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PUCTOBYBAaTU MOAM(DIKOBAHUKN MPUHLUII CUMETpil
CTPYKTYPHUX CXEM.

IIpakTnyna 3HaumMmicTb. PesynbTaT mocCigXkeHb
MOXYTb OYTU 3aCTOCOBAHI 151 TTOOYAyBaHHS aJITOPUT-
MiB KepyBaHHS TeXHIYHMMU 00’€KTaMU 3 TOJAJIbIIOI0
iX MpOrpaMHOI0 peaizalielo B MiKpOIpoLeCOopHiii adbo
MiKpPOKOHTPOJIEPHill CUCTEMi KepyBaHHSI.

KmouoBi cnoBa: duckpemuuii uacosuil exeanaiizep,
K8aHmMoeaua nepexiona hyHkuyis, nepexiona yHkuis Kin-
uesoi mpusanocmi, MOOUDIKOSAHUL NPUHUUN CUMempIT

Iean. PazpaboTka MeToAa CUHTE3a CUCTEM aBTOMA-
THYECKOTO YIIPABJICHUS C XKeJTaeMbIMI TMHAMMICCKH -
MH CBOWCTBAaMM, KOTOpBIC 3adalOTCsS C ITOMOIIBIO
KBaHTOBAaHHBIX IEPEXOIHBIX (DYHKIIMIT KOHEUHOM ITPO-
JMOJDKUTETbHOCTH.

Metomuka. Teopust nepexoaHbIX (PYHKIIMI KOHEeU-
HOH JUTUTEIbHOCTHY UCIIOb3YETCs /IS 3a1aHusI XKesae-
MbIX TUHAMMYECKUX CBOMCTB CHUCTEM aBTOMAaTUYECKO-
ro ympaBJIeHUs] Ha TUCKPETHBIX BPEMEHHBIX MHTEpBa-
Jax. MoauduUUMpoBaHHbIM MOPUHLUII CUMMETPUU
CTPYKTYPHBIX cxeM obecrneurBaeT (popMupoBaHue 10-
CTIKAMBIX 3KeJTaeMbIX JUHAMUYCCKUX XapaKTepPUCTUK
3aMKHYTOI CHCTEMBI TP OTPAaHMYCHHOM 3HAYCHUU
K03 duliMeHTa yCUICHUSI.

Pe3yabraTbl. PazpaboTaH MeTOm CUHTE3a CUCTEM
ABTOMATMYECKOTO YIPaBICHUS Ha 0a3e TUCKPETHOIO
BPEMEHHOI'O 3KBaJlaii3epa MpU MOJHOM KOMIIEHCALUU

UDC 658.51.012

O. M. Pihnastyi, Dr. Sc. (Tech.), Assoc. Prof.

IUHAMWIECKIX CBOMCTB OOBEKTA YIIPABICHUS W IIPHU
YAaCTUYHOM MX KOMIICHCAIIMH 3a CUET MCITOJIb30BaHMS
0JIOKOB MOIMMUKALIMU OO0pPaTHOIO IPeoOpa30OBaHMS
CTPYKTYPHBIX CXEM.

Hayunas noBusHa. [1peaiokeHHBIN BlIepBbIe MaTe-
MaTUYeCKMii armapar IMO3BOJISIET MCIOJAb30BaTh MHC-
KpETHBIIf BpeMEHHOM 2KBaializep B KaUeCTBE TUCKPET-
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LIUTT CUMMETPHUHU CTPYKTYPHBIX CXEM.

IIpakTuyeckasi 3HaYMMOCTb. Pe3ynbTarhl MCCIEN0-
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Purpose. The development of analytical methods for designing technological motion trajectories of objects of la-
bour in the state space with the purpose of construction of closed PDE-models, used to describe the manufacturing
system.

Methodology. For derivation of an equation of the labour object movement in the phase space of states, there has
been applied a mathematical tool and the variational calculation methods of analytical mechanics.

Findings. An equation of labour object movement in the state of space has been derived and motion integrals, re-
lated to the uniformity of time and state space have been considered.

