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Summary. One of the reserves for improving the quality indicators of haulm harvesters is to improve the
technological process of haulm cutting by improving the design of cutters for haulm residues from the heads of
root crops. In this regard, the development of new and improved working bodies for trimming the remains of tops
from the heads of chicory root crops and studying the influence of the constructive and kinematic parameters of
the cutter in order to improve the performance of haulm harvesters is an urgent scientific task. The developed
mathematical models of the process of contact interaction of the copier with the head of the chicory root crop are
the initial prerequisites for further technological analysis of cutting the remains of tops from the heads of root
crops. The final solutions of integral equations will make it possible to justify the main parameters of the pruner
based on the conditions of permissible horizontal force and permissible normal stresses, or from the condition of
not knocking out root crops from the soil and not damaging root crops.
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Statement of the problem. Chicory roots are an important industrial crop, which is a
source of raw materials from which the strategic food product inulin is produced, as well as
other important by-products of its processing.

However, the output of processed products from one hectare lags far behind developed
countries (Italy, France, the USA, etc.), which is caused by significant mass losses of raw
materials due to imperfect technologies for trimming the remains of tops from the haulm of root
crops [1, 2].

The mass loss of syria when harvesting chicory is due both to the loss of roots in the
process of digging (more than 5...10%), and to imperfect constructive and technical solutions
of root cutters from the remains of tops [3, 4].

At the same time: contamination of root crops with haulm residues is 3...5%; waste in
the tops of the mass of cut heads to the mass of root crops — 7...9%; damage to root crops due
to chips — up to 15%, of which severely damaged — more than 6...8% [5, 6].

The presence of tops creates significant difficulties in the storage and processing of raw
materials at the plant, which is one of the reasons for the loss of the output of the processed
product [7]. An increase in the contamination of root crops with green mass by 1% reduces the
yield of inulin by 0.1%, and one-day storage of root crops in haulm with a tops content of about
4% reduces the yield of processed product by an average of 0.012% [8, 9].

One of the reserves for improving the quality indicators of haulm harvesters is to
improve the technological process of haulm cutting by improving the design of cutters for
haulm residues from the heads of root crops.

In this regard, the development of new and improved working bodies for trimming the
remains of tops from the heads of chicory root crops and studying the influence of the
constructive and kinematic parameters of the cutter in order to improve the performance of
haulm harvesters is an urgent scientific task.
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Mathematical model of the process of contact interaction of the copier with the head of the chicory root crop

Materials and methods. In the world of practice a wide variety of mechanical devices have
been widely used to copy beet root roots at the root and install cutting or cleaning working bodies
at the required working height. These include passive copiers, active (drive, drum), and combined.
However, the requirements of the required level of quality of work in different conditions of
collection, simplicity of construction, metal intensity and energy intensity are not always fulfilled.

The object of the study is the improved design of the cutter for the remains of haulm
from the heads of chicory root crops, Fig. 1.

The basic structural elements of the cutter are: main frame 1; thrust of the parallelogram
mechanism 2; improved rack design 3; passive copier 4; damper plate 5; flat rotary cutting knife
6; spring 7 of the knife; bracket 8 of the rotary knife.

The improved design of rack 3 and the principle of operation of the cutter of the remains
of the leaves from the heads of root crops are described in a scientific article [10, 11].

Figure 1. An improved design of the cutter for the remains of the leaves from the heads of root crops

The main characteristics that determine the required quality of the cutter are the
indicators of falling out of the roots from the soil and damage to the roots that occur in the
process of copying the heads with a passive copier 4 (Fig. 1). At the initial moment of contact
of the copying surface of the copier, the copier hits the head of the root crop. The resulting force
of impact or impact interaction of two bodies leads to a violation of the bonds of the root crop
with the soil, and then to its falling out or damage [12].

Goal of the work. To determine optimum design and kinematic parameters of copier
cutter of heads of root crops on root on the basis of building mathematical model of interaction
of flat passive copier with heads of root crops.

Research methods. Methods of construction of mathematical models of operation of
farm machines and their end-effectors with the use of original positions of mathematics,
theoretical mechanics, development of programs and numerical calculations on the PC.

To study the condition of root crops not falling out of the soil and their non-damage by
the copier of the passive trimmer, we will consider the technological process of its operation.

During the movement of the cutter, the working surface of the passive comb copier 2
(Fig. 2), which is mounted rigidly on the hinged parallelogram suspension 8, hits the head of
the root crop 1 and moves up the head of the root crop.

