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ABSTRACT

The article considers the issue of dynamic and energy analysis of the rotary tiller with planetary transmission
gear and vertical rotation axis designed for orchards and vineyards. In the result of investigations, analytical
expressions have been derived, which enable to determine the resistance force factors of the cultivated
medium affecting the rotary tiller and to set up their changing patterns during a single rotation of the rotor in
conditions of forward movement of the aggregate/working unit. It has been confirmed that in case of binary
symmetric blades located at 120 degree, the resistance forces transmitted from the tiller satellites to the rotor
shaft mutually balance each other, as a result of which the traction resistance force of the unit receives the
possible minimum value. As regard to the resistance moments transmitted from the tiller satellites to the rotor
shaft and to their main moments, it should be noted that they change significantly during a single rotation of
the rotor. Particularly, the extreme values of the main moment for each tiller satellite are obtained at the finite
points of the rotor’'s diameter perpendicular to the forward movement of the tillage machine. Based on the
driving and resistance force factors of the machine, as well as the differential equation of the motion, the term
has been identified by means of the energy research of the rotary tiller, in case of which the angular
acceleration of the rotor’s shaft will be equal to zero and the machine will operate without oscillations and
vibrations.
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INTRODUCTION

The inter-row cultivation of gardens, as well as inter-trunk and near-trunk cultivation of trees in
accordance with the agrotechnical requirements is an essential prerequisite for the yield capacity increase and
quality improvement of the product in orchards. Furthermore, the latter are ensured by the accurate and timely
implementation of the mentioned agrotechnical activities (Manaenkov, 2017; Kupryashkin & Gusev, 2020,
Khort et al., 2020; Bordoni et al., 2019).

The operational practice of rotary tillers in the inter-trunk and inter-row spaces has enabled to develop
their main agrotechnical requirements (Panov & Tokushev, 2005; Koval, 2010; Tarverdyan et al., 2024) and
at the same time to state that the machines with active working parts are more effective. These are mainly
rotary tillers with horizontal or vertical rotation axis equipped with mechanical or hydraulic transmission gears
(Parkhomenko,2012; Kupryashkin & Gusev, 2020; Tarverdyan et al., 2024; Panov, 1963; Byshov, 2017;
Tarverdyan & Sargsyan, 2015, Hegazy et al., 2014; Abo-Habaga et al., 2018).

Their structural peculiarities enable to maximally adapt the machine to the cultivation of inter-trunk
spaces observing the implementation rules of agrotechnical requirements. The distinctive advantages of
machines of this series are introduced in many research works (Kupryashkin & Gusev, 2020; Byshov, 2017;
Tarverdyan & Sargsyan, 2015; Mosatovskiy, 1980; Ahmadi, 2017; Raparelli et al., 2021).

However, the operational practice of the tillers with vertical axis and the analysis of literature data
signify that they are not free from defects either (Panov & Tokushev, 2005; Panov, 1963; Tarverdyan &
Sargsyan, 2015).

Particularly, in this case the thrown out mass of cultivated soil is rather large, and at the same time it
is mentioned that the way of elimination of this shortcoming is the correct selection of the shape and
geometrical parameters of the tiller's blades (Mosatovskiy, 1980).

Considering also the circumstance that the operational reliability of the existing machines is low,
especially in the soil types of the Republic of Armenia, which stand out for high content of rocks and gravel,
an attempt was made to develop rotary tillers with vertical rotation axis possibly free from the above stated
shortcomings and suitable for the cultivation of inter-tree, inter-trunk and inter-vine spaces in orchards and vineyards.

The attempts to solve the mentioned problem through optimization of the shape and profile of the
existing tiller's blades with vertical rotation axis failed to bring out the expected results, though partial
improvement in some indicators has taken place (Kupryashkin & Gusev, 2020; Koval, 2010; Byshov, 2017;
Chatkin, 2007; Wusong et. al, 2024; Li S.T. et al, 2016). Based on the afore stated, the goal and objectives of
the presented research work has been developed.

The key objective of the current work was to develop a rotary tiller with vertical rotation axis, which
could enable to cultivate the inter-row and inter-trunk spaces in orchards with minimum energy consumption,
meanwhile ensuring minimum horizontal movement of the soil mass throughout the cultivation process.