Originality. PDE-models of manufacturing systems, used for the engineering of the high performance manufac-
turing control systems have been improved. The offered model of technological resources transfer to the object of
labour is based not on the traditional phenomenological description of the static production phenomena, but on
conservation laws, which characterize the transfer process of technological resources to the object of labour and
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space-time structure of the manufacturing process. It allowed deriving the equation of the objects of labour move-
ment along the manufacturing route, followed by the construction of non-steady-state equations of the PDE models
on their ground for the description of the parameters status of the manufacturing process. While deriving the equa-
tions of the technological path of movement of the object of labour there were taken into consideration differential
constraints, being applied by the manufacturing system to the transfer process of technological resources of the ob-
jects of labour, resulting from their interaction with production equipment and against each other in the course of

transfer from one manufacturing operation to another.

Practical value. Methods for driving the equation of technological path of the object of labour allow developing
high-quality models of the transfer processes of the manufacturing system, which are the basis for the high quality
enterprise management system engineering with a straight flow method of industrial organization.

Keywords: the object of work, manufacturing process, technological path, PDE-model

Introduction. The process of the technology engi-
neering of the product manufacturing presents a search
for technological paths for the parameters of the ob-
jects of labour, defining the process of its production in
accordance with construction and technological docu-
mentation [1]. A path, containing the points with val-
ues of ever changing specified parameters [1] of the
objects of labour in accordance with the specified man-
ufacturing technology is a regulatory technological
path of the products manufacturing (Fig. 1) [2]. The
technological paths, defining the changes of the pa-
rameters of the objects of labour, are valid (outside the
rejection area), if the divergence of parameters falls
within the limits of manufacturing tolerance. The se-
lection of the regulatory technological path, which cor-
responds to the prescribed manufacturing method, is
defined both by technico-economic factors of produc-
tion, characterizing a manufacturing cost, a manufac-
turing cycle and a manufacturing capacity, and the so-
cial factors of production. Each operation is character-
ized by the equipment, required qualification of the
personnel, consumption criteria and a law concerning
the transfer of the resources to the object of labour. The
requirements to the parameters of the object of labour
are defined by the phase space field, where technologi-
cal transformation of the basic material to the finished
product occurs (Fig. 1) [2, 3]. The alteration of techni-
cal and economic parameters of the production re-
quires the transfer from one production method to an-
other with its own regulatory technological path Sy(7).
In the neighbourhood of the regulatory path there are

located Si(#) paths of the production of j-object of la-
bour (0 <j < N), being processed at the point of time
t= 1" with the intensity of p(#) (Fig. 1). While projecting
the high performance control systems, an important
attention is paid to the model of the manufacturing
process. Severization of the requirements to the quality
of manufacturing system models initiated the develop-
ment of a new type of model within the last decade,
which were named PDE-models abroad. One of the
difficulties of using this type of equipment is the con-
struction of a closed equation system of the production
process. As one of the problem-solution methods re-
lated to the system of equation closing there is used a
constitutive equation of the manufacturing process.
However, this approach, having established itself'in the
course of the construction of the quasistatic models of
manufacturing systems, does not allow describing
transitional manufacturing processes with the satisfac-
tory accuracy. This aspect has defined the topicality of
the investigation, which distinguishes the designing
method of the technological paths, the equation of
which may be used for the provision of the PDE-mod-
els closing [1—3].

Analysis of the recent research and unsolved aspects of
the problem of construction of the technological paths.
Let us consider the geometric locus in technological
phase space, the position of which is determined by co-
ordinate value of consecutive states of the object of la-
bour due to technological transformational change
[1—4]. Let us consider that in the analyzed n-dimension
technological phase space there has been defined a met-

S Normative technological trajectory S
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Fig. 1. A family of technological paths. Cost S (UAH) of transferred resources to the object of labour in case of intensive
processing . (UAH/hour) depending on the total processing time t (hour)
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ric, whose square of the length element represents the
following formula

dG? =% a,4(4, -4)- d4, -dqy,

o=l p=I

where a, (g, g) are coordinate functions of techno-
logical space.