This movement through the thrust of the parallelogram suspension and riser 6 is
transmitted to the passive knife 4, which has a rigid connection with the copier. The passive
copier due to the spring-loaded adjustable thrust 9 and the spring 7, which is installed on the
riser 6, is spring-loaded.
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Figure 2. Scheme of dynamic interaction of the copier with the root head:
1 —root crop; 2 — passive copier; 3 — damper; 4 — passive knife; 5 — glass; 6 — rack; 7 — spring;
8 — parallelogram mechanism; 9 — adjusting spring rod; 10 — frame

Due to the translational movement of the passive knife in the horizontal plane, the
remains of the haulm are cut off from the head of the root crop. The cutting height of the root
crop head is changed depending on the size of the gap between the knife and the copier and is
adjusted with the help of the corresponding cutter mechanisms.

The condition of root crops not falling out of the soil is characterized by the permissible

N
total horizontal force [» F

i=1

], and the condition of no damage is characterized by the

xtot.i.max

permissible stresses [o, ... ] that occur in the body of the root crops during the contact of the

working surface of the copier with the head of the root crop [13, 14].

To analyze the process of interaction between two bodies — a passive comb copier and
the head of a root crop, which is fixed in the soil, an equivalent diagram was drawn up, Fig. 2.
At the same time: the starting point of the selected coordinate system xOy is placed at point O;
the Ox axis is directed horizontally along the direction of movement of the copier, and the
Oy axis is directed down, perpendicular to the Ox axis.

During the construction of the equivalent scheme and formalization of the process of
interaction of the working surface of the copier with the head of the root crop, the following
simplifications and assumptions were adopted:

- the head of the root crop has the shape of a hemisphere [15]; the working surface of
the copier, which has the form of a rectilinear flat surface, deviated from the horizon by an
angle «a, or the angle of inclination of the copier to the horizon; the impact of the working
surface of the copier on the head of the root crop is elastic, while the recovery coefficient is
within 0.3< k <0.7 [16]; during the contact of the working surface of the copier with the head
of the root crop, its speed of movement 4, is rectilinear and equal to the speed of movement of

the machine §, ; after the end of the impact, the copier moves with speed 4, .
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Mathematical model of the process of contact interaction of the copier with the head of the chicory root crop

Taking into account the received scheme of forces, on the basis of the fundamental law
of the dynamics of the material point, we write the differential equation of motion of the flat
copy on the head of the root of the beet in a vector form:

N
Zﬁm‘:ﬁ +P. +F, +2Ffr+ﬁ +Fy, +F,, Zspn, (1)

i= i=1 i=1

where: Z «, — total force, N; F —normal contact force, H; P, — the force of gravity of the
i=1

cutter, N; F . —compressive force of the rack spring, N; Z F. — the total frictional force of
i=1

rolling bearings of the rack, H; F,, —normalizing reaction force, N; F,, — damper spring force,

J
N; F,,. —force of compression of the spring of the adjusting rod; z F, . — the total frictional

sp.n;
i=1

force of the rolling joints of the parallelogram mechanism, N (i=1,2,..., j).

The condition of root crops not falling out of the soil with a copier of the cutter of
the remains of the gorse and the condition of root crops not being damaged is written in the:
form:

N’ N’ N’
D Fo ; <[> F ot max ]+ OF Z F, Sina < D Frioyma ], Where i=1,2,...,N’; (2)
i=1 i=1 i= i=1
v
Triot <[ Tomax]s OF D F 1S, <[0, 0] Where e i=1,2,...,N", (3)

i=1

N’ N’
where > Fu, IS the total horizontal force acting on the head of the root crop, H; D F
i=1 i=1

Is the maximum permissible horizontal force, N; « is the angle between the directions of the

Xxtot; max ]

N
Ox axis and the total horizontal force Z F . acting on the head of the root crop, or the angle

i=1

xtot;

of installation of the copier slide relative to the horizontal plane, degrees; o . —normal stresses

ntot

that occur during the impact of a copier with a fixed root head, Pa; [o, — maximum

n.max]

N
permissible normal stress, Pa; Z F .. is the total force applied along the On normal to the

i=1
contact surface of the copier with the head of the root crop, H; S, is the contact area of the
working surface of the copier with the head of the root crop durlng impact, m?.

ntot;

The total horizontal force Z F.o, and the total force Z F

i=1 i=1
sum of the projections of all forces, respectively, on the Ox axis and the On axis, which are
applied at the contact point O, while:

consist of the algebraic

ntot;

