tractor 

(points B and L) is assumed to be rectilinear and even. In addition, the centre of masses of the root 

head cleaner (point C) is at a distance l2 
from the suspension point B. The distance between the axis of 

the cleaner (point B) and the axis of the installation of its tracer wheels (point A) will be denoted by 

l1.We will denote the mass of the entire root head cleaner by M, the mass of the tracer wheels – by m  

where m = m1 + m2 (m1 is the mass of the first tracer wheel, m2 – the mass of the second copying 

wheel). The force of the weight G̅ of the examined root crop head cleaner will be considered as 

applied at its centre of masses (point C). The mass m of the tracer wheels is concentrated in the point 

C1. 

Pneumatic tracer wheels are represented in the form of elastic damping models, which have a 

stiffness coefficient c and a damping coefficient µ. Since there are two tracer wheels, the indicated 

coefficients will be doubled. Let us assume that the tracer wheels are moving along the irregularities 

of the soil surface in the sinusoidal profile, which varies according to the following law [11]: 
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1 sin
2

y h kx
π  = + −    

, (1)
 

where y – ordinate of the height of the soil surface irregularities, m; 

 h – half of the height of the soil surface irregularities, m; 

 k – frequency of the soil surface irregularities, m
-1

; 

 x = VM· t – value of the current coordinate, m; 

 VM – speed of the movement of the cleaner, m·s
-1

; 

 t – current time, s. 

We consider that the tracer wheel is in contact with the soil surface irregularity at a point K1 

located on the sinusoid defined by the form (1). Since the centre of masses of the pneumatic tracer 

wheels, due to their damping properties, performs independent oscillatory movements (point C1) and 

the ordinates of the heights y
 
of the soil surface irregularities is much smaller than the displacement 

value x of the cleaner, we can assume that these oscillations will be determined by the independent 

coordinate y. The position of the centre of masses of the cleaner (point C ), in the longitudinal-vertical 

plane, is completely determined by the independent coordinate β, i.e. the inclination angle of the 

cleaning frame to the horizon. Thus, the considered oscillatory system has two degrees of freedom, 

and its motion is entirely determined by two generalized coordinates: 

 1

2

,

.

q

q у

β= 


= 
 (2) 

In this case, the speed V of the centre of masses of the tracer wheels (point C1) will be equal to: 

 
2 2

V x y= +& & . 

Taking into account that x = VM· t, we obtain: 

 
2 2

M
V V y= + & .  (3) 

The angular velocity of the tracer wheel, necessary to determine the kinetic energy of the given 

dynamical system, can be expressed in terms of the known parameters: 

 
1dS

dt r
ω = ⋅ , (4) 

where ω – angular velocity of the tracer wheel, rad·s
-1

; 

 S – value of the circular movement of the wheel along the surface profile of the soil, m; 

 r – radius of the tracer wheel, m. 

In this case, the differential of the movement of the tracer wheel dS will be equal to: 

 2 2 2 2 2
1 cos

2
dS dx dy h k kx dx

π = + = + − 
 

, (5) 

Or: 

 2 2 2
1 cos

2
М МdS h k kV t V dt

π = + ⋅ − ⋅ 
 

. (6) 

By substituting the value of (6) into (4), we obtain the value of the angular velocity:  

 

2 2 2
1 cos

2
М Мh k kV t V

r

π

ω

 + ⋅ − ⋅ 
 = . (7) 
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To compile differential equations of motion of the considered oscillatory system, we use the 

initial equations in the Lagrange form of the 2nd kind [3]: 

 
i

i i i i

d T T P R
Q

dt q q q q

 ∂ ∂ ∂ ∂
− = − − ∂ ∂ ∂ ∂ & &

, (8) 

where T – kinetic energy of the system under consideration; 

 Qi – generalised force; 

 P – potential energy; 

 R – dissipative function.  

The kinetic energy T of the considered dynamical system will be:  

 

4

1 2 3 4

1

   i

i

Т T T T T T
=

= = +∑ + + , (9) 

where T1 – kinetic energy of the forward movement of the cleaner (its centre of mass);  

T2 – kinetic energy of the oscillatory movement of the cleaner frame around the point B; 

T3 – kinetic energy of the rotational movement of the tracer wheels around their axis;  

T4 – kinetic energy of vertical oscillations of the pneumatic tracer wheels due to elastic-

viscous resistance of tires.  