In order to analyse the manufacturing system state
there is used a cost performance, which allows taking
into consideration the technical and economic indica-
tors. Herewith it is necessary to dispose a morphologi-
cal structure of technological manufacturing process
[5]. In order to construct a system of cost performance
in general terms the morphological structure is present-
ed as a network graph. In such a case, the cost of the
finished product consists of the costs of the resources
that were used: components, raw materials, materials,
and labour [5], which gives an opportunity to use the
square of the resources cost transferred to the subject of
labour [2, 4] as a square of the length element of the
phase space; this vividly characterizes the changes of
the cost performance of the object of labour in the
course of processing (Fig. 1) [5, 6]. There exist models
which use the notions of the stage of incompleteness of
the product manufacture in the capacity of variable, de-
fining the state of the object of labour (Armbruster D.,
Ringhofer C., Berg V., Lefeber E.) [7-9], x € [0, 1].
Such an approach is applicable to motion specification
of the object of labour in one-dimension state space,
which is hard to be realized when describing the prod-
uct manufacturing process, in the course of which there
are used several resources whose transfer to the object
of labour is characterized by its own parameters. Along-
side with the use of independent characteristics for the
determination of the state of the object of labour,
V. K. Fediukin [3] offered to use a term of the product
value, which as well as a cost increases in the course of
transfer from one operation to another due to process-
ing the object of labour (Fig. 1). The resources being
transferred to the object of labour are summed up to-
gether with the resources that have been transferred be-
fore while performing the previous operations. Such an
operation is vividly expressed through the composition
of the cost of the transferred resources [5], and is ex-
pressed by means of the following formula in the ac-
counting enterprise balance.

n n
The formula dS? =Z;ﬁz;au’ﬁ(qa,qﬁ) dq,dq, is the

ol e
result of the increasing natural cost of the object of la-
bour in the course of processing by means of transfer-
ring the a-type resources in the capacity of dgq, (o =
= 1...n) to it. The transfer process view of the several re-
sources of variable x, defining the stage of the produc-
tion incompleteness of the object of labour depending
on the amount of resources transferred to it g, is com-
plicated and difficult to understand. Taking into account
the fact that in the course of production several kinds of
technological resources are usually used, this article
analyzes the technological path engineering for the ob-
ject of labour in the phase space with the metric whose
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square of the length element is defined by means of the
following formula [4]

dS2:Z;;aa,ﬁ(qa,qﬁ)-dqadqﬁ. (1)
If, while constructing the technological path, the
amount of materials and raw materials @, [kg], elec-
trical energy © ; [kKW] and the total effective time of pro-
cessing t,, [time], transferred to the object of labour are
taken as the coordinates of technological space, then the
state of the object of labour at the point of time t is de-
fined by the following parameter values q; = ©g,u,(?),
G, = Ok, g5 = 1,,(1), with coordinate functions, which
under ordinary conditions are as follows

a(x,ﬁ(qou Q[s) = Zot(qcx) : Zﬁ(q[}))

where Z,(g,) [UAH/kg] is price per unit of raw material
and materials; Z,(q,) [UAH/kW] is price per electric en-
ergy unit; Z3(q;) [UAH/hour] is price of the unit of la-
bour time. A.V.Dabagyan offered to use the cost of
components, cost value of internal activities, assembly
and processing as space coordinates [5] while engineer-
ing a product.

Coordinate functions of phase technological space in
most cases may be presented as the production of unit
cost of technological resource or the modification unit of
the technological parameter of the object of labour. The
quadratic form (1) is supposed to be quite positive. The
size of curve joining two points of technological path

A(G14> G2a> +++> Gots > Ga0) a0Nd B(q15, Qops - Qs +-> Gnp)

B n n
AS=| \/zzaw(qa,%) dq,,dgy .

4\ a=1p=l

represents the change in cost of the labour object when
transferring from one state to another. The distance be-
tween two points of technological path of the coordi-
nate space is the change in cost of the object of labour
as a result of technological processing. In the further
discourse when designing the paths, there will be used a
notion of event. The event is defined by the position in
the coordinate technological space, where it occurred
and the time when it occurred. The typical state trajec-
tory for the DES-models of the manufacturing systems
has been considered by Ramadge P.J. and Won-
ham W. M. In Fig. 2 the paths of labour object motion
along the technological route with discrete and contin-
uous variations of the state parameters are presented in
one dimension space. As a state parameter of the object
of labour on m-operation in the course of the effective
processing period At = 1,, — 7, ; there was used a value
of the resource transfer intensity u,, ,, for the DES-
models and p,,(t) for the models with the continuous
variation of state. Another approach when describing
the continuous flow lines was presented in the works of
Eekelen J.A., Lefeber E., Rooda J. E. The distinctive
feature is the fact that the phase paths are constructed
not for the state parameters of the object of labour but
for the parameters that characterize the workstation
condition (Fig. 3), which is typical for the fluid models
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Fig. 2. Typical path p.,(t) for the state parameters of the object of labour:
a — DES model (Ramadge P.J, Wonham W. M); b — model with the continuous variation of state
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Fig. 3. Phase paths for state parameters of the workstation (Eekelen J. A., Lefeber E., Rooda J. E):