It is apparent that the only way to solve the problem is to make fundamental changes in the tiller's
structure.

MATERIALS AND METHODS

Based on the results of our previous investigations (Tarverdyan et al, 2024; Tarverdyan &
Hayrapetyan, 2019), an attempt was made to develop a transmission gear of a tiller with vertical axis, which
will be able to provide high rotation numbers of working tillers (200—250 rpm) in case of relatively lower rotation
numbers of the rotor (50—80 rpm). It is a planetary mechanism of external gear with immobile/fixed annular/sun
wheel (Fig. 1).

It consists of an annular fixed wheel (3), mounted to the support (2) attached to the tiller's frame (1),
satellites (4) rolled thereto, the rotation axis of which is installed in the grooves of rotor housing/casing (5) with
bearings. The tillers discs (6) are rigidly attached to the free ends of the rotation axes of the satellites (4), on
which the tiller's blades (7) are mounted in a symmetrical pattem.

The rotor (5) of the tilling machine receives the rotational movement via belt or chain transmission (8).
The rotational motion is transmitted from the power take-off shaft of the tractor or hydraulic motor to the rotor
(5) of the rotary tiller which in this case acts as a driver of planetary mechanism; due to the rotor’s rotation the
satellites (4) roll over the ring belt of the fixed annular wheel (3) with the multiplied angular velocity of the gear
ratio of the mechanism. In terms of qualitative evaluation, the selected mechanism enables to solve the raised
problem: to get the large angular, and hence, blades’ linear speeds/velocities of the rotary tillers (working parts)
with small diameter in case of relatively small rotation numbers of the rotor.
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Fig. 1 — Schematic diagram of a rotary tiller with a planetary drive for the cultivation of
near-trunk and inter-trunk areas of orchards

The kinematic analysis of the proposed mechanism was conducted in the first article of the series
related to the discussed problem (Tarverdyan et al, 2024), and the expressions of the trajectory Equation (1),
velocities Equation (2) and accelerations Equation (3) for the arbitrary point of the tiller's blades of the machine
were derived:

{x =V-t+ (R, +R,): sinwt —R,sin(i + 1wt ()
vy =(R;+R,) coswt — Rycos(i + 1)wt
{Vx =V +w[(R; +R,) coswt —R,(i+1)-cos(i+ 1)wt] 5
U, = —w[(Ry + Ry) - sinwt — Ry(i + 1) - sini + Dwt] @
ay = Fw?[(R, + R,) - sinwt — R,(i + 1)? - sin(i + D wt] 3
a, = —w?[(Ry + R,) - coswt — R, (i +1)? - cos(i + 1) wt] @)

where: V, I, are the speed components of any fixed point for the tiler's blade [m/s],

a,, a, - acceleration components of any fixed point for the tiller's blade [m/s?], V - velocity of forward movement
of the aggregate [m/s], t - time of movement [s], R: - radius of relatively fixed sun gear, [m], Rz - planet gear

radius, [m], i = R—1 — transmission ratio, w - angular speed of the planetary mechanism driver [min].
2

Based on the results of kinematic studies of the mechanism, a force analysis of the mechanism was
performed, analytical expressions were obtained, which enable to determine the resistance force factors
affecting the blades of the tilling machine depending on the kinematic and geometric parameters of the
machine (Tarverdyan et al, 2024).

In particular for the option of the rotary tiller with planetary transmission gear equipped with three
satellites at 120°, based on the principles of mechanics (Zinoviev, 1975; Loytsyansky & Lurie, 2006), the
scheme of resistance force factors (Fig.2) affecting the rings of the tilling machine and their determination
expressions (Tarverdyan et al, 2024) have been developed.
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Fig. 2 — Scheme of resistance force factors affecting the rotary tiller with planetary mechanism

Since the resistance moments (m¥ and M}) applied to the satellites and drivers act in one plane,
hence, the total resistance or the main resistance moment applied to the drive shaft will be determined in the
following way (Tarverdyan et al., 2024, eq. 17):

M; =ml + ML+ mi + M+ mllt + M, 4)
where mr is the the moment of resistance forces towards the planet gear axis [N.m], Mr— moment of resistance
forces towards the planetary mechanism drive axis [N.m].