The components of the kinetic energy T, in turn, will be equal to: 

 
2

1
2

M
MV

T = , (10) 

where M – mass of the cleaner, kg;  

 
VM – speed of the forward movement of the centre of masses of the cleaner, m·s

-1
. 

 
2

2
2

В
I

T
β

=
&

, (11) 

where IB – moment of inertia of the cleaner frame relative to the axis, which is perpendicular to 

the longitudinal-vertical plane and passes through the point B, kg·m
2
; 

 β&  – angular velocity of rotation of the cleaner frame, s
-1

. 

 ( )
2

2 2 2 2

3 2

1
1 sin

2 2

k
k M

I
T I V h k kx

r

ω
 = = +  , (12) 

where Ik – moment of inertia of both tracer wheels relative to the axes of their rotation, kg·m
2
; 

 ω – angular velocity of rotation of the tracer wheel, s
-1

.  

 
2

4
2

my
T =

&
, (13) 

where m – mass of both tracer wheels, kg;  

 y&  – speed of vertical oscillations of the tracer wheels, m·s
-1

. 

Then, taking into account expressions (10) – (13), expression (9) takes the following form: 

 
2 2 2 2

2 2 2 2

M В kMV I I my
T

β ω
= + + +

& &
, (14) 

Or: 

 ( )
2 2 2

2 2 2 2

2

1
1 sin

2 2 2 2

M В
k M

MV I my
T I V h k kx

r

β
 = + + + + 

& &
. (15) 

Let us define the necessary partial derivatives, which are provided by equation (8), for each of the 

generalised coordinates β and y. According to the first generalized coordinate β, the partial derivative 

of the kinetic energy T of the system will have the following appearance: 



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 24.-26.05.2017. 

 

1400 

 
В

T
I β

β
∂

=
∂

&
&

. (16) 

Then: 

 
В

d T
I

dt
β

β
 ∂

= ∂ 
&&

&
. (17) 

Considering that 

 0
T

β
∂

=
∂

,  (18) 

then we will have an expression for the left-hand side of expression (8) along the coordinate β: 

 
В

d T T
I

dt
β

β β
 ∂ ∂

− = ∂ ∂ 
&&

&
. (19) 

The potential energy P of the system is determined by the following expression:  

 ( )2

1P с l yβ= − , (20) 

where c – coefficient of rigidity of the pneumatic tires of the tracer wheels, N·m
-1

; 

l1 – distance from the suspension axis (point B) of the cleaner to the axis of the tracer 

wheels, m.  

The dissipative function R of the particular dynamical system has the form:  

 ( )2

1R l yµ β= −& & , (21) 

where µ – damping coefficient of the pneumatic tracer wheels, N·s·m
-1

. 

In a similar way, the partial derivatives for (20) and (21) are equal to: 

 ( )1 1
2

P
сl l yβ

β
∂

= −
∂

, (22) 

 ( )1 1
2

R
l l yµ β

β
∂

= −
∂

& &
&

. (23) 

For the second generalised coordinate y , we find similar expressions:  

 
Т

my
у

∂
=

∂
&

&

. (24) 

 d Т
m y

dt у

 ∂
= ⋅ ∂ 

&&
&

, (25) 

 0
Т

у

∂
=

∂
, (26) 

 ( )12
P

с l y
y

β
∂

= − −
∂

, (27) 

 ( )1
2

R
l y

y
µ β

∂
= − −

∂
& &

&

. (28) 

Let us find generalised forces Qβ and Qy
 
with respect to the corresponding generalised coordinates 

β and y, which enter the right-hand side of the Lagrange equation of the 2nd kind (8). For this purpose, 

in Fig. 4 we will show a change in the position of the cleaner when the tracer wheel is moved from the 

point K1 which is the origin of the coordinate system K1XY, to the point K2. The generalised force Qβ 
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from the generalised angular coordinate β will have the dimension of the moment and will be 

determined using the expression for the elementary work of the forces on a possible angular 

displacement δβ [12]: 

 ( ). . .rot res rotW W M Mβδ δ= − , (29) 

where Mrot. – moment of forces tending to rotate the cleaner frame around the axis that passes 

through the point B, N·m; 

Mres.rot – moment of forces resisting to the rotation of the cleaner frame around the axis 

that passes through the point B , N·m. 

