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Teproninbcokuii Hayionarbhull mexuiunuil ynieepcumem iveni leana ITynios’
Jlyybkuil HayionanbHuti mexuivnuil ynisepcumen’

OYHKIIOHAJIbBHO-JIAHKOBA CTPYKTYPHA MOJIEJIb
MHNPOLHECY POBOTU KOPEHE3BUPAJIBHUX MAIIIUH

Ha ocnosi meopemuunozo ananizy po3poonenoi yyHKuioHanbHo-1aHK080T cmpyKmypHoi modeni npouecy pooomu
Kopene30upanbHux Mauiun, aKy Ho6y006ano 3a 0104H0-M00YNbHUM RPUHYUNOM MA 3 3ACIMOCY8AHHAM nepemeopens Jlannaca,
OMPUMAHO MAMeEMAMUYHI MOOe, W0 ONUCYIOMb npouecu iHmencudiKauii 6i00KpemIenus CmpPyKmypHux KOMHOHEHmie
0OMIWOK 6i0 KopeHennoois, 3anucanux 6 napamempuunii i onepamopuiii ¢opmi. Po3podneni 3anexcnocmi, aki
xapaxkmepu3zyroms Koegiuicnm cenapauii 00MiuLOK KOMCHOI CMPYKmMYpHOT 1AHKU 00360J1A10Mb HPOGOOUMU ONMUMI3AUII0
napamempie po6ouux opzanie KOMCHO20 OKPEMOo20 MO0y KOPEeHe30UpanbHol Mauiutu.

Knrwuoei cnosa: mamepianvuuil 6anranc, nooaua, KOpeHenioou, OOMIWKU, CMPYKmMypHa 1auka, onepamop Jlannaca,
mpancnopmue 3anizHenns, Koegiyicum cenapayii..
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FUNCTIONAL-LINK STRUCTURAL MODEL OF THE WORKING PROCESS
OF ROOT HARVESTING MACHINES

The efficiency of root harvesting machines is regulated by the quality indicators of their work in accordance with
agrotechnical requirements, which primarily include indicators of loss, damage and contamination of dug up root crops with
components of soil and plant impurities. The aim of the work is to reduce the amount of free soil and plant impurities in the
collected heap by developing and analyzing theoretical prerequisites for the receipt and movement of the dug up heap by the
working bodies of root harvesting machines. Based on the theoretical analysis of the developed functional-link structural model
of the root harvesting machine operation process, which is built on the block-modular principle and using Laplace transforms,
mathematical models were obtained that describe the processes of intensification of the separation of structural components of
impurities from root crops, recorded in parametric and operator form. The developed dependencies that characterize the
impurity separation coefficient of each structural link allow optimization of the parameters of the working bodies of each
individual module of the root harvesting machine.

Keywords: material balance, supply, root crops, impurities, structural link, Laplace operator, transport delay, separation
coefficient.

Formulation of the problem. Mostly, the structural and layout diagrams of self-propelled bunker
harvesters and root harvesters of the world's leading companies are of the same type and have a similar
structure, Fig. 1.

On the frame chassis, which rests on the support wheels, in front of the steered wheels of the machine,
a stalk-collecting module is attached to implement a two-stage method of harvesting the stalk and a module
for digging up root crops, in the inter-base space of the chassis — a root crop cleaning module and a module
for accumulating cleaned root crops from impurities, which, as a rule, is made in the form of a root crop
storage hopper and an unloading conveyor, and behind the storage hopper — a power module, or engine.
The cabin with the machine controls and working bodies is installed above the front steered wheels of the
machine.

The complexity of cleaning the excavated pile is functionally related to the need to separate soil and
plant impurities that differ in their physical and mechanical states and properties, which are in a free and
bound state relative to root crops [1].

