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MODELING OF EXPLOSIVE PROCESSES
IN ANISOTROPIC MEDIA WHERE BOUNDARY
OF THE INFLUENCE REGION IS IDENTIFIED

Nowadays, explosive processes are widely used for the optimiza-
tion of extraction minerals processes, in the buildings construction and
industry. This practice allows to significantly increase the speed of the
work and, at the same time, reduce it cost. However, side effects of the
explosion usage can be catastrophic, since its destructive power is ca-
pable of completely demolishing even fairly stable buildings and caus-
ing irreparable damage to the environment, therefore there is a need for
a precise mathematical modeling of the explosive process with a de-
tailed calculation of all its consequences.

One of the models used to investigate the explosion process is
a fluid based on the simulation of an environment in which an ex-
plosion occurs as a filtration fluid. In this case, the velocity field
generated by the explosion is usually considered to be potential.

This article deals with a mathematical model of the explosion
process based on a liquid model. It takes into account the mutual in-
fluence of the deformable anisotropic porous medium parameters
and the explosive process characteristics. The corresponding bounda-
ry value problem is solved using the numerical quasiconformal map-
pings method which ensures the possibility of its solution taking into
account the presence of the reverse effect, the existence of which es-
sentially complicates the process of solving the problem by other,
less «dynamical» methods. Algorithm used in the modelling of simi-
lar processes in hydrodynamics and electrodynamics, in particular for
the study of filtration processes and electromotography is adapted for
solving appropriate boundary value problems. The method of identi-
fying the external boundary of the domain of the explosive process
influence is developed by introducing certain changes to the «classi-
cal» algorithm for solving such a type of boundary problems for the
twice-bounded domain since the last one requires a priori assignment
of the inner and outer domain contours.

Key words: anisotropic medium, complex analysis, explosion
processes, hydrodynamic mesh, identification, mathematical mod-
elling, numerical methods, quasiconformal mapping.

Introduction. Explosive processes are often used in mining, particu-
larly, for grinding the hard rock preventing easily access to the minerals at
the present stage of development of production. Also, explosions are often

© A. Bomba, K. Malash, 2018 5
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used in buildings construction, for example, to clear the territory or create
large depths. It is extremely important to determine the correct technologi-
cal parameters of the explosion process, since the inaccuracies made may
couth to catastrophic consequences, particularly, the destruction of nearby
buildings, or the other significant damage, the elimination of which re-
quires enormous costs or is impossible. For this purpose, mathematical
modeling of the process is carried out.

Nowadays there are several models of explosion processes, each of
which is used by various researchers. Particularly, V. Kravets, V. Koro-
bichychuk, V. Boyko use linear-elastic, elastic-plastic and visco-elastic
ones [1]. V. Bulavatskii, V. Skopetskii, and 1. Luchko consider the liquid
model based on the representation of the medium in which the explosion
occurs as an ideal liquid, and the field formed by the explosion is consid-
ered to be a potential. In this case the process modelling is based on the
solution of the corresponding boundary value problem using conformal
mappings. However, their functional does not provide sufficient accuracy
of the solution, since the field formed as a result of the explosion is not
ideal (this is due to the presence of squeezed parts of the soil, as well as
areas close to the cavities); in addition, there is a need to take into account
the reciprocal influence of process characteristics and the medium charac-
teristics. The liquid model of explosive processes was improved by
A.Bomba and his scientific school [4-5]. Quasiconformal mappings
methods are used for solving the corresponding boundary value prob-
lem [6—10]. The impact of the explosive process on an isotropic medium is
investigated in [4], the impact on anisotropic one is described in [5] (the
boundaries of crater, pressed and undisturbed sections of the medium are
determined, and, also, the hydrodynamic grid of the formed field is con-
structed). The area of an explosion influence is considered to be given a
priori in these works (the corresponding mathematical domain is modeled
as a twice-bounded domain).

In this article we propose a solution to the problem of determining
the boundaries of the crater, pressed and undisturbed domains of the medi-
um with the simultaneous identification of the area boundary of the explo-
sion impact on the investigated environment, taking into account the inter-
action of the characteristics of the environment and the process with the
automatic construction of the hydrodynamic grid.

