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Aunnoranus. This paper focuses on the model of the production line of the conveyor type. The system of equations to model of
the conveyor line at a constant speed of the moving of the subjects of labor was written in the one-moment description and was
receive its solution in analytic form that allowed to calculate the parameters of the system at any given time. It is shown that
the solution is determined of the kind of initial and boundary conditions. Here was received an expression for calculation of

the production cycle of the conveyor line.
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1. General statement of the problem and its relevance

Behavior of the line parameters largely determined by
the fact of interaction between the subjects of labor during
processing [1,2]. Technological cooperation appears at the
presence of technological constraints, which define the
sequence of process steps and the order of movement of the
subjects of labor on technological route (pic.1) [3].

The system of equations that determines the behavior of the
production line parameters in the single-step description has
the following form [1]

olcks), drhts) o O
ot oS
LS =D, .9 @)
at initial
[lo (t0.9) =#(S), 3)

and the boundary condition
(o (t.S0) = @(®), (4)
Where [X]o (t,S) — the density distribution of the sub-
jects of labor in work in progress on the technological
positions; [x]l(t,S) — temp of processing of the subjects of

labor on technological positions at the time t. The position
of subject of labor on the technological route is characterized
by the coordinate Se [O; Sy ]

When using the coordinates of the costs space constant
Sy corresponds to the cost of production.
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A number of studies used dimensionless quantity
Ee [0;1] [2], as the coordinate that defines the position of the

subject, the value of which gives an idea of the degree of
processing of the subject of labor: £=0 corresponds to the

initial stage of processing subject of labor; &=1 It

corresponds to a final processing stage of the subject of labor,
when the subject of labor turns into a finished product.

Selection of variable <";e[0;l] is quite diverse. One of the
ways to represent this variable can be the ratio of the
transferred costs of the resources Se [0;Sy] for labor to its

S_. Initial condition (3) determines the

Sg
number of subjects of labor at the time tg at each processing
step. The boundary condition (4) determines the number of
the subjects of labor for the technological position Sp at

arbitrary time t.

The boundary condition (4) can be set from the as-
sumption that the size of interoperable storage is limited or
determined by the terms of supply of raw materials and
materials to the appropriate technological operation The
boundary condition (4) can also be claimed in the case, if the
model of flow line takes into account the shipment of the
subjects of labor in the form of semi-finished products from a

technological position, characterized by a coordinate Sy, or

the presence of factors, which determine the count of the
number of defective products. The presence of the initial (3)
and the boundary (4) conditions leads to discontinuous nature
of the solutions of the system of equations (1),(2), which is
typical for the behavior of stream parameters of modern
production conveyor lines [4].
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Pic.1. Scheme of a single-node flow conveyor line
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Solution of the system (1)—(3) for constant speed of
subjects of labor on the production line or on it’s separate part
is presented in the works [1,p.235], [2,p.910], [5,p.97].
However, a detailed analysis of the resulting solution is not
given. At the same time, the calculation of state parameters
for conveyor lines is an important production task, which
requires the use of new methods of solving. Special place
occupies the problem of calculating the state parameters of
the production system, which is composed of several
interconnected conveyor lines, that are arranged as a series or
parallel [6]. In the work [2] is presented a numerical
calculation of the production line, that consists of three
sections € € [0,0.2], £ <[0.2,0.8], £ <[0.8,1], on each of
them the velocity of the subjects of labor g is constant for a
particular section and equals accordingly [15;10;15],
[2,c.910]. Each of the sections is a conveyor, that provides a
constant speed of subjects of labor. Conveyors are located
sequentially one after another. In the work [7] given the
numerical solution of the system (1)—(4), analysis of the
solution for specified initial and boundary conditions is given.
The initial condition determines the condition of the subjects
of labor at each processing step at time t=0, and boundary
condition sets the intensity of the receipt of the subjects of
labor for processing, according to the available orders for
production. In the work [8] tasked an optimal control of
multiple threads, which are connected into a single stream.
Despite the fairly large number of publications, dedicated to
the design of control systems, production lines with the use of
PDE-models [1,2,7,8], the analysis of model of the conveyor
line, in our opinion, not enough attention is given to. In the
same time, conveyor type production is a common way of
organizing the production process. A characteristic feature of
this way of organizing production is, that the all subjects of
labor located on the conveyor line are moving with the same
speed. This fact allows to simplify the system of equations

(1)-(4).