As it is evident from the scheme in Fig. 4, the turning moment of the cleaner frame around the 

axis passing through the point B will create reaction forces of the soil surface N̅  and fN̅ , as well as a 

force in the upper linkage of the mounting ST̅   and a resistance force Fres̅  . 

 

Fig. 4. Scheme for determining the moments of forces acting upon the cleaner 

Then the total turning moment Mrot. of the cleaner will be equal to: 

 
.rot res T

M N BB fN BB F H S BT′′ ′= ⋅ + ⋅ + ⋅ + ⋅ , (30) 

where BB″, BB′, H and BT – arms of the corresponding forces relative to the point B. 

Let us define the indicated arms of the forces that enter into expression (30), using the scheme of  

Fig. 4.: 

 ( ) ( ) ( )1 cos sinВВ l H rα β α β′′ = + + − ⋅ + , (31) 

where α – inclination angle of the tangent to the sinusoid (1). 

As it is known, the tangent of the angle of inclination to the curve y = f(x) at the particular point is 

equal to the derivative of the equation of this curve with respect to the variable x at this point, that is: 

tgα = y′x. 

Taking into account expression (1), we obtain: 

 cos
2

xy hk kx
π ′ = − 

 
. (32) 

Therefore: 

 cos
2

arctg hk kx
π

α
  = −    

. (33) 
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Further, from the scheme of Fig. 4 we will obtain: 

 ( ) ( )2 2

1
cos 90oВВ r H r lα β γ′ = + + + − − + . (35) 

Besides: 

 1

1

tg
АС H r

АВ l
γ

−
= = , (36) 

 

1

H r
arctg

l
γ

−
= . (37) 

 ( )cosВT BL β θ= ⋅ + , (38) 

where BL – constructive parameter, m. 

Substituting the obtained values of the arms of the forces (31), (35) and (38) into expression (30) 

and carrying out the corresponding transformations, we obtain: 

 

( ) ( ) ( )

( ) ( ) ( )

. 1

2 2

1

cos sin

cos 90 cos .

rot

o

res T

M N l H r fN r

H r l F H S BL

α β α β

α β γ β θ

= + + − + + +   

+ + + − − + + + +  

(39)

 

Let us determine the moment forces Mres.rot resisting to the rotation of the cleaner frame around 

the axis passing through the point B: 

 
. .res rotM G BC′= ⋅ , (40) 

where BC′ – arm of forces G̅  relative to the point B. 

Using the scheme in Fig. 4 from the triangle BCC′  we find the value of the arm BC′: 

 
2 cosВС l β′ = . (41) 

Consequently, the moment Mres.rot of the resistance force G̅  to the rotation of the cleaner frame 

relative to the axis passing through the point B will finally be equal to: 

 
. . 2 cos

res rot
M G l β= ⋅ . (42) 

Using the expressions (39) and (42) obtained and substituting their values into expression (29), we 

can finally determine δWβ which will be equal to: 

 

( ) ( ) ( ) ( ){
( ) ( ) }

. . . 1

2 2

1 2

cos sin

cos 90 cos .

rot res rot

o

res

W M M N l H r

fN r H r l F H Gl

βδ δβ α β α β

α β γ β δβ

 = − = + + − + +
 

 + + + + − − + + −    

(43)

 

From the expression (43) we find the generalised force Qβ with respect to the angular coordinate 

β: 

 

( ) ( ) ( )

( ) ( )

1

2 2

1 2

cos sin

cos 90 cos .o

res

W
Q N l H r fN r

H r l F H G l

β
β

δ
α β α β

δβ

α β γ β

 = = + + − + + +  

+ + + − − + + −  (44) 

The generalised force Qβ in this case is the algebraic sum of the moments of all active forces with 

respect to the point B. To determine it from the generalized coordinate y, let us use the expression for 

the elementary work of forces on displacement δy: 
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( )
1

sin sin

cos sin sin .