Presenting main material. We consider a certain domain G,
(z =x+iy), where the charge of a given form with a constant quasi-
potential on it is placed, in a medium where an explosion was occur-

red (Fig. 1).
6
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Fig. 1. Physical domain of the medium
The particles motion process is described (analogously to [5]) by the
motion equation o =k gradep and the continuity equation divo =0,

where U = (Ux (x,3),0,(x, y)) is the particle velocity, and ¢ =¢(x,y) is
the quasi-potential of the corresponding field,
k:[kn(x,y,sox,wy) klz(x,y,wx,coy)J

k1 (%, 3,00,0,) k(X ,0,,0,)

is the conductivity coefficient of the medium (which characterizes the abil-
ity of particles to rise). We consider that the explosion influence area is
bounded by two contours — external and internal ones. The inner contour
is the charge boundary. It is known a priori:

Lo={z: fu(x,») =0} ={x+iy: x=x:(1), y=y: (1), = <t <B}.
The outer contour of the domain separates the studied area from the gen-
eral one, and we can’t set it a priori. Physically, it delimits the soil areas
with the same characteristics, because the undisturbed zone of soil from
the studied domain has the same characteristics as the outside one, so the
external contour, which is established solely for the purpose of correct
calculation, should be chosen so that it is situated in the undisturbed zone
(emphasize that the contour that separates the pressed and the undisturbed
soil zone is important to know from a practical point of view). It is inap-
propriate to choose the outer contour so that the undisturbed area within
the studied area is too large, since an increase in the size of the studied
area requires an increase in the number of the partition nodes, which leads

7
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to higher costs of machine time or to the loss of accuracy; on the other
hand, the choice of the external contour so that it would be outside the
unbroken area will result in distortion of the results. We propose to identi-
fy the outer contour of the investigated area by solving a sequence of simi-
lar tasks, each of which differs from the previous one by outer contour.
After solving each of the following tasks (starting with the second one),
we compare the obtained boundaries of the crater, the pressed and undis-
turbed domains of the soil with those obtained for the previous. If they
coincide with sufficient accuracy, then the contour that we found in the
first of the comparable tasks is the wanted one; otherwise, we go to solv-
ing the next problem, in which we consider a little bit "larger" area. the
process should be repeated until the desired boundaries of the crater,
pressed and undisturbed domains of soil in the two adjacent tasks do not
coincide. So, in each of the subtasks the outer contour is set in such way:

L={z:f () =0} = ={x+iy:x=x](), y=0,(0), & <t<f},
where (0|L=(p*, (/J‘LA:go*, —0 < @y <¢)*<+oo. In each task from the

considered sequence, the functions xj(t), y:(t) have the same structure

and differ only in parameters in such a way that they form a sequence of
so-called «concentric» contours.

As a result of the problem solution it is necessary to construct a hy-
drodynamic grid, to determine the boundaries of the crater, the pressed and
undisturbed sections of the soil (in Fig. 1, these borders are marked by
dashed lines/ =1", I = IO).

We model the explosion process in the same way as [5] — taking in-
to account the interaction of the quasipotential ¢ =¢@(x,y) gradient

k, K
I :,/(pf +go§ and the conductivity tensor k :( ! '2j and the for-

k

21 K2

mation of the sections (Fig. 1), in which the correction of the latter is
made, depending on the values / according to the following formula:

_ 1 * 0 0 _
ki = ko +2 (1-1 )((1—1 J+|r-1 ‘) (rs=12), (1)
where 1°, I" are the critical gradient values, which characterize the delay
and separation of particles (the position of the line of the section), the pa-

:Bll 1812
ﬁZI ﬂ22

ropy change, is selected based on the physical experiment [3].

rameter tensor [ :( J, which characterizes the medium anisot-

8



Cepis: TexHiyHi Hayku. Bunyck 18

We introduce a flow function y = y/(x,y) , that is complex conju-

gate to @ =¢(x,y) (as described in [7]), fix a certain point A= B € L.