2. Statement of the problem and formulation of the purpose
of the article

The purpose of this article is to build an analytical so-
lution of the system (1)—(4) in the case of movement of the
subjects of labor along the technological route at a constant
speed. An important and separate task along with the analysis
of the obtained solution is to show the dependence of
solutions from initial and boundary conditions, that determine
the functioning of the conveyor line. Special attention by
solving the system of equations (1)—(4) deserve problems as
condition parameters determining a conveyor line for an
arbitrary point in time, as well as the calculation of the
duration of the production cycle of manufacturing of products
[9-11]. The production cycle of manufacturing of products is
one of the most important characteristics of the production
system.

3. A single-node conveyor line model at a constant speed
movement of subjects of labor

Consider a production line consisting of M units of
technological equipment. located on technological positions
with the coordinate S=S,, (pic.1). Subjects of labor are
moving on technological route, consisting of M units of
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technological positions with a constant speed a. The system of
equations for describing the parameters of the production line
in a conveyor model has the form

Dot , Akt _, -
ot 0S
ht.S)=a-[x]p(t.9). (6)

a — conveyor speed.
For clarity of presentation of research results, we in-

troduce dimensionless variables t,& and the dimensionless

density of the subjects of labor [9]0 (t,€) on technological
positions. Then it is possible to present:

t=ty-1,  S=S4-&, i
(b9 =[0h (8-, o=maxiw® o).
W(S) =0 y(E), D) =0-5(x) @

By substituting (6) in (5) and, taking into account (7),
system of equations (1)—(4) can be written in dimensionless
form:

6[9]0 (‘E,E_,) 0. a- td 8[9]0 (’C,E)) -0

©- . ®
ot Sq o

[0]y(%0.8) = (&), 9)

[0]o(t.£0) =9(1) (10)

The value of the characteristic time ty is determined

by the operating conditions of production. Its choice
determines the value of the constant dimensionless speed of a
conveyor line g:

a- td _ td

B
If the characteristic time ty corresponds to the dura-

tion of the production cycle of manufacturing products

g= 11)

szsi (period of time during which the subject of labor is
a

treated, starting with the first technological operation and

ending with the last technological operation), then in that case

g=1 and the dimensionless time T:L will characterize the
Ty

ratio of the total time t to the production cycle time Ty .

Taking into account (11) system of equations (8)—(10) takes
the form

o0, Bbd) _

, (12)
ot ¢
[6]o (0.8) =w(®). (13)
[6o (v.80) =5(v) (14)
which corresponds to the system of characteristics:

9. &r) =G, (15)

T

d|6

bl _, bhEt)=wE s

dt

“ABTOMATH3UPOBAHHBIC TEXHOIOTHH | Tpou3BozacTBa“ — Nel, 2017



Integrating (15), we will get
E=0g1+C, C=const, (17)

where &(t) — dimensionless coordinate. The function &(t)
can be interpreted as a position of the subject of labor on the
conveyor line at time t, which at time ty has held position

So-

Wherein movement of the conveyor runs at a constant
dimensionless speed g (11). The equation (17), that
determine the possible trajectories of movement of the
subjects of labor in the phase coordinate space [12], is a first
integral of the equation (15). Taking into account initial

condition &(tg) =&, we can write:
§=Eo+9(t—19). C=8o—grp.  (18)
The general solution of the equation (12) is a function
of the first integral (17):