x,(?) — the number of objects of work in the operational process stock; the number of objects of labour in the course of processing
x,(7) with the duration of time x5(f), necessary for the accomplishment of processing; the number of objects x,(t), processed by the

workstation over the period of time [1,, t|

of the manufacturing systems. As state parameters, the
following variables are used: x,(f) as the number of the
objects of labour in the interoperation process stock;
the number of the objects of labour in the course of pro-
cessing x,(7) with the duration of time x;(f), necessary
for the accomplishment of processing; the number of
objects x4(f), which have been processed by the work
station during the particular period of time [#, #].
Presentation of the main research. For the derivation
of an equation of the technological path in the investiga-
tion there will be considered two events in the phase
technological space (Fig. 4), which relate to the change
in state of the object of labour in the course of process-
ing. Let the first event be the fact that at the point of time
t, the object of labour is under the conditions with the

q; /}] q;

G0 =g, g,y 4,(0.eg (D))

(o + H)

qn

\/ZZZH_’E((]“.qﬂ)-dq“-dq’e_; @

FENE]

qs a

Fig . 4. Coordinate technological space
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following coordinates (g,,). Let the second event be the
fact that at the point of time (¢, + df) the object of labour
has passed to the point with the coordinates (g, + dq,)-
On the one hand, over the time of dr the object of labour
has travelled the path in n-dimension coordinate space,

n n
which equals to \/ ZZaayB (q&,qB )dqadqﬁ, on the other
a=1p=l
hand over the period of df to the object of labour in the
volume element, limited by the following coordinates
(91> 92> ---» q,) and (g, + dq,, q, + dqs, ..., q, + dq,), there
were transferred the technological resources in the
amount of w, (%, g1, @3, ..., Gy ---» 4,). We can record the
relation between the coordinates of two events under the
consideration in n-dimension technological space

(wy - dt)* = (dS)*2 0. (@)

The differential constraint (2) may be used for deri-
vation of an equation of the technological path.

1. Equation of technological relations. Dividing (2)
into dt. we will receive a unilateral differential constraint

F;(t,qmdiaj:(“w(t,ql,qz,..., a,...,qn))z _

3y (Gady)-dd, gy 20, v=1...

a=1p=1

3)
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The labour object motion in the phase space, the
unilateral constraints have been applied to, may be split
in such a way that at some sections the movement of the
object occurs under the unilateral constraint, while at
other sections, it occurs as if this constraint does not
exist at all. In such a way at separate sections, the uni-
lateral constraint either is substituted by the bilateral
constraint or is rejected. The presence of the bilateral
constraint means that all the resources are being trans-
ferred to the object of labour without any loss. The
technological parameters, characterizing the process of
the resources transfer to the object of labour, are de-
fined by manufacturing technology and as a rule, in the
course of the products manufacture remain unchanged.
It follows that the constraint (3) will not explicitly de-

. . OF, .
pend on time, that is E:o. Later on, we will con-

sider the bilateral differential constraints which do not
depend on time

E,(qa’dj;jz(u\y(%’qzi'“’ ot qn))z -

=", 4(4,.95)-dg, -dgy =0, v=1...V,

a=1p=l1

4

with the number of degrees of freedom of the manu-
facturing system, describing the movement of one ob-
ject of labour, (n — V). It is convenient to move from
coordinates ¢g,, describing the movement of the work
object in the phase space in natural value to the coor-
dinates of cost value §; [4]. If the coordinate functions
are presented as a, (qa, 9p) = Zu(494) - Zo(4.), then put-
ting dS; = Z(q;) - dg;, we will obtain the bilateral differ-
ential constraints (4) through the cost coordinates S;

FV[S dsa]:(uw(sl,sz,...,Sa,...,sn))z—

“ dt

—Y'YdS, dSy =0, v=1..V.

a=1p=1

Having differentiated the last equation in time, we
obtain the formula for the restrictions of imposing tech-
nological constraints to the movement of the object of
work

oo, " dp ds
. j— —(X:O; = OL. 5
Z o5 M 2 P M, (5)