on the inner contour of the domain and make a conditional incision of
the investigated domain along one of the flow lines (unknown yet, it
will be refined in the process of problem solving). The top and bottom
of the section are marked via AA and BB on Fig. 1. We obtain (in the
case of a fixed k) the problem on a quasiconformal mapping

w=o(z)=p(x,y)+iy(x,y) [6] formed by a single-bounded domain
Gg =G, / AA on the corresponding rectangular domain of a complex
quasipotential G, ={w=p+iy: ¢, <p<¢@ , 0<y <O} with an un-
known parameter Q:

op Oy

A a

% __ v
oy Ox

0

Kl](x’ys(oxs@y)a_f""(lz (xaya¢7x’¢y)

o0 ,(ny)eGl. ()

K21(xsy’(px’¢y)a+’(22(xsys(px’(py)

¢|Lk =@, ¢|L&* =0, V/|AA =0, !//|BB :Q:qg—uydx+uxdy.
L

The corresponding inverse boundary value problem on the quasi-
conformal mapping z =z(®)=x(p,y)+iy(p,w) of the domain G, on
G! and the real x=x(p,y) and imaginary y =y(p,y) parts equation
(we also require it's execution in the section to account for their «split»
in the transition from the domainG, to G,) of the characteristic flow
function with the unknown position of the section and the value Q is
obsessed as:

Y X, | O b X, | Ox  Ox
Kll{xaya_wa__l//]_y_’cu (xaya_l//a__l//] =

J°J oy J°J Joy o¢

Yy X%, )0 Yy X, \0x 8
,(21{x,y,_w,__‘ﬂ]_y_,(zz[x,y,_w,__‘ﬂ]_:_y, 3)

J J oy J J Joy O

(pw)eG,  J=x,3,-%,7,,
S (@ 0), ¥(@ey)) =0, p.<p<g,
A (X(co*,t//),y(rp*,l//)) =0, 0<y<Q,

(9,00 =x(0,0), ¥(@,0)=y(0,0), p.<p<g, Q)

(4)
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0 ( 1 6xJ+i(mezz—Km G_X}i(&ﬂ}
op\ Ky, Op ) Oy Ky oy ) op\ Ky Oy
_iEEa_x]:(), 0 [ 1 8y]+ (6)
oy \ Ky, Op o\ Ky, Op

+i(’fn’fzz_’f21’(12 ﬂ] 0 [’(21 aJ’J (’(12 GYJ 0.
oy K2 Oy ) Op\Kky Oy ) Oy\ Ky Op

We construct the algorithm for numerical solution of the problem
analogously to [5]. The difference analogs of equations (6), boundary con-
ditions (4), as well as additional conditions for boundary and near-
boundary nodes in the corresponding uniform grid domain

G£={(rﬂi,wj): @ = +i-Ap,i=0n;y,;,=j-Ay, j=0,m;

szu,szg,y:A_W}
n m Ap

is written, respectively, in the form:
O-( aiyy /+1 i+, j+1 ( i+l,j+1 +al /+l) lj+1 +al 1+1 i— 1,j+l)+
(1- 20)( i1 %~y + )x,-,_,»+a,-,_,»x,-_1,_,-)+
+O_(ai+1,j71xi+l,jfl ( Qi j1 ;- 1) X; o1+ % 1,j—1)+
+7* (o b X; b, +b, +b, +
Y i1, 1%+ T\ Ot T 0 ) X j T i, j X, -1

+(1-20) (bi,jﬂxi,jﬂ - (bi,/+1 +b; )xi,/ +by % o ) +

+O—(bi—l,j+lxi—l,j+l _(bi—l,jﬂ +b ) Xi-1, +b i1, jXi-1, j— 1))+

+7(ci+l,j (xi+l,j+l =X, j-1 )_ci—l,j (xi—l,jJr] X, -1 ) - (7
—d; i ( Xitl, j+1 _xifl,j+l)+d,j 1( Xivl, j-1 ~Xim1, j-1 )/4 =0,

0'(52+1,j+1y1'+1,j+1 _(5i+1,j+1 +a; 14 )yi,j+] +a; 11 Vi, )+
+(1-20) (@i i (e + 1) 2, +5i,,-yi_1,j)+
+0(5i+1,j—1yi+1,j—1 (al+1, 1 1))’1, 114 1Y, - 1)+
+72(O_(5i+1,j+lyi+l,j+l _(bi+1,j+l +b+1j)yl+1j +b+1jyl+1j 1)+