[0y (r.&) = [6]y(&—g1). (19)
Due to the fact that:
ololp (6 -gv) _ . afely(e-gv)
ot o(E—-gr)
(20)
ooly (6 -gv) _o[6ly(E-gv)
o€ aE—-gr)

by direct substitution of expressions (20) in equation (12) we
obtain the identity

o[0]y(e—g) a[ely(E—gr)

g0 0 aE-gv)

Taking into account initial condition (13) and the boundary
condition (14), solution (19) takes the form

0]y (z.8)= [0]y(&—gr)=w(r+&p),
(22)
[0]y(x.&)= [8]y(&—gr) = 3[10 —éJ :

=0. (21

w(r+&o) = S(To —éJ 7 (23)
where we have introduced the variable r
1 1) =(E—-&)-g(r—70). (24)

The substitution T=1gin (22) and =g in (23)
gives the identical equality, that corresponds to the initial and
boundary conditions:

[0l (t0.8)= [8]y(&—0t0) =w(®),

25

(€ .to) =(—&o), @

[Bly(r.20) = [0]p(80 —9v) =9(x), 26)
r(€p,7)=-9(t—10),

[0]y (50 —970) = w(&0) = 8(xp). @

r(€o0,70) =0, w(Ep) =9(t0).
Thus, for the construction of the solution that does not
have discontinuity points, we must specify the distribution of
interoperable backlog (&) along the conveyor line at time

To or a change in the state of interoperable backlog 3(t) in
time on technological position, that is characterized by the
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coordinate &g . Due to the equation (6) function g-y(&) can

be interpreted as a dimensionless rate of movement subjects
of labor on the conveyor line for the technological position,

which is characterized by the coordinate & , at time tg, and
g-9(t)- as a dimensionless rate of processing of the
subjects of labor at time t on the technological position,
which is characterized by the coordinate (. The dimension-
less function (&) and 9(t) related to the density
distribution of subjects of labor along the conveyor line
[X]O (t,S) and to the pace of their movement [XL(t,S) by
the ratios (6)—(8). It is reasonable to expect that a dimension-
less value of interoperable backlog of subjects of labor 9(t)
at the position £y at time t© must be associated with a
dimensionless quantity of the interoperable backlogs (&) at
time tg on the technological position, which is characterized
by the coordinate & . Let us show the relationship between a
functions (&) and 9(t).

For technological position with the coordinate
& =E&p we have the equality:
[0)s (20 —99) = w(r (&0, 1) + o) = @9
r )
:S(To— = T)j,r(io,f)=—g(T—To),
W(&o —gt+010) = (7). W(&p) = 9(10) - (29)
We use the notation
At=1t—-10,
(30)

taking into account that, the equality (29) can be rewritten as
follows:

W(&o —9AT) = 8(1p + A1), W(§) = 8(1p) . (3D)
The relationship of functions (&) and 9(t) for dif-

ferent instants of time T =1g+At is demonstrated at pic.2.
Clearly showed that the value of interoperable backlog
9(tg +At) for equipment in technological position &g at
of the
position

time t=(tg+At) is determined by the state
interoperable backlogs on the technological
£=(gg —gAr) attime T=1g.

Thus if we know initial distribution of the subjects of
labor along the conveyor line at time T=1qy (dimensionless

speed of the conveyor g), it is possible to uniquely determine
the number of the subjects of labor that will be located on the

technological position &g at timet=1g+At. During the

At since the start of the conveyor T=1( the subjects of
labor are moving with the speed of the conveyor g from the

technological position &z(&o —gAr) to the technological

position &g . This relationship is important to the operation of

conveyor type production lines [13]. The distribution of
technological resources of production in time on the
technological operations can be determined from the current
state of the distribution of the subjects of labor along the
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Pic.2. The relationship of functions (&) and S(t) for different instants of time t=1g + At

:}(T] - o

lﬂ'\-. 1

1 SLT — |
0,3 g

w(Z)