For the differential bilateral constraints, which defi-
nitely depend on time the equation (5) is as follows

o, &op, " du ds
Y —Lop =y e =2a
ot ;asa Ha ; dt Ho =01

If the intensity of the resource transfers p, (S, S, ...,
S, ---» 3,) to the object of labour, which is presented as a
sum of independent intensities of different kinds of re-

sources M, (SI,S2, s S, Sn) = Zn:uw (Sa), then
a=l1
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ds
Fo {S“’d_ta] - (“W (S ))2 ~He =0,

which allows recording the equation of constraint for
the projection to axis of reference of the cost value of
a-dimension technological resource

au “(SO‘) dua_
Tas,Hue(S)

o

If the a-dimension resource is transferred to N,, of
the object of labour, located in the process stock of
m-dimension technological operation; the equation of
the constraint will look as follows

Ny No dS, dS,
(“\ua(Sa,l’SaJ"“’ S(x,Nm ))2 _kzzlkz:]To;leo;kZ:O;

=

m

Hya (Soc,l’SaJ’ o Sun, ) = ;uu,k'

For the batch consisting of N,, objects of labour, lo-
cated in the interoperation process stock of m operation
Saj € [Sy, mSy, m+1l, corresponding to the beginning and
ending of the operation, let us introduce the following

Nm Nm
variables v, :Lz%  and O = LZ S, > wewill
N, a N,ia
obtain the equation of the labour object motion of batch
N,, products with the averaged parameters v, and ©,,

0 (1(0.)] Bal02) av, _,
a®L N N -

o m m

By (©,,)

We will express the correlation of N

AS,, 1 . .

= A k& N through the density of the objects of labour
Tm m

N
A S’” , located within the limits of the

ym

[XJO (t’G)a) =

section AS,,, and by means of equipment work speed

1
[x], ¢.0)=7—

m

0 ([Xlw(t’(aﬂ) [X:|1W(t’®a) dv,
a®aux]0(r,®a) (7], .0, dr

2. Variation method for technical path engineering.
The bilateral differential constraints (4) corresponding
to the limiting processing case of the object of labour
along the manufacturing route, when the resources are
transferred to the object of labour in full, without any
loss. Nevertheless, in the manufacturing activity of the
company there are always certain inevitable opera-
tions, performance of which results in losses of tech-
nological resources, which is expressed by the follow-
ing equation
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TPTT—

d
TR A T

o=l p=1

It is required for the technological processes of the
object of labour to be fulfilled in accordance with regu-
latory construction and technological parameters with
minimum loss of the resources. We consider that for the
manufacturing system under the investigation there ex-
ist an interval, which has a minimum

b n n
(Rab = I\/(HW (qa)dt)2 _zzaa,g(%,% )dqaqu,

a a=1p=1

for the labour object motion along the manufacturing
route in accordance with the regulatory path and which
is taken along the paths between two events “a” and “b”
of the technological processing of the object of labour.
The objective functional is presented as follows

b ) Al dq, dq
masz{\/(“w(%)) —ZZI%M%’% (Z d_f}”

a a=1p=

with the objective function of the technological process

n n dqa dq
- S S

a=1p=1

describing the behavior of the object of work in the tech-
nological process of the manufacturing system. The fact
that each operation of the above-mentioned manufac-
turing process is characterized only by the following val-

UAH
ues AS,, (UAH) and p, [m} rather than by higher

derivatives, confirms the fact that the state of techno-
logical process is fully defined by the knowledge of coor-
dinates ¢; (UAH) and the intensity of their change in the

UAH

]. From the variation
hour

course of the time d&[

dt
that equals to zero 8%, = 0 the Euler’s equations for the
variational problem are derived describing the changes
of the labour parameters in n-dimensional technologi-
cal space under the effect of the equipment

d oJ o .
— =—— i=1..n
a’taa’qOL oq,

dt

While considering the movement of the object of la-
bour in one dimension technological space (n = 1) the
objective functional may be recorded as follows

b
Ry =[] 402 - (‘fjj N TR TER

ds
w, =m,(S); R
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From the variation that equals to zero 6%, = 0 there
is derived the Euler’s equation

dp_ [m’— 207 o,
dt My, as
In the limiting case, when the losses of technological

resources tend to zero p — p,, the last equation takes the
form, which is similar to (5)

du_ O,
ar Mvas”

While moving along the manufacturing route the ob-
ject of labour should be processed strictly in accordance
with the specified manufacturing technology (Fig. 1),
specified regulatory technological path .S, = S,(f) and the
limiting technological paths, being set based on manu-
facturing tolerance for the performance of operation.
Departure from the technology is inadmissible. It leads
to adverse effect and results in the defect.