10
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+ (1 - 20—)(5[,_j+1yi,j+1 - (6;',_;41 + 511 )yi,j + l;i,jyi,j—l ) +

+O'(bz 1,j+1Yic1, j+1 (l;i—l,j+1+b 1])% 1/+b1 1, Vi1, - 1))+

+7(_ci+1,j (yi+1,j+1 _yi+1,j—1)+ci—1,j (yi—l,j+1 —Yia,j 1)+

+d; in (yi+1,j+l —Yi1,j+1 ) - 571',_;’—1 (yi+1,_j—1 — Vi1, )) /4=0,

i=Lm, j=Ln.

Where

1,22 21 12 12

_ 1 n KijKij — K% | Kij

a; . =ac| — |, b ; =bd| ————"—>1, ¢, . =ac| —-
,J 11 5] 11 i,j 1m0

K ; Kij

2112

- K2 o - K” e
dz,j:bd 1]’ 4;j =ac o ’

K ij
D) q _pal
¢G,; =ac 2 > L) =bd T2
Kij Kij
k. . +k ki +k
, 1 i, i,j—1
ac(k,--)= ol ) bd(z“)_ ’ ’
] ] 2
s 2AQ(Y; 1 = Vi jo1) 280X o =X 1)
K‘i . =K
,J rs J ’ J
ij i,j

Jij =(x,-+l’j _xf—l,j)<yt,/+1 Vi j- ) ( L+ "f—l)<y i) T "—U)’

m =1n
— [ (xo,j’yo,j)(yl,] y0])+ (xo,j’yo,j)(xl,j _xO,j) =

- \/ a2 (o 5220 )+ 124 (1230, ) %

X\/(xl,j —Xo, )2 oy =0, )2 J1-cos” Ong ;.

" 8
fv x(xi,nJrl’yi,nJrl)(yi,n_yi,n+l) J(v y( ln+l7yln+1)( ll‘l _xi,nJrl): ( )

_ * 2 2
- f? x (xi,n+19y[,n+l)+ y (x‘nJrl’yi,nJr])

I,

2 2 2 \*
X (xi,n _xi,n+l) +<yi,n _yi,n+1) l-cos” @, .,

11
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where

cos©® =(’f11fx2 +(K12 +K21)fx Jiy +K22fy2)/(fx2 +

0| =

+fy’2 )% ((anxl + ’(12fyl )2 + (K21fx' + KZny, )2 J

The approximation magnitude y formula is obtained based on the

«quasi-conformal similarity» condition of elementary rectangles [6] of
two domains:
1 Wt

m+1)(n+1)

,j+l

V= ) )
( ij=0 G T iy ;

where

2 2
a,-,,:\/(xiﬂ,j—xi,‘,-) +<yi+l,.i_yi,j) g

2
q; ;= (Kll (yi,j+1_yi,j)_K12 (xi,j+l_xi,j )) +
1
22
+(K21 (y i1 Vi ) —K» (xi,j+l_xi,j )) .
The numerical implementation of the algorithm is carried out as fol-
lows. Firstly, we set the domain G, partition parameters: » and m, critical

potential values 7 : , 1 0, parameters &, , &,, &, which characterize the
accuracy of the difference problem solution, parameter &, , which charac-
terizes the accuracy of the investigated domain boundary identification.

We set the outer contour LT:{z:f*(x,y):O}:{x+iy:x:xl*(t),

y= yl* (0, o <t< ﬂ*} so that it is at a short distance from the inner one
for the first problem. We set the initial approximation of the boundary

nodes coordinates (x(()?])., y(()?]).), (xfl?_)-, yff)) (with monitoring the fulfill-