1 (F
ol T N ot e

\_

06 | \/

0,6 \
0.4
0,2
-

e L ¥
= O
4“,"{: A 0,2 b > 5
T = | — -
0 0
04 -0,2 491 -0 01 02 03 04 05 0 01 02 03 04 05 06 07 08 09 1

5/8d=0,5

tTd=-0,0

Pic.3. The relationship of functions y(&) and S(t) for the coordinate values &= &g +A§

conveyor using a fairly simple equation of the form (31). The
current distribution of subjects of labor along the line
determines the plan of distribution of technological resources
in future times. For example it is possible to determine in
advance how many employees you need to use to perform
those or other operations in future times, or to determine the
exact time of the supply of raw materials for technological
position of the conveyor line.

On the other hand, regarding the point in time t=r1g
it is possible to write the relation

[0y (&—9gt0) = W(r(&,t0) +&g) =

- 9(10 —%J , (32)
r€ ,t0) =(E—&o),
w(a)=s[r—§ igoj VE)=%(0). (33
We use the notation
AE=E-&g, (34)

which allows the expression (33) represent as follows:
A
y(Eo+AE) = 3(10 _fj Y(Ep)=38(tg). (35)

Pic.3 shows the relationship of functions (&) and

9(t) for different values of the coordinate & =g + A& . The

size of interoperable backlogs for the technological
equipment, located on an arbitrary technological position

& =Ep + A& based on the state of the interoperable backlogs

58

for the equipment with technological position &y at time

A A
T= [ro ——éj . Time interval At= As

g g
necessary time for which subjects of labor, which are on the

technological position &y will move to the position

determines the

€ = &g + A& with the dimensionless conveyor speed g. The
equation (35) shows the relationship of value of interoperable
backlogs between technological positions & and & .

The collection of curves [9]0 (t,&), each of which
defines the state of interoperable backlogs for the technologi-
cal position of the conveyor at the time moments t = (t/Td)

= {0.0;0.];0.2;....0.9;1.0} respectively, is shown in Pic.4. The

curves are shifted relative to each other with a step
AE=gAt with values g=1 and At=0.1. The solution

[9]0 (7, F,) is obtained for the case of the initial conditions

y(&) = (2+sm(2n€;)) with =0

[0]y(z.8)== (2+Sln(2n(§ 1)), g=1. (36)
The boundary condition (14) is absent. The graph

shows the shift of the function (&) :%(2 + sin(2n§)) with

the step AE =gAt for time moments t; (pic.4.).
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Pic.4. The distribution of subjects of labor o], (<,&) :%(2 +sin(2n(& - gr)))

on technological positions of conveyor for ©=(t/Ty)= {0.0;0.1;0.2;....0.9;1.0} ,9=1
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Pic.5. The distribution of subjects of labor [6]0 (t,§) = % (2 +sin(2n(§ — gr)))

on technological positions of conveyor for t= (t/Td )= {0.0;0.];0.2;....0.9}, g=1 (Expanded view)
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1 .
Pic.6. The dependence of the number of subjects of labor [9]0 (t,€) = 5(2 +sin(2n(§ - gr)))

from time for conveyor position &=(S/Sy)= {0.0;0.1;0.2;....0.9;1.0;}, g=1

It is shown a consistent movement of the subjects of
labor along the route on a conveyor line, which moves with
the dimensionless speed g. Pic.5 displays the functions

individually [0],(0,), [06],(0.1,E).,... [0],(0.8,€),

[6],(09,2) the t=(t/Tq)=
{0.0;0.1;0.2;....;0.8;0.9}. Equally important from a practical
point of view the information presented in pic.6, which gives
information about the size of interoperable backlogs for given
technological positions and about desired tempo of processing
subjects of labor, which provides a smooth non-stop conveyor
work [14,15].