Let us consider the motion integrals related to uni-
formity of time and space. If the objective function of
the manufacturing system does not depend directly on
time, then its total derivative by times may be recorded
as follows

(6)

W _$ o) da, O L,
dr Soq, di dg, dr*’ ot

dt

a=1

aoJ d o
Let us replace the derivatives —— by in
oq, dt 5% d%
dt
accordance with the Euler’s equations, we will obtain

~d oJ

= dt dqa
dt

This value remains unchanged through time in the
course of the labour object motions in n-dimensional
technological space, and specifies the relation between
the intensity p of the resources consumption by the ob-
ject of labour and the intensity p,, of the transfer of the
technological resources by the manufacturing equip-
ment. The change of the intensity u is definitely deter-
mined by the intensity variation p,,. In case of unifor-
mity of the technological space with respect to coordi-
nate the objective function of the manufacturing sys-
tem J does not implicitly depend on coordinate ¢,

—J =const.

——=0. In the virtue of the Euler’s equations it fol-
M

lows that

=const.

d
0%
dt
The received motion integral for the system of “the

continuous flow line — the object of labour” may be
treated as the constancy of the technological resources
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consumption rate by the object of labour in the course of
its movement along the manufacturing route.

3. Technological paths engineering with the use of gen-
eral dynamic equation. The equation of labour object
motion may be obtained from the general equation of
labour object dynamics in the phase technological space.

zn:[Qa(%) S, d;tz ] 34, =0,

o=l B=1

where Q,(q,) is generalized technological strength, ef-
fecting the object of labour along the coordinate g, with
the purpose of transfer of the technological resources,
under which there is performed work over the object of
labour 84, = @, - 8¢,

i%
84 - Zzaaﬁ d2

o=1p=1

SA:isAa; —iQu'S%ZO;

(7

-8gq, =0.

The summary with double amount is presented as
follows

ZZ dyp A9y dqa
o=1 =l o 2 dt dr

Let us present the derived formula in (7) and inte-
grate in accordance with t

Since the initial and final states have been fixed, then
d¢q;= 0 and, consequently

I( ZZ oan ;Itﬁ dja

B\ o=lp=l

SAJdt:O.

Let us introduce the notion of potential energy of the
system I1(¢, q,), 64 =-0811(¢, q,), presenting the objective
function as follows

dq, | g 995 dg,
J[”q“’ dtj_zz 2 a )

o=l p=1

If the manufacturing technology has been specified
and is not changed in the course of the time or the time
that has to be spent on changing such manufacturing
technology is much longer than the time of the produc-
tion cycle, then with the sufficient degree of accuracy
one may assume the objective function does not implic-
itly depend on time, which allows recording the first in-
tegral
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H(t,qa) = h, = const,

with the system potential I1(g,). In case of one-dimen-
sion description of the manufacturing process with the
2

n

objective function J (S,u) :7— (S ), the motion in-

tegral will take the following form

2

%-FH(S):hO = const; %=u.

If the motion of the object of labour complies with

the bilateral constraint (5) of the kind u?- ufu(S) =0,
then the formula for the potential energy may be ob-

tained from the following equality p 2(8)=2(h, - T1(S)).
The objective function is defined w1th1n the accuracy of
the summand, which is the total derivative of the coor-
dinate function and time. It follows thence

I(Sm)=n+uy(S),

which allows recording the Euler’s equation that coin-
cides with the equation (6)

d o, (S
d_}:: ‘V(S) ;é )

Conclusions and recommendations for further re-
search on development and improvement of PDE-model
of the manufacturing systems. The obtained results of
the investigation are the basic ones for the develop-
ment of high performance manufacturing control sys-
tems based on PDE-models of the manufacturing sys-
tems. Compared to the models, where to obtain the
closed equation system the equation of condition is
applied, models, which use the equation of the tech-
nological path, allow describing the manufacturing
processes, functioning under the transient condition.
An important and separate task is the distribution of
the obtained results in case the description of the basic
data have been executed in terms of fuzzy mathematics
[10]. It allows extending the application field of class
PDE-models of the manufacturing systems signifi-
cantly.
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Meta. Po3poOka aHaJTiTUYHUX METOMIIB MPOEKTY-
BaHHSI TEXHOJOTIYHUX TPAEKTOPIl pyxy MpEeaMETiB
npali y MNpocTopi CTaHiB 1151 MOOYIOBU 3aMKHYTHUX
PDE-Moneneit onucy BUpOOHUYUX CUCTEM.