The free state of soil impurities implies the presence of loose loose soil, loose shallow (20...50 mm)
and fairly large (up to 100 mm) soil clods, and the free state of plant impurities implies the presence of free
tops lost by the top-harvesting machine and plant impurities, or existing weeds. The bound state of
impurities is soil adhering to the surface of the root crop body and the remains of the top on the heads of
root crops, which remain after cutting off the main mass of the top [2, 3].

Therefore, to ensure the necessary cleaning of the excavated heap, or the quality of the harvested
product (no more than 8...10% of impurities relative to the mass of root crops), it is necessary to provide
for various types of physical and mechanical interactions and, as a result, multi-criteria options (schemes)
for combining different types of cleaners of a rather significant length (8...14 m) and a significant path of
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cleaning impurities [4, 5].

The functional scheme of intensification of the process of separating impurities from root crops by
the working bodies of root harvesting machines (Fig. 2) provides for three main stages of intensification of
the process of cleaning the excavated heap from impurities: the stage of separating structural components
of impurities from root crops in the process of digging them out by the working bodies of the root crop
digging module; the stage of intensification of the process of separating impurities in the process of moving
them by the working bodies of the root crop cleaning module; the stage of separation of free impurities in
the process of their movement by the working bodies of the root crop loading or unloading module [6].

Root loading and
unloading module

Root crop cleaning
module

Root crop
digging module

.=
= Top-harvesting module
P g

-
= -

Fig. 1. Modular block diagram of the structure of modern root crop harvesting machines
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Fig. 2. Functional diagram of the intensification of the process of separation
of impurities from root crops by the working bodies of the root harvesting machine
It is known that the flow of the input quantity M ; (ti ) of the excavated heap is linearly related to the
speed of movement &, and the technological parameters (width of the capture, row spacing) of the root

harvesting machine, and the flow of the output quantity m, (ti ) of the cleaned heap by the working bodies
of each stage satisfies the balance condition taking into account the amount of separated impurity
components Ag; (l‘i) by each stage [7]. Applying the material balance equation of the change in the

technological mass flow over time 7, or the intensification of the process of separation of structural
components of impurities from root crops by the working bodies of each stage (Fig. 2), we obtain [8, 9]:

my(t,)=M(t,)- A, (t,)-Ag, (1, );
m, (t.)=m,(t,)-Ag, (t.)=M(t,)-Aq,, (t,)-Ag, (1,)- A7, (1.); : (1)
M, (t,)=m.(1.)-Ag,(1,)=M(1,)-Aq, (1,)-Aq, (t,)- A7, (¢.)- A7, (¢,)
where M (td) is the input amount of the flow of the components of the excavated heap by the working
bodies of the root crop digging module; m, (td ) , m, (tc ) , m, (tu ) are the output amount of the flow of the

components of the cleaned heap, respectively, of each stage; Ag, (t 4 ) , Aq, (tc) , Aq, (tu ) — the separated

amount of the flow of impurities by the working bodies, respectively, of the root digging module, the root
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cleaning module, the root loading and unloading module; Ag,, (t d) — the amount of the lost flow of root

crops by the working bodies of the root digging module.
In this case, the differential equations of the material balance of the change in the flow of the heap at

each stage according to (1) have the form:
dm, dM dAg, dAg, .

dt, dt, dt, dt,

dm, dm, dAg, dM dAg, dAg, dAg, . )
dt, dt, dt. dt, dt, dt, dt. ’ ’

c c

dM, dm, dAg, dM dAg, dAg, dAg, dAg,
dt dt dt dt, dt, dt, dt dt

u c u c u

Then the last differential equation of the system (2) taking into account the structural components of
the impurities is written in the form

di, d(m+m,) d(Ag,, +Aq, +A7,, ) ) d(A7, +A7,,) ) d(A7, +A7,,)
di, i, dt, di di

u c u

, ©)

where m, , m, — the input mass of roots and impurities that are dug out by the working bodies of the root

digging module; Ag,, Aq,., Aq, — the separated mass of loose soil, soil clods, soil stuck to the
underground part of the roots by the working bodies, respectively, of the root digging module, the root
cleaning module, the root loading and unloading module; Ag,, , Ag,., Aq,, —separated mass of free and

bound plant impurities, respectively, of the root crop digging module, the root crop cleaning module, and
the root crop loading and unloading module.