n

y y res

i

T T

W Q y G y fN y F y

N y F y S y

δ δ δ α δ β δ

α δ β δ β θ δ
=

= ⋅ = − ⋅ − ⋅ + ⋅ +

+ ⋅ − ⋅ − ⋅ + ⋅

∑  (45) 

The normal N̅ and tangential fN̅  reactions of the soil on the tracer wheels perform the elementary 

work, respectively, on the deformation of the soil and overcoming friction, i.e. they are conditionally 

active forces. Hence, we have that the generalised force Qy will be equal to: 

 

( )

sin sin

cos sin sin .

y

y res

T T

W
Q G fN F

y

N F S

δ
α β

δ

α β β θ

= = − − + +

+ − − +

 (46) 

Results and discussion 

Substituting the value of all the obtained components into the system (8), we obtain the following 

system of differential equations:  

 

( ) ( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1

2 2

1 2

1 1 1 1

1 1

cos sin

cos 90 cos

cos 2 2 ,

sin sin cos sin

sin 2 2 .

B

o

res

T

res T

T

I N l H r fN r

H r l F H G l

S BL сl l y l l y

m y G fN F N F

S с l y l y

β α β α β

α β γ β

β θ β µ β

α β α β

β θ β µ β

= + + − ⋅ + + +    
+ + + − − + + − + 


+ + − − − − 


= − − + + − − 
− + + − + − 



&&

& &

&&

& &

 

(47) 

After transformations have been performed, we obtain a system of the two equations, which is a 

mathematical model of the movement of the sugar beet root cleaner hanged from behind to the 

wheeled integral row-crop tractor: 

 

( ) ( ) ( )

( ) ( )

( ) ( ) ( )

( )

( ) ( )

1

2 2

1

2 1 1 1 1

1 1

cos sin

cos 90

cos cos 2 2
,

sin sin cos sin sin

2 2
.

B

o

B

res T

B

res T T

N l H r

I

fN r H r l

I

F H Gl S BL сl l y l l y

I

G fN F N F S
y

m

с l y l y

m

α β α β
β

α β γ

β β θ β µ β

α β α β β θ

β µ β

+ + − +  = + 

 + + + − − +    + +



− + + − − − − 
+ 


− − + + − − +
= +

− + − +




&&

& &

&&

& &

 

(48)

 

The obtained system of equations (48) includes an unknown normal reaction N̅ , as well as the 

resistance force Fres̅  to the movement of the cleaning tool along the head of the beet root. A normal 

reaction N̅ can be determined from the equilibrium condition of the system at a fixed time (the 

equation of statics). It can be obtained from equation (44), provided that Qβ = 0: 
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( ) ( ) ( )

( ) ( )

( )

1

2 2

1

2

cos sin

cos 90

cos cos 0.

o

res T

N l H r

fN r H r l

F H Gl S BL

α β α β

α β γ

β β θ

+ + − + +  

 + + + + − − + +  
+ − + + =

 (49) 

When the reaction N̅  is determined, the unknown angle β can be assumed sufficiently small in the 

first approximation and considered to be equal to zero. Then the expression (49) obtains an 

appearance: 

 

( )

( ) ( )

1

2 2

1

2

cos sin

cos 90

cos 0.

o

res T

N l H r

fN r H r l

F H Gl S BL

α α

α γ

θ

+ − +  

 + + + − − + +  
+ − + =

 (50) 

From the expression (50) we will define the initial reaction N, which will be: 

 

( ) ( ) ( )
2

2 2

1 1

cos

cos sin cos 90

res T

o

Gl F H S BL
N

l H r f r H r l

θ

α α α γ

− −
=

 + − + + + − − +  

. (51) 

Expression (51) is obtained for the case when the tracer wheel is at an arbitrary point of the 

sinusoidal profile of the soil surface irregularity (1). If the tracer wheel is on a horizontal flat surface 

(axis K1X), the expression (51) will become even simpler (α = 0), and the normal reaction N will, in 

this case, be equal to: 

 

( )
2

2 2

1 1

cos

sin

res T
Gl F H S BL

N

l f r H r l

θ

γ

− ⋅ −
=

 + + − +  

. (52) 

The value of the normal reaction N determined from the formula (52) with sufficient accuracy for 

practice can be used to solve the system of equations (48).  