Metonuka. [I1s1 BUBEIEHHS PiBHSIHHS pyXy IIpej-
MeTa Ipalli y MpocTopi CTaHiB BUKOPUCTaHI MaTeMa-
TUYHUI armapar i MeTOaU aHAIITUYHOI MeXaHiKM, Bapi-
alliifHOTO YMCJICHHSI.

PesyabTatu. OTpuMaHO PiBHSHHSI PyXy IpeaMmeTa
mpali y NpocTopi CTaHiB i pO3MJISIHYTI iHTErpaJiu pyxy,
MOB’s13aHi 3 OMHOPIAHICTIO Yacy i MpOCTOpY CTaHiB.

Haykosa noBusna. [losisirae B ynockoHasieHHi PDE-
MojieJieil BUDOOHUYMX CUCTEM, BUKOPUCTOBYBAHUX TSI
TIPOEKTYBAaHHS BUCOKOE(EKTUBHUX CUCTEM YIIPaBIIiH-
HS BUpOOHUITBOM. 3ampoIIOHOBAaHA MOIENb MepeHe-
CEHHS TeXHOJIOTiYHMX PeCypCiB Ha IpeaMeT IIpalli, 3a-
CHOBaHa HE Ha TpamuIlifHOMY (heHOMECHOJIOTIYHOMY
OIKMCi CTallioHAapHUX BUPOOHMYMX SIBUILI, @ HA 3aKOHAX
30epekKeHHsI, 1110 XapaKTepUu3yloTh IPOILIEC ITePEHECEeH-
HSI TEXHOJIOTIYHMX pecypciB Ha MpeaMeT Tpalli il mpo-
CTOPOBO-YACOBY CTPYKTYpY BUpOOHMUYOTrO npoiecy. Lle
JI03BOJIMJIO OTPUMATU PiBHSHHS PyXy MpeIMeTiB mpaii
3a TEXHOJIOTIYHUM MapIIpyTOM 3 HACTYITHOIO ITOOYI0-
BOIO Ha iX OCHOBi HecTalioHapHux piBHsSHb PDE-
MOJeNIeil UIsl OMUCY CTaHy MmapamMeTpiB BUPOOHUYOTO
npouecy. [lpy BUBeneHHi pPiBHSHHS TEXHOJIOTIYHOL
Tpa€eKToOpii pyxy NpeaMeTa Ipaili BpaxoBaHi nudepeH-
LiaJbHI 3B’SI3KY, 110 HAKJIAIAIOThCS BUPOOHMYIOIO CHC-
TEMOIO Ha IIPOIIeC MMePEeHECEHHS TEXHOJIOTIYHUX pecyp-
CiB Ha MpenMeT Mpalli B pe3yJbTaTi B3aEMO/Il 1X 3 TeX-
HOJIOTIYHUM 00JIaTHAHHSIM i MixK CO0O0I0 TIpU TIepeXxoi
Bill OJTHi€] TEXHOJIOTIYHOI OIepallii 10 iHIIO1.

IIpakTnuna 3naunmictse. [Tonsirae B Tomy, 1110 MEeTO-
Id TOOYyIOBU PiBHSIHHSI TEXHOJIOTiYHOI TpaeKTopil
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MpenmMeTa rpalili J03BOJISIIOTh PO3POOUTH BUCOKOTOYHI
Moedi TepexifHUX IIPOLECiB BUPOOHUYOI CUCTEMU,
110 € OCHOBOIO JUTSI IPOEKTYBAHHS BUCOKOC(DEKTUBHUX
CUCTEM yNpaBJliHHS HiAIIPUEMCTBOM 3 IOTOKOBUM Me-
TOAOM OpraHi3aliii BUpOOHUIITBA.

Kimouosi ciioBa: npedmem npaui, mexronoeiunuii npo-
yec, mexronoeiuna mpaekmopis, PDE-modens

Iens. Pa3zpaboTka aHAJIMTUUYECKUX METOJIOB IMPO-
€KTUPOBAHUS TEXHOJOTUUCCKUX TPACKTOPHUIA IBIKE-
HUS MPEIMETOB TPyIa B IPOCTPAHCTBE COCTOSIHUMA C
LIeJIbI0 TTOCTPOeHUS 3aMKHYThIXx PDE-Mopeneii, npu-
MEHSIEMBIX JIJISI OTTUCAHUS IIPOM3BOICTBEHHBIX CUCTEM.