It is also known that the technological process of intensification of the separation of structural
components of impurities from root crops of a separate stage, or of the root harvesting machine in general,
is generally described by a linearized differential equation [9]

L d| Ag(t, ‘ ;
a(()l) % = b(gl)n_/li.m (ti -7 ) _c(()l)n_/li.ouz (ti) P (4)

where a(()i) , b(()i) , C(()i) — variable coefficients in the function of the parameters of the working bodies of the

root harvesting machine, physical and mechanical properties of the soil, root crop yield, etc., which are
determined experimentally; Ag, (ti) — separated amount of flow by the working bodies of each stage, kg/s,
i=1,2,...,n; 7, —delay time of flow movement, s; m,, , m
kg/s.

Based on (4) for any i-th stabilized technological mode of operation of a complex technical system,
when the deviations of variable input factors (flows) are insignificant, the technological process of the root
harvesting machine is described by a linearized differential equation, i.e.

2 d[Aql (td):|+a(M) d[Aq_M ([):l e d[Aq_l(’d)]Jragd) d[A‘Yd (td)]+agc)d[A‘7c(tc)]+

— input and output amount of pile flow,

i.out

dt, ’ dt dt, dt, dt,
+a(u) d[Aqu (tu ):I — a(d) d[Aql (td ):' + a(d) d[qud (td ):' n a(d) d[qud (td ):' n a(c) d[quc (tc )] n
° dt, : dt, o dt, o dt, o dt, , (5)
c d qu tE u d Aqu tu u d Aqu(tu) — —
v L L ol o ) o0 4127 ()] L ] b087 1 e,) (1)
+b(()d)%d (td - Tc ) - C(()C)n_’lc (tz‘ ) + b(()p)mc (Zc - Tu ) - C(()u)n_/lu (tu ) + b(()u)n_/lu (tu - Tu ) - c(()u)Mu (tu )
where a® ), al®), a9, d®), d). al®), a9 ), ), ), 50, B, BO B 9 ol e

are variable coefficients in the function of the parameters of the working bodies, respectively, the root
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digging module, the root cleaning module, the root loading and unloading module, the physical and
mechanical properties of the soil, the yield of root crops, etc., which are determined experimentally; 7,

7,, 7, — the time delay of the pile movement during the work process, which occurs due to the

c? u
accumulation, compaction, displacement, etc. of technological masses in the working area, respectively, the
root crop digging module, the root crop cleaning module, the root crop loading and unloading module.

To solve linear differential equations (2)-(5), we will use a method based on transforming a real
variable function into a complex variable function. In this case, the functional transformation method allows
us to replace linear differential equations with algebraic ones.

To move from a real variable function to a complex variable function, we use the direct and inverse
Laplace transform, which in the general case is described by the equations [10]

j f()e™de; f(t)==—— j Y ds, (6)

where s =c+ig is a complex Varlable, or the Laplace operator (function); ¢, ¢ are real variables of the
original (function) f(t)chm, c>0,a2>20, ¢t >0, Waj(s) —0,c=Res—>w,s >a,eeR.

Analysis of recent research and publications. Analysis of scientific works [11-14] showed that the
main attention of the authors was paid to the implementation of stationary processes of cleaning the heap
from general impurities. At the same time, the processes that describe the separation of individual structural
components of impurities at the theoretical level by the working bodies of each individual structural module
and the root-collecting machine in general are not fully disclosed and without taking into account the
technological features and operating conditions of the harvesting units.

Therefore, the choice of methodology and calculation of rational parameters of the working bodies
of the structural modules of root-collecting machines must be carried out on the basis of the implementation
of models that take into account the change in technological flows of the excavated heap, taking into account
the separated flow of structural components of impurities [15].