0) ,(0)

ment of conditions (4)) and inner nodes (x,«, FoYi g ) (for example, evenly

dividing the segments with the ends at the points (X(()(,),)-,J’(()?,)-),

(xf,?},yfl(,)}) ). Then we find the initial approximation 7(0) = }/(x,-(,(}),)’i(,(}))

of the quasiconformal invariant » by formula (9). Next, we perform the

12
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refinement of the internal nodes coordinates (x,-(,”;), yl(oj‘)) with the given

accuracy & (o — the total iteration number) using iterative circuits such

as the «cross» obtained by solving (7) with respect to x; ; and y, ;. In this

case, the necessary values of the pressure gradient and the permeability
tensor k in the grid nodes Gj, are calculated from the values x; ;, »;;
from the previous iteration step. We correct the boundary nodes, solving
approximately the system of equations (8), for example, by Newton's

method. If the value of the nodes displacement on the boundary for the
performed « -th total iteration

2 2
-1 -1
S :rr;g}x\/(xff;) —xf’”; )) +(yi(’”]’<) —y,-(j- ))
((i, ) are indexes of the boundary nodes coordinates) is greater than &,

then we return to refine the internal nodes. Otherwise, we find new ap-
proximations Q(L) and 7/(” quantities Q and y y the formula (9) and the
condition for the connection between them: QO=mA@-y. If

Q(L) - Q(Lfl)‘ > &5, then we return to the refinement of the internal nodes,

otherwise we calculate the resulting grid «quasi-conformality» non-

connection & =+/8f +6; , where &, & are the equations approximations

incompatibilities (3):
n—1,m-1

o = Ilrfi_’l( | V(X —%o) =k ;- i = Vi 1) l

n—1,m-1

0, = m,ai( |7/(yi+l,j _yifl,j)"'ki,j '(xi,jH _xi,j—l) |
l,j:

Then we determine the position of the section lines of the hole,
pressed and undamaged sections of the soil and set the outer contour

L, :{z:f (x,y):O}: {x+iy:x=x§(t), yzyz(t), a <t<f} so
that it is somewhat «bigger» from the previous, and solve the problem for

this contour. We compare the position of the section lines of the pressed
and undisturbed soil plots for the first and second tasks. If the difference

between them does not exceed &, , then the contour LT is sought, other-

wise we go to the next task with the contour L; , the results of which are

compared with the results of the second one.

13
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Fig. 2. Distribution of zones formed by explosion

The process should be repeated until the difference between the sec-
tion lines of the crater, the pressed and undisturbed zones for some s and
s+1 tasks will not satisfy the given accuracy. The contour L: is consid-
ered to be sought.

A computer program was developed and numerical calculations were
performed based on the algorithm. For input data nxm=70x100,
I7=0.008, 1°=0.004. L ={z: fu(x,») =0} = {x+ip: x=10+6cos(t) .
y=5+5sin(¢), 0<r< 27z} is charge contour, @ =0, (o* =1,

14
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3
1

responding situational condition (in particular, the hydrodynamic field grid)
resulting from the explosion in such medium is depicted in Fig. 2 a).

We see that 3 depreciated zones were created: A is a crater, B is a
pressed zone, C is an undisturbed zone. The outer contour of the studied

area is also identified: Lj = {z : f*(x, y)= O} = {x+iy :x =160cos(?),

4
={x+iy:x=48cos(t), y=39sin(r), 0<t <27}, koz( 4].The cor-

y=130sin(¢), 0<t< 27[} . For comparison Fig. 2b) shows the result of
calculations for a predetermined external contour L' = {z o f "(x, V)= O} =

={x+iy:x=176cos(r), y=143sin(r), 0<r<2z}. We see that the

boundaries of the crater, pressed and undisturbed domains of the soil coincide.

Fig. 3. Distribution of zones for an isotropic medium
Note that the algorithm works for an isotropic medium. Fig. 3 shows
the results for anisotropy.

30
The input data is the same as for Fig. 2 only &, = [0 3} (since the

medium is isotropic). The outer contour is identified L =
:{z:f*(x,y) :0} = {x+iy:x: 144cos(t), y=117sin(z), 0£t<27r} .

We see that the anisotropy of the medium significantly influences the for-
mation of a crater, the pressed and undisturbd domains of the soil, but the
developed algorithm works for both the case of isotropy and for anisotropy.