The force of resistance Fres to the movement of the cleaning tool along the head of the sugar beet 

root is determined from the condition of its equality in terms of the stripping strength Qbru̅  of the 

remnants of the foliage. The process of stripping the remnants of the foliage from the beet root head is 

possible under the following condition: 

 [ ]bru
Q

nF
τ≥ , (53) 

where Qbru̅   – stripping force; 

 [τ] – allowed tangential shear stresses for the stalk of the foliage; 

 F – cross-sectional area of one stalk of the foliage; 

 n – number of stalks, which are simultaneously stripped. 

Now we will compute the stripping force Qbru̅  , necessary for stripping the leaves of the tops from 

the beet root head. From condition (53) we obtain: 

 [ ]bruQ nF τ≥ . (54) 

The cross-sectional area of the stalk of the beet top will be [7]: 

 
o o

F ah a h= − , (55) 

where  h – height of the root crop; 

 a – radius in the root crop in its upper part; 

 ao – radius of the stalk in its upper part; 

 ho – height of the stalk. 

Taking into account expressions (54) and (55), we find the stripping force Qbru̅  : 
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 ( ) [ ]bru o o
Q ah a h n τ≥ − , (56) 

Let us determine the force Qbru̅  , necessary for stripping one stalk of the foliage, which, according 

to [10], has such linear dimensions: a = 5 mm; aо = 2 mm; h = 5 mm; hо = 2 mm. 

The average value of the allowable tangential stress [τ] for the stalk material, also according to [10], 

will be equal to: [τ] = 1.14·10
6
 Pa. 

Substituting these values into expression (56) at n = 1, we obtain:  

 ( ) 6 65 5 2 2 10 1.14 10 23.9
bru

Q − −≥ ⋅ − ⋅ ⋅ ⋅ ⋅ =  N (57) 

Considering that the stems of the tops may have dimensions in the cross section that are 

somewhat larger than the average, we take Qbru̅   = 25 N. According to the experimental data [4], in 

order to satisfactorily carry out the stripping process of the remnants of the tops from the surface of the 

root crop head without its extraction from the soil, tangential forces within a range from  

70-120 N·cm
-2

 are required. Since the cross-sectional area of one stalk is, on the average, 

0.25F =  сm2
, we find that for stripping one stem of the foliage, the necessary tangential force is 

within the range 17.5-30 N. Thus the value of the stripping force Qbru̅  , obtained theoretically for one 

stalk, falls precisely into this interval. We will assume that in one pass the cleaning blade strips 

(combs) a number of the remnants of the foliage, consisting of four upstanding stalks (i.e. n = 4), from 

the expression (57) we finally obtain:  

 95.6
bru

Q ≥ N . (58) 

For practical calculations in the system of equations (48) we can assume Qbru̅   = 100 N. 

In order to solve the system of equations (48), it is necessary to specify the constructive, 

kinematic and force parameters included in this system. First of all, we define the initial conditions 

that the initial variables satisfy:  

 0t = : 0y = , 0y =& , 0β = and 0β =& . (59) 

Further, we present the necessary data for numerical calculations:  

• design parameters of the machine: l1 = 0.6 m; l2 = 0.75 m; r = 0.20 m; H = 0.43 m. 

• kinematic parameters: VM = 2.0 m·s
-1

. 

• inertial characteristics: m = 11 kg; IB = 25 kg·m
2
. 

• characteristics of the elastic properties of the tires: C = 2000-2500 N·m
-1

; µ = 73-85 N·s·m
-1

. 

• power characteristics: G = 700 N; P = 1000 N;  N = 651.6 N (formula (52)); f = 0.2. 

• characteristics of the irregularities of the soil surface: h = 0.08 m; k = 1.75 m
-1

. 

• angular parameters: γ = 0.437 rad (formula (37)). 

• arctg cos
2

Mhk kV t
π

α
  = −    

– a variable angle (it is substituted into the system of 

equations (48) in the form of the indicated formula). 

After compiling a program on the PC (in Mathcad), numerical calculations of the values of the 

angle β
 
and the coordinate y

 
were performed depending on the design parameters of the root head 

cleaner itself from the remnants of the tops without extracting the heads from the soil (Figs 6-8).  