"
> Fro, = Fosina +F

sp.t
i=1

j
cosf—F,sina—F,sina-Y F_ cosg; (4)
i=1
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N

> Fu =F,+Pcosa+F, cosa+F,, cose—
i=1

; ’ (®)
~> F, cosa —F, cosa — Fy cosa — ZF sing

sp.n;
i=1

where £, ¢ is the angle between the directions of the force vectors FSpt and Fs;n and the Ox
axis, degrees; ¢ =90—(B+a) is the angle between the directions of the force vector and its
projection on the axis, degrees; 6 =90+ (¢ —«) is the angle between the directions of the unit
force vector and its projection on the axis, degrees.

With:

-the vector value of the impact force F, of the cutter, which occurs during the
interaction of the working surface of the passive copier with the head of the root crop, depends
on the initial impact speed V, and the total weight force > m, of the center of mass of the

i=1

moving components of the cutter and according to [17] is determined by the formula

SACTRCIEN URIES BN P BV

where P, is the horizontal impact force that occurs when the working surface of the copier hits

the head of the root crop, H; Z m,, is the total mass of the moving parts of the trimmer, kg,

i=1

(i=1,2,...,n); L —movement of the working surface of the copier, m; g — acceleration of
free fall, m/s?; $ — initial impact speed, m/s;

- compression force F, and F

. Of a cylindrical helical spring according to [18] is
determined by Hooke's law

4

Gd
Fsp'r =—CAX=— 5 s AX = Fsp.t , @)

D’z

n

where c is the elasticity coefficient of the spring material, kg/s?; Ax — absolute compression
of the spring, mm; G is the shear modulus of the material from which the spring is made,

N/mm?; d_ is the diameter of the material from which the spring is made, mm; D, is the average
diameter of the spring, mm; z — the number of turns of the spring, pcs.;

- the value of the total friction force Fs'pn of one turning pair «finger-sleeve» of the
hinge 10 (Fig. 2) of the parallelogram suspension 8 of the cutter according to [19] is determined
by the formula

Fo o =y(F) +(F), (8)

sp.n

where F! = fF/ =2fp,IR, is the frictional force of one rotary pair «finger-sleeve», N; f' is
the combined coefficient of friction of the finger on the sleeve; F,=0,5zp IR, is the force of
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Mathematical model of the process of contact interaction of the copier with the head of the chicory root crop

normal pressure, N; f —coefficient of friction of the finger on the sleeve; p, —specific pressure
distribution on the contact area, N/m?; | —sleeve length, m; r. is the radius of the sleeve, m;

J
- hen the total component z F which takes into account the force of friction in the

i=1
hinges of the parallelogram suspension, which prevents the free translational movement of the
copier upwards to [20] is determined by the formula

sp.n; !

J J
= poilrn«/4f2 +0,257% = poilrnj«/4f2+0, 2577 ; (9)

i=1 i=1

M-
w‘l‘l
©
>
1

- the value of the force F/. of rolling friction of one roller according, the friction force F

fr.c

of the copier on the head of the root crop according, the elastic force F, ;. of the damper according
and the normal reaction force F, according to [21, 22, 23] is determined by the formula:

I:f’r = fr F[:r / rr; Ffr.c = /uch; Fd.s = keAn , Fr = PC - ZC: mCig ! (10)
i=1

where f_is the coefficient of rolling friction, units of measurement are meters; F_ is the
compressive force of the body against the surface, N; r. is the radius of the rolling element, m;
4. is the sliding friction coefficient; N is the normal reaction force, N; k, is the damper

material stiffness factor, N/m; is the An damper material compression, m.
The compression force F;, of the body to the surface occurs only in the case of bending

deformation of the rod 6. Since the bending deformation of the rod is insignificant and close to
zero F,, =0, then we ignore the friction force F; .

pr =

N’ N"
To find the total generalized horizontal Z F.. and normal Z F . forces, we will
i=1 i=1

xtot; ntot;

compose a vector differential equation of motion of the copy machine, based on the application
of Newton’s second law:

e v, dv,) & & dv, X
- mci[ dt - dt )_lzll xtot; ? . m;. dt _g ntot; ! (11)
or
e N tm N’ e N tn N”
j mcidlgxc = _[ Z Fxtoti dtcm ; j Z mcid'gnc = j Z I:ntotidtcm ! (12)
9 i=1 o i=l g, i=l o i=l

where t_, is the time of impact, s.
According to (4)-(10), we have:

N N da Y Gd*
F .. =>» m_sin —Z | +g9° -9 |- " AXCOS f3 —
Z Xxtot; Z ci a { [ dt j g g \J 8 D:Z ﬂ .

i=1 i=1 ! (13)
—k,Ansina - p, I, j\/4F%+0,257 cos
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— \2

N L dg ) Gd* .
F_=m. Ll +09° + LAXSINn(a + B)+

; ntot; — ci ( dt J g 8D32 ( ﬁ)

n

. (14)
. > . Gd!
+p0_lrn1«/4f +0,257° cos(p—a )+ Y Ay —K,An |cosa
1 nZ
According to (12)—(14), we get
e N’ tm n, 3 \? tem 4
. dg Gd
m.d3 = m_sina | +G°—gldt - n_AXcos Bdt_ —
J ; cl C 2[ ; ci ( dt j g g cm 2[ 8DI,?Z ﬂ cm
° . (15)
tcm tcm
_J' k.,Ansin adt,, — _[ p, I, jy/4f?+0,257° cos pdt,,
0 0
Sy N tem 1, g \2 tem 4
JchidSn :j m, a5, +g2dtcm+j Gd; Axsin(a + B)dt,, +
i-1 i-1 dt 8D’z
9, 0 0 n (16)

t t 4 .
T “( Gd

+ Ir '\,4f2+0,25ﬂ'2 cos(p—a)dt, + - Ay — k. An |cos adt
_!Jl poI nJ ( ) cm '([[SDgZ y e J cm

n

The resulting integral equations (15) and (16) are mathematical models that describe the
process of interaction of the copier with the head of the root crop. Subsequent solutions to the

models make it possible to substantiate the main parameters of the working parts of the trimmer
of tops leftovers on root crops.

After substituting the limits of integration and transformation (15) and (16), we obtain
the dependences of the change in the speed of movement of the copier:
- to ensure that the root crop does not fall out of the soil

U dg. ', Gd*
m.sina —& 1 +09°—-q |- _AXCO0S S —
le i {\/( dt} ’ gJ 8D,z / t,,
—k,Ansina — p, Ir, j|/4 % +0,257° cos ¢ (17)
A8, = | g
>m,
i=1

- to ensure that the root crop is not damaged

d¢ V¥ , Gd* .
Em. —™ | +0°+ AXSIn(a + B)+
e (dtj 0 8D’z (@+5)
4 cm

+p, Ir, j\J4%+0,257 cos(¢—a)+[§§3” Ay - keAnjCOSa (18)
! z

AS. = .

nc Ne
z mci
i=1
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Mathematical model of the process of contact interaction of the copier with the head of the chicory root crop

1(1 : .
where t. = E(B__ I + 0,5er, B, is number of root crops per linear meter of row, pcs./l.m; |,

c r

Is distance between adjacent root crops, m; d, is diameter of the cutting plane of the head of the
root crop, m.

4
Under initial conditionsB, = 5 pcs./l.m, a =x/6 degrees, %:c: 60 kg/m,
z

AX = 0,1m, B=x/8 degrees, ¢=r/8, according to formulas (17) and (18), graphical
dependences of the difference A9, and A of the initial speed of movement 9, of the
copier before the impact and the speed of movement 4 . of the copier after the impact are

plotted as a function of A$,, = f(i m,, %) and A9 = f(zc:m

i=1 i=1
Analysis of the induced dependencies shows that the difference between A3, and A3,

changes in pre-shock and post-shock speeds is within the range:
- horizontal component of speed A9 from 6 to 8 m/s, Fig. 2;

- normal component of speed A4 from 4 to 6 m/s, Fig. 4.

$.), Fig. 3, Fig. 4.

ci?

AS
0.050% 0.09354
0.045H |\ 0.084H
0.040H : 0.07484 .
0.035H4 0.06544

n, n,
0.0+ 103 m, 00564 105 m,
14 i=1 i=|
1.6 1.6
18 1
a 9. m/s 4 . b 9. m/s § 2

n

Figure 3. Dependence of the change in the horizontal component of the speed A, on the total mass Z my,
i=1

of the supporting parts of the edger and the translational speed 3, of the copier: a, b — acx = 5, 7 m/s?

1.3 (o
a 4., m/s ke b 8., m/s

n,

Figure 4. Dependence of the change in the horizontal component of the speed A&, on the total mass Z my,
i=1

of the supporting parts of the edger and the translational speed 3, of the copier: a, b — acx = 6, 8 m/s?
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At the same time, the total mass Z m, does not significantly affect changes in the
i=1

difference in speeds A9, and A9,

speed 4, of the copier.