Setting tasks. The aim of the work is to study the process of intensification of the separation of
structural components of impurities from root crops by developing a mathematical model that describes the
functional relationships of the processes of cleaning the excavated heap by the working bodies of the
structural modules and the root harvesting machine as a whole.

Presentation of the main material. To solve the differential equations (2)-(5), which describe the
processes of intensification of the separation of structural components of impurities from root crops, a
formalized structural-functional model of the serial connection of elementary links (structural modules) of
the root harvesting machine was developed (Fig. 3) and which was built according to the scheme in Fig. 2.
It should be emphasized that the degree of intensification of the separation of impurities generally depends
on a certain weight volume capacity and the time of the heap on the working surfaces of each structural
module of the root harvesting machine [16].

‘ Root crop loading |

Root crop - Root crop
oor unloading module|

digging module cleaning module

s st o

"-:&ml (;)\ y
¥

=P W:[S)

Fig. 3. Structural-functional model of the connection of links (modules)
of the root harvesting machine

According to Fig. 3, we denote the transfer function of the serial connection of structural links
(modules) of the root harvesting machine by W} (s) and which can be written as the product (J) of
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analytical transfer functions W" (S)

. _ mout.i (S) — 1
=’ - mm‘l_(s) T's+1 ’

()

where mom‘i(s), mm‘i(s) are the Laplace representations of the output and input values of the

corresponding module of the root harvesting machine; 7, is the time constant corresponding to the module

1
of the root harvester.
The time the heap is on the working surfaces of each module of the root harvester, or the time constant

1}, is defined as the ratio of the throughput P, of the module to the corresponding amount of the processed
input flow m,, . (S) of the heap

. P B

COM(t) m(t)+m, ()

. P P |

© om (1) ml(t)+m2(t)—Aql(td)—Aqd(td)’

. P P + ®

©om,(e) m(0)+my (1)~ Aq ()~ Mg (1)~ Mg (2.)

n

P
By _ZI: __L+EAE

UM M) m () +my (1)

where T, T, T, T,, —respectively, the time of the heap on the working surfaces, or the time constant of

the corresponding module of the system as a whole, s; P,, P, P, P, — weight capacity of the
corresponding module and the system as a whole, kg.

After substituting the value of the time constant 7; from (8) into system (7), we obtain the equation
of the transfer function in operator form for each module and the root-collecting machine as a whole

" 28 :Tuslﬂ:{m(mmz(r)—A%(f)—Aqd (a)%(a)}“}l;
KON LACKLACIUAC {Tdslﬂ]{ﬂslﬂ]{];slﬂ} )

{W}l}{m <r>+m2<r>—fql (1), (r»}”}lx

L

X{ml<r>+m2<r>—Aql<rd>—Aqd <fd>%<ff>}+l}l

Then the differential equations of system (9), which describe the functional process of intensification
of separation of impurity components from root crops by the root crop digging module, the root crop
cleaning module, the root crop loading and unloading module and the root harvesting machine in general
with the transport delay of the pile movement along their working bodies in the classical (time) form and
according to (5), will have the form

)
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=m0(tg —Tu)—mu(tu);

P +P+P

m, (t)+m2 (t)—Aql(td)—Aqd (td)—ch (tc)

d[M,(1,)]

|

=M(t-7,)-M,(1,)

dt

u

L d[md(td):l '
ml(f)+mz(l)] dt, =M (t=7,)=m,(1,);
L d[m(t)] NN
m1(f)+m2(t)_Aq1(l‘d)—Aqd(td)] dr. _md(d z?) E(E), "
£, d[m,(1,)] :

dt

m, (t)+m2 (t)] B

Based on the identification of the root harvesting machine development process [17], a formalized
structural and functional model of the process of intensification of the separation of impurity components
from root crops by working bodies was constructed, Fig. 4. The formalized functional model provides for
a branching node of the structural links of the root harvesting machine modules into separate elementary
links of general soil and plant impurities of the heap, which in turn branch into structural sub-links,
respectively: free and adhered soil, soil lumps; free plant impurities and residues of the tip on the heads of
root crops. It is necessary to emphasize that the degree of intensification of the separation of impurities from
root crops depends not only on a certain weight capacity of each module and the time the heap is on their
working surfaces, but also on the coefficient that takes into account the degree of reduction of the output
flow of the technological mass of the heap relative to its input flow.