15
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Conclusions. The mathematical model of the explosion process that
takes into account the interaction of the process characteristics (quasi-
potential) and a deformable porous anisotropic medium based on the use of
the numerical method of quasi-conformal mappings (as well as the algorithm
for solving the corresponding nonlinear boundary-value problems) and aims to
determine the position of the boundaries of the extruded, and unpolluted soil
zones, is generally summarized in the case of identification and the boundary
of the zone of influence of the explosion process on the medium. The solution
of the corresponding boundary value problem occurs using the special proce-
dure of inverse mapping and the stepwise parametrization of the medium
characteristics and process, as well as the ideas of the block iteration method.
This allows to automatically build a hydrodynamic grid and a speed field.

The results of the numerical experiments developed on the basis of
the algorithm developed showed the feasibility of using it for modelling of
explosive processes in anisotropic deformable porous medium in order to
determine the position of the section lines of the crater, the pressed and
undisturbed zones of the soil with the simultaneous identification of the
boundary of the explosion impact zone. It is shown that the developed
algorithm works for both anisotropic medium and for isotropic.

In the perspective is identification of the explosion process parame-
ters, in particular, finding the location and the shape of the charge, as well
as solving the corresponding spatial problems.

References:

1. Kravets V. G. Physical processes of applied geodynamics of an explosion:
monograph / V. G. Kravets, V. V. Korobyichuk, V. V. Boiko. — Zhytomyr :
ZSTU, 2015. — 408 p.

2. Bulavatskii V. M.. Some inverse problems of the pulsed-hydrodynamic theory
of explosion on the discharge / V. M. Bulavatskii, I. A. Luchko // Investiga-
tions on boundary value problems of hydrodynamics and thermophysics. —
Kiev, 1979. — P. 53-64.

3. Bomba A. Ya. Nonlinear mathematical models of geohydrodynamics pro-
cesses / A. Ya. Bomba, V. M. Bulavatskii, V. V. Skopetskii. — Kiiv : Naukova
dumka, 2007. — 308 p.

4. Bomba A. Ya. Using quasi-conformal mappings to mathematical modeling of
explosion processes / A. Ya. Bomba, A. M. Sinchuk // Volynskii matematych-
nii visnyk. Serie «Applied mathematics». — Ed. 8. — P. 32-41.

5. Bomba A. Ya. Modeling of the explosion process in an anisotropic medium
with quasiconformal mapping methods/ A. Ya. Bomba, K. M. Malash // Trans-
actions of Kremenchuk Mykhailo Ostrohradskyi National University. — Kre-
menchuk. — 2017. Ed. 4 (105). — P. 28-33.

6. Bomba A. Ya. Methods of complex analysis: monograph / A. Ya. Bomba, S. S. Kash-
tan, D. O. Prigornytskii, S. V. Yaroshchack. — Rivne : NUWM, 2013. — 415 p.

7. Blair David E. Inversion theory and conformal mapping / David E. Blair. —
American Mathematical Sciety, 2000. — 152 p.

16



Cepis: TexHiyHi Hayku. Bunyck 18

8.

9.

10.

Nearling James. Mathematical tools for physics / James Nearling. — Miami,

2008. — 594 p.

Prigornitskii D. O. Modification of the algorithm for numerical solving a class of
nonlinear modeling boundary value problems on quasi-conformal mappings in two-
coupling deformable media / D. O. Prigornitskii / Volynskii matematychnii

visnyk — Serie «Applied mathematics ». — Ed. 9. — 2002. — P. 60-66.

Bomba A. Ya. Numerical solution of nonlinear modeling boundary value prob-
lems on quasi-conformal mapping under conditions of interaction of gradients
of potential and environmental characteristics / A. Ya. Bomba, V. V. Sko-
petskii, D. O. Prigornitskii // Visnyk Kiivskoho Universitetu. Serie: «Physics

and mathematics». — 2003. — Ed. 1. — P. 126-135.