Having the value of the resistance moment (M,) applied to the driving rotor’s shaft of the rotary tiller,
it will be possible to determine the torque/moment (M,) applied to the drive shaft and the power of the engine.

The resistance moment (mﬁ")) applied to one satellite (k) and the resistance moment (M,(k)) applied to
the rotor’s shaft therefrom are determined through the following expressions (Tarverdyan et al., 2024).

mﬁk) = —P,-Rycos[(i+ 1)@+ Ba]l — Pg - Rycos[(i + 1) + Bgl. 5)
M = P, - Ry(i + 1)cos(¢ + fa) — Py - Ry (i + 1)cos( + ). 6)
For the A and B blades of conditional I, 1l and Il satellites tgB, and tgBg are determined with the
following expressions (in the formulae the sign of numerator refers to A blade, and denominator - to B blade):
| satellite
_ B w[Rysing — R,(i + 1)sin(i + 1)¢]
A blade: tgf, = V + w[Rycosp — R,(i + 1)cos(i + 1) ]
7
B blade: tgfy = — w[Rysing + R,(i + 1)sin(i +. Dol
V + w[Rycosp + R,(i + 1)cos(i + 1) ]
I satellite
—wR,(i+1 60— @)+ i+ 1)p — 60
A blade: tgf, = wR, (i _ ){cost( ®) cos_[(l _ )1 1} ]
V + wR,(i + 1){sin(60 — ¢) — sin[(i + 1)p — 60]}
(8)
—wR, (i + 1){cos(60 — @) — cos[(i + 1)p — 60]}
B blade: tgBg = — - - —
V + wR,(i + 1){sin(60 — @) + sin[(i + 1)p — 60]}
[l satellite
wR, (i + 1){cos(p + 30) — cos[150 — p(i + 1)]}
A blade: tgB, = ——— - - - -
V¥ wR,(i + 1){sin(p + 30) + sin[150 — (i + D]}
9

wR,(i+ 1){c;;(<p +30) + cos[150 — (i + 1)]}

B blade: t = —— :
ade: t9Ps = == R+ Disin(p + 30) — sin[150 — o (i + D]}
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As regard to the forces applied to the drive shaft — P’ ; PL.; p!; pL; p!"l. p!l 'they form a planar
Ao Bg 4o Bo Ap” Bo

convergent force system, the vector sum of which comes forth as the main vector R applied to the drive
shaft.

In case of small differences in the resistance forces applied to the tiller blades, which is confirmed via
empiric data, the forces applied to the drive rotor are balanced (R=0), which practically leads to the abrupt
reduction in the traction resistance of the unit.

Thus, the energy indicators of the machine are mainly and primarily related to the resistance moment
loads. Taking into account the hypothesis about the equality of resistance forces applied to the tillers’ blades,
the resistance moment applied to the rotor's shaft of the rotary tiller can be practically determined in the
following way:

M, =YL (M} +mk) orinserting the values of mg") and M,(") from Equations (5) and (6), it will be obtained:

M, = PR, - f{i,{(i + 1)cos(<p + /3,5") —(i+ 1)cos(<p + ,Bék)) - cos[(i + 1D+ 5,§")] —cos[(i+ De+ ,B]gk)]}

(10)

It is necessary to take into account that when determining the total resistance moment (M, ) through

Equation (10) expression it is required to calculate the values of ¥ and g in the expressions for each satellite
and place it in Equations (7), (8) and (9) expressions, respectively.

RESULTS AND ANALYSIS

To present the changing patterns of resistance moments applied to the satellite-tiller and drive rotor
shaft more vividly, let’s build the graphs of their changes during a single rotation of the rotor per the expressions
of Equations (5), (6) and (10) in case of the following numerical values: V=1 m/s, w=5 s, w2=25 s?, i=4,
R1=0.2 m, R2=0.05 m.

Considering the introduced data of (Konstantinov, 2019; Kupryashkin & Gusev, 2020; Tarverdyan &
Sargsyan, 2015; Akimov, 2017; Ahmadi, 2017) in the conducted research works, it is conditionally assumed
that P=150 N. The graphs designed with the mentioned data are presented in Figure 3.

It is noteworthy that the resistance forces applied to the satellite blades during the tiller operation
change their signs, anyhow, the directions of the resistance moments raised from those forces stay
unchanged; this is the reason why the total resistance moments are introduced in absolute values (Zinoviev,
1975).