When the translational speed P of the copier changes by 0.2 m/s, the difference in speeds
A9, and A _increases on average by:

- horizontal component A$_ by 0.004...0.006 m/s, Fig. 2;

- normal component A$, . by 0.008...0.01 m/s, Fig. 3.

Conclusions. The developed mathematical models of the process of contact interaction
of the copier with the head of the chicory root crop are the initial prerequisites for further
technological analysis of cutting the remains of tops from the heads of root crops.

The final solutions of integral equations (15) and (16) will make it possible to justify
the main parameters of the pruner based on the conditions of permissible horizontal force and
permissible normal stresses, or from the condition of not knocking out root crops from the soil
and not damaging root crops.

and the dominant influence is exerted by the translational

c !
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MATEMATHYHA MOJIEJb MPOLECY KOHTAKTHOI B3ACMOIIi
KOIIIPA 3 T'OJIOBKOIO KOPEHEILJIOAY IIUKOPIIO

Bosoaumup boiiko

Tepnoninbcokuu HayionanrbHuu mexHivHuu yHigepcumem imeni leana Ilynios,
Tepnoninw, Yrpaina

Pe3ztome. Oonum i3 pezepsis NoKpauyeHHs AKICHUX NOKAHUKIE 2UUKO30UPATLHUX KOMOAQUIHIE € YOOCKOHANEHHS
MEXHON02IUHO20 NPoYecy 3Pi3Y6aAHHs 3ANUWIKIE SUUKU 30 PAXYHOK YOOCKOHANEHHS KOHCMPYKYIi 00pi3yeadie 201060K
KOpeHennooie yukopito. Y 36 3Ky 3 yum po3poonents HO8UX YOOCKOHANEHUX pODOYUX OP2aHi6 OTlA 3Pi3y6aHHA 3ATUWIKIE
2UYKU 3 2011060K KOPEHennooi6 YUKOpilo ma OOCHIONCEHHs GNAUGY KOHCMPYKMUBHO-KIHEMAMUYHUX Napamempie
PobOUUX Opeanie OOPIZHUKIE 3 MemOoIo NIOBUUEHHS NPOOYKMUBHOCIE KOPEHe30UPAIbHUX KOMOAUHIE € AKMYAIbHUM |
HAyKo8um 3ae0antam. Ha ocnoesi nposedenozo mamemamuuno2o ananisy po3pooieno mamemamuiti Mooei npoyecy
KOHMAKMHOI 83a€MO0Ii KONIpa 3 207106KOK KOPEHeNn100y YUKOPIHo, AKI € BUXIOHUMU nepedyMo8amil O NOOAIbUO20
MEXHONIOSIUHO20 AHATI3Y 3PI3V8AHHS 3AIUUIKIE 2UUKU 3 207080K KOPEHeN100i8 poboyumMu OpeaHamu 0OPI3HUKA, KUl
BUKOHAHO 30 NPUHYUNOM «NACUSHULL KOMIP-NIONpYXCUHeHUll Hidxcy. Bcemanoeneno, wo pisnuys odoyoapuoi ma
nicnAyoapHol  weuoKocmell NACUBHO2O NePeMiUeHHs KONIpa 3HAXOOUMbCS 8 Medcax: Ol 2OPU3OHMANbHOL
wsuokocmi — 6io 0,004 0o 0,006 m/c; ons Hopmanshol weuoxocmi — 6i0 0,008 oo 0,01 m/c. [Jominyrouum gaxmopom,
AKULL MAE CYMMEBUIL 6NNIUE HA 3MIHY WEUOKOCMI nepemiujeHHs Konipa no 2071068yl KOpenenioody, € noCmynaibHa
WeUOKicms  pyxy Komipa abo euuxo3doupaivroi mawunu. Kinyesi piwenns inmespanvHux pieHaHb 00380J8Mb
00TpyHmy6eamu OCHOGHI napamempu o00pizyeaua 3 yM08 OONYCMUMOI 20PUOHMANLHOI CUMU Ma OONYCMUMUX
HOPMAIbHUX HANPYICEHb, a0 3 YMOBU HEGUOUBAHHS KOPEHENIOOIB i3 TPYHINY MA HENOUIKOOICEHHS KOPEHENI00i6.

Kniouogi cnosa: cuuka xopenennoois, oopizysay euyku, KOnip, weuoKicms pyxy, cuid.
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