MOAENMIOBAHHA BUBYXOBUX NMPOLIECIB
B AHI3BOTPONMHOMY CEPEAOBMULLI
3 IIEHTU®IKALIIEIO MEXI 30HU BIJIUBY

V Hami iHi 111 OnTHMI3aLil poLeciB BUI00yBaHHsI KOPUCHUX KOMAIH, Y
OyJiBHULTBI Ta IPOMHCIIOBOCT] JIOCUTH TOMIMPEHOIO € MPAKTHKA 3aCTOCYBaH-
Hsl BUOYXOBHX MpolieciB. BoHa 103BOJIsIE 3HAYHO MiIBUIIUTH IBHAKICTH BU-
KOHAHHs pOOIT i, BOIHOYAC, 3HU3UTH iX BapTicTh. [IpoTe, mobivHi aii 3actocy-
BaHHs BUOYXIBKH MOXYTb OyTH KaTacTpoidHUMHU, OCKIIBKY 1i pyHHIBHA cHla
3[aTHA OBHICTIO 3HOCHUTH HABITh JIOCUTH CTil{Ki CIOPYH Ta 3aBIABaTH HETO-
IPaBHOI IIKOJM HABKOJMIIHHOMY CEpEIOBHIILY, TOMY € HEOOXIJHICTh monepe-
JHBOTO TOYHOTO MaTEMATHYHOrO MOJIETIOBAHHS BUOYXOBOTO IIPOIIECY 3 JeTa-
JIBHAM NIPOpaxyBaHHsM ycix HOro HacIiJKiB.

OnHi€ero 3 MOJENEH, KOTPi 3aCTOCOBYIOTBCS IS OCHI/PKCHHS BHOYXO-
BOTO TPOLIECY, € PiAMHHA, IKa 0a3yeThCs Ha MOJENIOBAHHI CEPEeIOBHUILA, Y
SKOMY BiOyBaeTbcsi BUOYX, SIK HECTHCKYyBaHOI (UIBTPALifHOI pPiIuHH.
[Tpu upoMy moJjie MIBUAKOCTEH, IIOPOIKEHE BUOYXOM, SIK TIPaBUIIO, BBAXKA-
€THCSI MOTEHIIANBHNM.

VY cratTi chopMOBaHO MaTEMaTUYHY MOJEIb IPOLECy BHOYXY, sika 0azy-
€ThCsl HA piJuHHINA. BoHa BpaxoBye B3a€MOBIUIMB HapaMeTpiB JeopMiBHOTO
AHI30TPOIHOTO MOPHCTOTO CEPEJOBHUINA Ta XapaKTEPHCTHUK BHOYXOBOTO MPO-
ecy. BinmosigHa kpaiioBa 3a/1a4qa po3B’sI3y€ThCSI 3 BUKOPHUCTAHHSM YHCIIOBO-
r0 METOMY KBa3iKOH(OPMHHX BiIOOpaXKeHb, 110 3abe3reuye MOMKIHBICTD ii
PO3B’SI3aHHS 3 BpaxyBaHHSAM HAsSBHOCTI 3BOPOTHOTO BILUIMBY, iCHyBaHHS SKOTO
CYTTEBO YCKJIAHIOE TIPOLIEC PO3B’I3yBAHHS 3a/1adi 1HIMMU, MEHIII «IHHAMIY-
HUMU», METOJAMHU. AJIAITOBAHO AJITOPUTM PO3B’I3yBaHHs KpaHoOBHX 3aiad,
[I0 BUKOPHUCTOBYIOTBCS IIPH MOJIETIOBAHHI aHAJIOTTYHUX HPOIECIB y TiAPOIH-
HaMIIli Ta eNeKTPOIMHAMILI, 30KpeMa, TSl JOCHTiHKEHHS (UIbTPalitHIX Tpo-
neciB Ta enekrporoMorpadii. Po3podieno Meromuky ineHTHIKALIT 30BHINI-
HBOT MeXI1 00JIacTi BIUIMBY BHOYXOBOTO MPOLECY HUIIXOM BHECEHHS MEBHHX
3MIH JI0 «KJJACHYHOTO0)» aITOPUTMY IS PO3B’SI3yBaHHS TAKOTO TUITYy KpaHOBUX
3aj1a49 I JBO3B’SI3HOT 00JIACTi, OCKUIBKH OCTaHHIM BUMAara€e ampiopHOro 3a-
JTAHHS BHYTPIIIHBOTO Ta 30BHIIIHBOTO KOHTYPIB 00IaCTi.