Metomuka. JIyisi BbIBOmMA ypaBHEHUS IBIDKCHUS
IpeaMeTa Tpyaa B (pa30BOM IIPOCTPAHCTBE COCTOSTHUI
HCTIOIb30BaH MaTEeMaTHMYECKUI ammapaT U METOJbI
AHAIMTUYECKOI MEXaHUKH, BapMallMOHHOTO UCUMCIIe-
HUS.

Pesynbratpl. [losiyueHO ypaBHeHUE ABUXKEHUS
MpeaMeTa Tpyaa B TPOCTPAHCTBE COCTOSIHUIA U paccMO-
TPEHBI MHTETPAJIBI IBVKECHUS, CBSI3aHHBIE C OTHOPOI -
HOCTBIO BPEMEHM U IIPOCTPAHCTBA COCTOSTHHUIA.

Hayuynas HoBHM3HA. 3aKJl04aeTcsi B COBEpILEH-
crBoBaHuu PDE-moneneil mpou3BOACTBEHHBIX CHU-
CTEM, MCIIOIb3YEMBIX TSI IIPOCKTUPOBAHMS BBICOKO-
3(hGEKTUBHBIX CUCTEM YIIPABICHUS ITPOU3BOICTBOM.
[IpemnoxeHa Momenab IepeHOCA TEXHOJOTMYSCKUX
pecypcoB Ha MpeaMeT Tpyda, OCHOBaHHAs HE Ha Tpa-
IUIMOHHOM (heHOMEHOJOIMYeCKOM OIMCAaHUM CTa-
LIMOHAPHBIX IPOU3BOACTBEHHBIX SIBJICHUI, a HA 3aKO-
HaX COXpaHEHUsI, XapaKTepU3yIOIIUX Mpoliecc Tepe-
HOCa TEXHOJOTMYECKUX PECYPCOB Ha MPeAMET Tpyaa U
IIPOCTPAHCTBEHHO-BPEMEHHOM CTPYKTYpE ITPOU3BOJI-
CTBEHHOIO TMpolecca. DTO TMO3BOJWIO MMOJYYUTh
YpaBHEHUS NBIDKCHUSI TIPEAMETOB Tpyda IO TEXHO-
JIOTUYECKOMY MapIIpyTy C IOCIECIYIOIINM ITOCTpOe-
HUEM Ha WX OCHOBE HECTAllMOHAPHBIX YPaBHEHWM
PDE-mopeneit aast onmucaHUsI COCTOSIHUSI Tlapame-
TPOB IIPOM3BOACTBEHHOTO Tipoliecca. [Ipu BBIBome
YpaBHEHUS TEXHOJIOTUYECKOM TPACKTOPUU IBUKCHMUS
MpeaMeTa Tpyaa yYTeHbl 1uddepeHIInalbHble CBSI3H,
HakJIaabIBaEMbIe TIPOM3BOJICTBEHHOW CUCTEMOUW Ha
Mpolecc TMepeHoca TEeXHOJOTMYEeCKUX PecypcoB Ha
MpeIMeThl TPyIa B pe3yJbTaTe B3aMMOICHCTBUS UX C
TEXHOJOTMYECKUM O0OPYIOBAHUEM U MEXIY COOOi
MpU Mepexojie OT OAHON TEXHOJOTUUECKOM onepauuu
K IPYTOM.

IIpakTHYecKas 3HAYMMOCTh. 3aKITIOUAETCS B TOM,
YTO METONBI TOCTPOCHUS YPaBHCHMSI TEXHOJIOTHYC-
CKOIf TPaeKTOPUHU IIpeaMeTa Tpyda MO3BOJISIOT pa3pa-
00TaTh BRICOKOTOUYHBIC MOJIEIN IePEXOIHBIX IIPOIIeC-
COB MPOM3BOJACTBEHHOM CUCTEMBI, KOTOPBIC SIBJISTFOTCS
OCHOBOI JISI MPOEKTUPOBAHUST BBICOKOI(DMEKTUBHBIX
CHUCTEM YIpaBJIeHUS TIPEANPUITUEM C TTOTOYHBIM Me-
TOIOM OPTaHU3aLUU ITPOU3BOICTBA

KmoueBble cioBa: npedmem mpyoa, mexuonocuue-
cKkull npouecc, mexuonoeuueckas mpaekmopus, PDE-
Modens

Pekomendosano 0o nybaikauii 0okm. mexH. HAYK
JI. I. Packinum. Jlama naoxooxcenns pyxonucy 11.06. 16.

111