Pic.7 shows the change in value of interoperable back-
logs [0]5(7,0.0), [0]y(%,0.1)..... [0],(z.0.8), [6]y(x.0.9)
for technological positions & =(S/Sy)={0.0,0.1;....0.8,0.9}.
Non-stationary time-dependent, the rate of processing of
subjects of labor [9]1 (r,6)=0- [9]0 (t,&) on the same
technological position at constant conveyor speed ¢ is

determined by the difference in the density of subjects of
labor at the working technological line segments. With the
value of the dimensionless speed of the conveyor g=1 the

pace of processing subjects of labor takes the form
[9]1(r,§) = [6]0 (7,&) . Pic.8 represents considerable practical
interest for the design of the conveyor line with displaying
family of characteristics &—grzCi (17). Each of the

at time  moments

characteristics §—gt=C; connects values & and t, for

which value of interoperable backlogs, and accordingly, the
pace of processing subjects of labor is constant and equal to:

[0]y(x.&)= [6]5(Ci) =w(C; +g10).
r ,7)=Ci—(&o-9to)

[0]y(z.2) = [O]O(Ci)zg(éoT_Cijn (38)

In the characteristics (17) the value of interoperable
backlogs and the pace of processing of subjects of labor are
kept constant. The profile, that define the distribution of
subjects of labor (or the rate of processing subjects of labor)
on technological operations, moves along the conveyor line
with constant speed g. Characteristics cover the whole plane

(37)

60

(t,&) and not intersect each other. The equation of

characteristics can be used to track location of specific batch
details in process of treatment in order to determine its status
and conducting sampling inspection of party details, and to
manage production inventory [16].

The equations (17) are the equations of motion of in-
dividual subjects of labor on technological route along the
conveyor line. As expected, movement of a separate subject
of labor on the trajectory (17) carried out with a constant
speed, wich is equal to the speed of the conveyor line [17].
The value of the dimensionless speed g (11) is determined by

selecting value of the characteristic timety to study the
parameters of the production line. The increase in value of the
characteristic time ty towards relative to the amount of the

production cycle Ty leads to a stretching of the graph with

the decision [6]0 (t,&) along the axis OS (transformation

pic.4 into pic.9) and to its compression along the axis Ot
(transformation pic.6 into pic.10)). At the same time chart
with characteristics is compressing (transformation pic.8 into
pic.11)). This allows, during the transition from one value of

the characteristic time ty to another value of characteristic

time ty use in a manufacturing enterprise the same current
graphic and analytical materials.

4. The calculation of the duration of the production cycle of
the conveyor line

The duration of the production cycle is equal to the
length of time, during which the subject of labor goes from
the first technological position to the last. The calculation of
the production cycle for production systems with the in-line
way of organizing production is given in [9-11]. The value of
duration of the production cycle of the conveyor type

L ) 1
production line can be determined as follows: Ty :I‘LS.
a
0
We introduce the notation for the dimensionless
quantity, wich characterizes the duration of production cycle

14 _Ta . Using the notation (7),(8),(11), we obtain

ty
rgTa_1Sede Sajg. 1.
td tdO a tdao g
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Pic.7. The dependence of the number of subjects of labor [6]0 (r,&)= % (2 +sin(2n(§ — gr)))

from time to time for conveyor position & = (S/Sd )= {0.0;0.];0.2;....0.9;1.0;}, g=1. (Expanded view)

Z=g1+C C=05 C=04 C=03 C=02 C=01 C=0.0

0 041 0,2 0,3 04 0,5 0.6 07 0,8 0,9 1
OTHOCHTENBHOE BPeMA PAT0TEI TEXHONOIMYECKOrD oDopygoeaHuA,(T/Td)