It follows from Fig. 3 that the variation patterns of resistance moments applied to the three satellites
located at 120° are absolutely identical upon 120° —phase deviation.
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In Figure 4 the changing graph of total resistance moment (}; M) applied to the drive-rotor’s shaft of
the tilling machine is depicted. It follows from the graph that from the standpoint of energy and uniform work
of the tiller the extreme values of total resistance moment, being at the top interest point, are formed in the
finite diameter points perpendicular towards the forward movement of the aggregate.
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After the determination of resistance moment applied to the shaft of the drive rotor, it is crucial to
identify the optimal geometrical and kinematic parameters of the transmission gear rings, in case of which the
uniformity of the mentioned moment during the working cycle will be maximum or the changing amplitude will

be minimum.
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Fig. 4 — Changing graph of total resistance moment affecting the rotor’s shaft of the rotary tiller
with three satellite tillers located at 120°

It is obvious that in order to ensure the intended stable work mode of the machine, it is necessary to
apply force couple with M, moment, which should be equal to the total resistance moment of the soil
environment ), M, in large or marginal case (for practicality, let's denote Y M, as M, in further expressions).
To solve the proposed problem, it is necessary to perform energy analysis of the rotary tiller with planetary
transmission gear. The analysis was conducted according to the scheme presented in Figure 5. The
expression of kinetic energy of the mechanism looks as follows according to well-known theories of classical
mechanics (Zinoviev, 1975; Loytsyansky & Lurie, 2006):

W = (W, +3W, + W), (11)

where W, = 71;”2 is the kinetic energy of the drive rotor (1, Fig. 5),

2 2
w, = 72% +% is the kinetic energy of satellite (the satellite performs complex motion: rotational

2
m12V is the kinetic energy of the forward movement of the rotor (general mass).

and forward), W;, =

The kinetic energy of the rotary tiller along the driving ring of the mechanism, i.e., drive-rotor's shaft
will be:

W. = (12)

where J,.- is the resulting moment of inertia.

Considering that w, = (i + 1) w, V,, will be V,, = R,(i + 1w, for the forward movement of the unit,
based on the conservation term of kinematic parameters, in case of three satellites installed at 120°, the
following expression has been obtained (Tarverdyan et al., 2024): V < 6w(i + 1)R,.

Placing the values of the above-mentioned quantities in Equation (11) and equating the right parts of
Equations (11) and (12), it is obtained:

Jw? 7w’ N 37,(i + 1)?w? N 3m,R% (i + 1)?w? N 36m,R2 (i + 1)%w?

2 2 2 2 2 ’
wherefrom:
9, =9 + 3@ +1)*(J, + myR; +12myR3), (13)
2
where 7, is the moment of rotor’s inertia: 7, = P;’;D (my =1;71 is the rotor's mass, P;is the total rotor's weight,
2
R, is the radius of rotor-drive case), 7, is the satellite’s inertia moment: 7, = stz (m, = %is the satellite mass).
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Taking into account the above stated expressions and denotations, the kinematic energy of the

mechanism will be determined through the following expression:
2

w
W =5 PR +6(+ 1) (BRE + 6P RY)]. (14

To get the equation of the motion of the mechanism, the Lagrange's equation is used for the generalized
coordinate ¢ (Zinoviev, 1975; Loytsyansky & Lurie, 2006).
dow ow
E% - w = P(p. (1 5)
In the discussed problem, the position of any ring of the mechanism is determined through the generalized ¢
coordinate, and in the result of force analysis the resistance moment M; was already determined, hence the
driving force factor M,.

Obviously in Equation (15) expression, it can be accepted that the moment M is risen by the active
forces as a generalized force factor (P,). Since the active forces come forth as both driving and resistant ones,
the resulted moment can be presented as the difference in the force factors of driving and resistance moments
(Zinoviev, 1975).

Fig. 5 — Scheme for the dynamic study of the planetary driving mechanism of a rotary tiller.

Besides, the traction resistance force P, (Figure 5) of the aggregate and satellites’ inertial
forces P, should be considered as important force factors. Inertial forces of the satellites (centrifugal forces),
Py, = Py, = Pz = myw? - (R, + R,), which are equal in modulus, are directed towards each other at 120° and
practically balance each other relative to the axis of the driver.