The graph (Fig. 6) shows the dependence of vertical oscillations y of the tracer wheels of the 

considered cleaner as a function of time t when it moves along the irregularities of the soil surface. 

The thin line indicates the path (trajectory) of the soil surface irregularity itself. It follows from the 

graph that, in order to ensure minimum vertical oscillations, the tracer wheels of the root head cleaner 

y must have a radius r that is not more than 0.20 m (further reduction of the radius does not lead to a 

significant change in the magnitude of the oscillations).  

The dependence of the vertical oscillations y on time t at different values of the stiffness 

coefficient C of pneumatic tires of the wheels (Fig. 7) shows that its reduction within the allowed 

limits will also ensure minimum values of the vertical oscillations yin the case of using the previously 

defined radius r of the tracer wheels. 
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Fig. 6. Dependence of vertical oscillations on time t at different values of the radius r of the 

tracer wheels: 1 – r = 0.25 m; 2 – r = 0.20 m; 3 – r = 0.15 m 

 

Fig. 7. Dependence of vertical oscillations y
 
on time t at different values of the stiffness coefficient 

C of pneumatic tires of the wheels of the copying system: 1 – C = 2500 N·m
-1

;  

2 –  C = 2200 N·m
-1

; 3 – C = 2000 N·m
-1

 

Fig. 8 shows the dependence of vertical oscillations y
 
on time t at different values of distance l2  

from the suspension point of the cleaner to the centre of its masses (point C).  

 

Fig. 8. Dependence of the magnitude of vertical oscillations y
 
on time t at different values of the 

distance l2: 1 – l2 = 0.70 m; 2 – l2 = 0.75 m; 3 – l2 = 0.80 m; 4 – l2 = 0.85 m 
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The most significant factor that affects the magnitude of the vertical oscillations y of the tracer 

wheels is the distance l2  from the suspension point of the cleaner to the centre of its masses (point C). 

In the case when it is equal to 0.75 m, with other design and power parameters of the cleaner, which 

are also accepted as rational, the oscillations of the tracer wheels are insignificant and tend to zero. 

Increasing the distance l2  the oscillations increase sharply, which adversely affects the quality of the 

technological process. If it turns out that the distance l2  is less than the optimal 0.75 m, then the 

displacement of the oscillations towards the negative values is observed, which leads to additional 

pressing of the copying wheels to the surface of the agrophone and can be used to reduce the 

oscillations of the cleaner.  

On the basis of numerical simulation on the PC, it has been established that the most rational 

kinematic and design parameters of the sugar root beet head cleaner without extracting the heads from 

the soil, which ensure high quality indicators of cleaning the heads from the tops and with minimum 

oscillations of the operating tool in the longitudinally vertical plane, are: the radius r of the tracer 

wheels is not more than 0.2 m, the stiffness coefficient c of the pneumatic tires of the wheels of the 

copying system is not more than 2000 N·m
-1

, and the distances l2  from the suspension point of the 

cleaner to the centre of its masses – 0.75 m. 

Conclusions 

1. A design of a sugar beet head cleaner from the remains of the tops without extracting the roots 

from the soil has been developed, which has a vertical drive shaft with cleaning tools mounted on 

its end face, and pneumatic tracerwheels. A system of two nonlinear differential equations has 

been built for this structure that describe the oscillations of the root crop head cleaner in the 

longitudinal-vertical plane when its pneumatic tracer wheels are moving along the irregularities of 

the soil surface. 

2. It has been established that the most significant factor affecting the magnitude of vertical 

oscillations of the tracer wheels in a longitudinal-vertical plane (for the given design parameters) 

is the distance from the suspension point of the cleaner on the aggregating tractor to the centre of 

its masses. 

3. As a result of numerical simulation, some rational design parameters of the root head cleaner have 

been determined: the radius r of the tracer wheels is not more than 0.2 m, the stiffness coefficient 

c of the pneumatic tires of the wheels of the copying system is not more than 2000 N·m
-1

, and the 

distance l2 
from the point of the cleaner suspension to the centre of its masses is 0.75 m.  
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