The coefficient that takes into account the degree of reduction of the output flow of the technological
mass of the heap relative to its input flow of each module and the root harvesting machine in general from
the point of view of controlled dynamic systems is the amplification coefficient, which we characterize as
the coefficient of technological efficiency of each module and the root harvesting machine in general and

which we denote by K, =m,,, () (¢) [18].

Then the coefficient of technological efficiency of each module and the root harvesting machine in
general, taking into account (1)-(3), is determined by the relation

/m,

in.i

i a0
: I () W_a(s) I I . (5) W, (s) I :
1 H [ | Wl,ﬂd (S) nEm ‘I || [ Wl_ﬂﬂ (S)) [ Il 1
1 |
! I gy ,4(5) I I —Agy . (5) I :
| 1= 4 I 1= 4 I [
e v ] | 6] e (9) nol | |
E I —Ag g (S) M,y (3) I I —Agy, (S) My (s) I i
! N w () I I W, (5)) fe— I () !
1 I} 75,4 (5) I | s (5) I |
: ) MR o) R l
: mz(s)_0 Y oy, (s) my(s) ' () :
L AN | 1
. T memy PR m T ey B | |
i —Agy (s Woa(s —Agy (s W (s m, (s |
, JM(S) | m)pd(.s) Pd( ) pd( ) " | g (s) I J”:pd(‘?) qu( ) & I 2 1
:=’0 I Wa(3) ) :: 4l W, (s)) My (s) | @ W,(s) :
E = || l hJ - = Fou(s) H I | 7— :
. [ Wi (s) o>l 7, (s) " | = I P (5) :
E ‘L:: e u I Wi (5) I :
I === ===y I —Agy (s) I :
! ., (5 - ======——" |
: 1(s) ,(s) () u(s)= () w,(s) . (s) :

Fig. 4. Structural and functional model of the process of intensification of the separation of impurity
components from root crops by the working bodies of the root harvesting machine
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_M,(4) _m(t)=2q, (1) _,_ A4 (0).
5 ) T m)m) ’ (h
. _ M, (1) _M(t)-Aq (1)~ Aq, (1)~ Aq, (1)~ Aq, (2,) _

Ay M(t)
_I_Aql(td)JrAqd(td)+ch(tc)+Aqu(tu)

M(1)

In this case:

- taking into account the dynamic processes (properties) of the controlled dynamic system - the
presence of moving masses, or the inertia of the process of moving the heap flows along the working bodies
of the modules, their links, which branch into parallel sublimes in the direction of branching (division)
=,<= (Fig. 4) will be represented in the form of an aperiodic link of the 1st order (inertial link), which we
will denote by P;

- taking into account the presence of branching of the links, or parallel connection of structural

sublimes, their transfer function WiP (S) is determined as the sum of the transfer functions of the sublimes
that form this connection;

- taking into account the presence of positive feedback (in the IV, (S) link, the W, , (S) sublime is
covered in the form of feedback by the W, , (s) and W, , (s) sublimes, in the W, (s) link, the W, , (s)
sublime is covered by the ¥, , (S) sublime, in the W (s ( ) link, the W,

1pc
szc( ) and W,

3pc

( ) sublime is covered by the
( ) sublimes), their transfer function will be represented in the form of W_ (s) ;