To receive the analytical expression of the generalized force (P,), it is given the generalized coordinate
(p) an elementary increment (6¢) and the elementary work (§4)performed on that elementary displacement
is determined.

The work of the traction resistance force performed on the elementary displacement is determined in
the following way:

8Ap,) = Pr-(Ry + Ry)8¢ * coso. (16)

Since the traction resistance force is directed towards x axis, and (R, + R,)d¢ - cos¢ is the projection
of the elementary displacement on the same axis.

As regard to the satellites’ inertial forces, they mutually balance each other relative to the driver’s axis
and besides, their work performed on the elementary displacement (R, + R,)d¢ is equal to zero, since those
forces are perpendicular towards elementary displacement.

Not only the inertial but also the resistance forces (P.) applied to the rotor shaft are mutually balanced.
This circumstance is paramount importance in terms of uniform operation of the rotary tiller and abrupt decline
in the traction resistance of the unit. This is one of the most important findings of the planetary transmission
gear.
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The elementary work performed by the active force factors will be determined through the following
expression in the discussed case:
SA=[My,—M, — P, (R, +R,)- cosp]-b¢ a7

Since according to definition 64 = P, - §¢, hence:
P, =M, —M; — Pr(R; + R,) - cos¢. (18)
The partial derivative of the kinetic energy expression Equation (14) per the generalized (¢) speed will

be:

ow 1
% = E[PlRlz) +6(i+ 1) (P,RZ + 6P, R3)] - ¢. (19)

When deriving the obtained expression Equation (19) per time, it will be obtained:

d ow 1
& 39 = 2g ARE+ 6+ 1 (BRE +6RRD] 6. (20)

By placing the right parts of Equations (18) and (20) expressions in the Lagrange expression Equation
(15) and considering that Z—V:= 0 (the kinematic energy of the mechanism according to Equation (14)

expression is not dependent on the generalized coordinate) the differential equation for the movement of the
proposed mechanism will be obtained:

1
E[PlRlz3 +6(i+1)2- (PR3 + 6P, R?)] ¢ =M, — M, — P.(R, + R,) * cosq,

wherefrom the angular acceleration of the drive rotor will be:
. 2g[M, — M; — Pr(Ry + R;) - cosg]
¢ = 2 . 2 2 2 (21)
PR3+ 6(i+ 1)2- (P,R% + 6P,R2)
For the uniform work of the rotor's drive, and hence, for that of rotary tiller, it is required that its angular
acceleration-¢ = 0, i.e., the driving moment (M,) applied to the rotor, should balance the resistance forces,
that is:

M, = M; — P.(R; + R;,) - cosy. (22)
To use the received expression Equation (22) in practice, it is necessary to consider not only the
theoretical research results Equation (10) for the definition of M, changing patterns, but also first of all the real
changing patterns and quantities resulted from the scientific experimental research. In this regard, it is
worthwhile mentioning once more, that in case of rotary tiller the real resistance force factors of the medium is
possible to determine only empirically then comparing them with the theoretically obtained results. Only in this
way is it possible to apply this expression Equation (22) and determine the minimum value of the driving power
in case of which the work would be implemented uniformly without any undesired shocks and vibrations.

CONCLUSIONS

1. In the result of the dynamic analysis of the rotary tiller with planetary transmission gear, analytical
expressions have been derived, which make it possible to determine the resistance force factors of the medium
theoretically, which affect the shaft of satellite tillers and rotor drive and particularly the total resistance moment
and its changing pattern throughout a single rotation of the rotor.

2. As aresult of dynamic and energy analysis, the term has been set up, in case of which the ratio of
total resistance and driving moment/torque should compensate the lack of angular acceleration (¢ = 0) of the
rotor’s shaft.

Only then it is possible to identify the minimum value of driving moment or the power, in case of which
the working mode of the rotary tiller will be uniform without any fluctuations and vibrations.

3. The transmission gear mechanism of the rotary tiller with three satellites located at 120° enables
not only to ensure uniform work of the machine, but also most importantly, in this condition, the main vector of
the cutting resistance forces in the soil environment equals to zero on the rotor’s shaft, as a result of which the
traction resistance force of the working unit possibly gets its minimum value.
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