Pic.8. The family of characteristics {=gt+C, g=1.0, C= {0.5;0.4;0.3;....— 0.4;—0.5;}
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Pic.9. The distribution of subjects of labor [9]0 (t,€) = % (2 +sin(2n(§ - gr)))

on technological positions of conveyor for ©=(t/Ty)= {0.0;0.1;0.2;....0.9;1.0} ,9=2
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Pic.10. The dependence of the number of subjects of labor [9]0 (t,8) = % (2 +sin(2n(§ - gr))) from time for
conveyor position & =(S/Sq)=1{0.0;0.1,0.2;...0.9:1.0;}, g=2
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Pic.11. The family of characteristics {=gt+C, g=2.0, C= {0.5;0.4;0.3;....— 0.4;—0.5;}

The products, that had gone into production in a di- output state of parameters of a flow line is determined

mensionless point in time T1, cCOme out as a finished product by the state of production lines at the input with the constant

value delay.
at the time T, with delay Ty =(12 —rl), equal to the cycle y

time. Delay (t, — 1) does not depend on the time of order Conclusions

receipt in production, is a constant, is inversely proportional The paper considers the model of the production line

of conveyor type with a constant speed of subjects of labor.

1
to the dimensionless speed of the conveyor line =—.The . . oEEe
! ! P Veyoriine tq g This method of organizing production is quite common, but
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the issue of analysis of PDE- model of conveyor production
line in modern literature are not given the necessary attention.
Despite the fact that the model of conveyor type has a fairly
simple form, wich was obtained in the course of its analysis in
the present study have important practical significance for the
design of control systems. The advantage of the work is that
the solution was obtained in an analytical form. This allowed
to carry out a detailed analysis of the obtained solution.
Clearly demonstrated the relationship between the parameters
of various technological operations. Violation of this
relationship leads to violations of uninterrupted mode of
production, and also to the appearance of instabilities in the
behavior of the production line parameters.

Duration of the production cycle have been calculated
in this paper. It is shown that in a conveyor way of organizing
production with a constant speed of movement of subjects of
labor production cycle does not depend on the size of
workpieces parties and from the sequence of their arrival in
production. Prospects for further research is the analysis of
the model of conveyor type production line with the speed of
movement of subjects of labor, which depends on the time
with a random admission orders in production.
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NOCTPOEHME MOJIEJIN OJJHOY3JIOBO KOHBENEPHOM JIMHUHN
C IOCTOSIHHOM CKOPOCTBIO

O.M. IIurnacrelii, P.O. Kopcyn
HannoHanpHbIM TEXHUYECKUM YHUBEPCUTET «XapbKOBCKUM MOJUTEXHUYECKUN HHCTUTYTY,
r. XapbKoB, YKpauHa

AHHoTanua. B naHHOW cTaThbe OCHOBHOE BHHMAaHHUE YJENAETCS MOJEIU MPOU3BOJACTBEHHOI JTMHUM KOHBEHEPHOro THIIA.
3amrcaHa B OZTHOMOMEHTHOM IIPHOJIMIKEHUN CHCTEMa YpaBHEHUH I MOJIEN KOHBEHEPHOH JIMHUHN C IIOCTOSIHHOI CKOPOCTBIO
JBIDKEHUS MPEIMETOB TpyAa U MOIY4YEHO €€ pellIeHHEe B aHAJIUTUYECKOM BHUAE, YTO MO3BOJIMIO PAacCUUTATh MapaMeTpsl
CHCTEMBI B TIPOM3BOJBHBIH MOMEHT BpeMeHH. lloka3zaHO, 9TO pEIIeHHE OMNpENeNseTCs BHAOM HAYAIbHBIX M T'PAHWYHBIX
ycioBuil. [lonydeHo BblpaXkeHHe U1l pacueTa IpOU3BOACTBEHHOIO LIMKJIa KOHBEHEPHOU JIMHUM.

KiroueBble cioBa: mortouHas auHuA, PDE-mMonens, mpeamer Tpyna, cucTeMa yHpaBJICHHs, TEXHOJOTMYECKHH Mporecc,

MOTYTIPOBOJHUKOBOE IIPOU3BOICTBO, MOJIETh KOHBEHEpa.
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