- taking into account the delay of the movement of technological masses in time 7,, the transfer
function in the operator form for the transformation of technological flows m, (t) of each module and the
root-picking machine as a whole, which we will denote by W, (S) , can be represented as the product of the
analytical transfer function of the aperiodic link of the 1st order and the analytical transfer function of the

link with transport delay, which we will denote by W, . (s ( ) =e ",

Accordingly, we have:

m K W, (s)
Wwh(s)=—22L=_"i . W WP (s),i= ez W I 12
! (S) m. Ts+1 ! z : IZ(S) 1+W11(S) sz( ) (2

.1

m K
W (s)=—2L=WF(s)W, =—7"—e"". 13
i ( ) mm l i ( ) del.i T;S +1 ( )
Substituting the values of the coefficient of technological efficiency of work K. (11) and the time
constant 7, (8) of each module and the root-harvesting machine as a whole and taking into account the

identity (13), we obtain the equation of the transfer function W, (s) and the differential equation with

transport delay in operator form:
- for the structural transport link of the root digging module
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/4 W, /4
Wd(s):md(s) i () Wspa (5) 1 1pd(s) + Cld( ):TKd lefsrd’ (14)
M(S) 1+W/Ipd ) [VVZpd S +1:| +VVIpd 2pd (S) dS+
or
m, (s){ £y s+1} :M(s){l— Ady (1) + 24, (td)}e“" ; (15)
m,(1,)+m,(t,) M (¢)
- for the structural transport link of the root cleaning module
m () Wu(s) W (s) o
/4 = /4 |/ +W =—= °, (16
(s) md(s) 1+, (s )-[szc(s)+1]+ e (8) 4 Wape(5)+ ha () Tcs+le (16)
or
A A
mc(s){ k. s+1}:md(s){1— 9 (1) * qc(the”“; (17)
m, (t,)+m, (t,)-Aq, () Mg, (2,) m, (1)
- for the structural transport link of the module for loading and unloading root crops
Mu (S) K —ST
=—7F= =—" " 18
I (5)= W (5, (5, (3)= e 19
or
Mu(s){ L, s+1}:mc(s){l—Aq“(t")+Aqd(td)}e”“;(19)
’nl(td)+rnl(td)_Aql(td)_Aqd(td)_ch(tc) mc(tc)
- for the root-harvesting machine as a whole
a(s) =" ) . 5) . 9)=
M M(S) d c u
= Wipa (5) Wi (5) Wipa (5) A, (s)|x
1+Vled( ) [VVZpd(S)-i_l} 1+VV1 d( ) VVZpd( ) (20)
Wi () Wipa (5)
w 2 e W, W, W,
X[ PC(S) PC(S)}X{1+VKP[]( )[ 2pd(S)+1}+ IPC(S)+ ZPC(S)+ dld(S) ’
M —STyy
D () 5, ()] = e
or

Mu (S)|: Rz’ +[)c +R, S+1:| :M(S)|:1—Aqld( )+Aqd( )+Aq ( )+Aqu (tu):| 7srw . (21)
ml(td)+ml(td) M(t)

A comprehensive assessment of the parameters of each module and the root harvesting machine as a

whole, or the corresponding coefficient of technological efficiency K, the time constant 7, and the delay

time 7, of the flow of technological masses allows for a deeper and more detailed analysis of the

technological process of intensification of the separation of impurities from the excavated heap and
optimization of the structural and kinematic parameters and modes of operation of the working bodies of
the root harvesting machine.

Conclusions. Increasing the technological efficiency of root harvesting machines is achieved by
additional intensification of the processes of cleaning root crops from impurities through constructive
development and optimization of the parameters of the working bodies of modular systems.

To implement the process of intensification of the separation of structural components of impurities
from root crops, a functional-link structural model has been developed, which combines the sequence of
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constructive placement of N working modules and the sequence of performing technological stage-by-stage
n operations of the process of separating impurities from root crops in difficult operating conditions of root
harvesting machines. A method for developing a mathematical model is proposed, which functionally
describes the step-by-step process of separating structural components of impurities from root crops
depending on the time of presence of the constituent components of impurities on the working bodies of
each module and the root harvesting machine as a whole.
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