Kawuosi caoBa: awnizomponne cepedosuwe, 6ubyxosi npoyecu,

2iopoounamiuna cimka, idenmugixayis, K6a3ikoHpopmHe 8i000paAdtCeHHA,
KOMNJIEKCHULL AHANI3, MAMeMamuiHe MOOeNIOEAHHS, YUCTIOB MEMOOU.

Otpumano: 20.11.2018

17



MatematuyHe Ta KOMI'I'POTepHe MozentoBaHHA

VK 62-501,4:681.326.7
DOI: 10.32626/2308-5916.2018-18.18-25

A. @. Bepanans*, 1-p TeXH. HayK, npogeccop,
C. A. Ilono:xaeHko**, 1-p TexH. HayK, Ipodeccop

*WuCTUTYT TIpo0IIeM MOJCTUPOBAHUS B SJHEPTETHKE
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NMPUMEHEHUE 3KBUBANIEHTHOW MOOENMU
Ans OUEHKU COCTOAHUA CUCTEM

CoBpEeMEHHBIH 3Tan Pa3BUTHS TEXHUYECKHX CHUCTEM XapakTe-
pu3yeTcst HEYKJIOHHBIM BO3PACTAHHUEM MX CTPYKTYPHOM CIIOXKHO-
CTH, a TAK)XE CIIOKHOCTH BBIIIOJIHSEMBIX HUMH (QYHKIUHA. DTO 00-
CTOSITEJILCTBO NPHUBOJUT K HEOOXOAMMOCTH COBEPIIECHCTBOBAHMS
TEXHOJIOTHIECKOH MOATOTOBKY IIPOU3BOJICTBA CHCTEM, UTO CBSI3aHO
¢ HEOOXOIUMOCTBIO 00ECIEeUeHHUS KECTKUX TPeOOBaHUHA K TECTHU-
POBaHUIO MOCIEIHUX KaK Ha CTAJAWM M3TOTOBJICHHMS, TaK M Ha CTa-
JUAX OKCIUTyaTallui U TEXHUYCCKOI'O O6CJ'ly)Kl/IBaHI/ISL

XoTs UMeeTCs 3HAYUTEbHBIN OIBIT B PEIICHUH yKa3aHHBIX 3a-
Jlad, OJTHAKO OCTAIOTCS AKTyaJbHBIMH HPOOJIEMBI METOMOJIOTHYe-
CKOTO o0ecriedeHns Mponecca AUArHOCTHPOBAHUS (M TECTHPOBaA-
HUS), TApaHTUPYIOIIETO MOJTydeHHe 3aJaHHBIX MOKa3arenei pado-
TOCHOCOOHOCTH JIOCTATOYHO IITHPOKOTO KJIacCa TEXHUYIECKHX CH-
CTEM, YTO, B KOHCYHOM HTOIC, JACT BO3MOXXHOCTDH IIOBBIILICHUA 10~
CTOBEPHOCTH OLIEHOK TEXHUYECKOIO0 COCTOSHUS JaHHBIX CUCTEM.

B psne ciayuaeB JUAarHOCTUYECKUI DKCIEPUMEHT CIEAyeT IIpo-
W3BOJUTH B YCIOBHSX, KOTAA JUATHOCTHPYEMasi CHCTeMa HE MOXKET
OBITh BBIBEJICHA U3 SKCIUTyaTallM UM 3aTpyAHEH (OrpaHMYeH) I0-
CTyTI K €¢ BHYTPEHHHUM 3JIeMeHTaM (mojacucreMam). JIelCTBEHHBIM 1
3(b(beKTHBHbIM oAX040M B JTAHHOM Ciiy4dac SABJIACTCA NPHUMEHCHUC
JUISl TIOTy4YEHHs] OLEHOK PaboTOCIOCOOHOCTH pEallbHBIX CHCTEM HX
MoJienel, JOMyCKaloIUX y4eT HaJIOXKEHHBIX BbIIIE yCIOBUM Ha IIPO-
BE/ICHUE JMarHOCTUYECKOro JKclepuMeHTta. IIpudem, Teoperude-
CKHE WCCIIEIOBAHUS IOCIEIHUX JIET MOKAa3ald, YTO NPU PEIICHUN
GONBIIMHCTBA 33/1a4 JHMAaTHOCTHPOBAHUSI UIMEET MECTO HEIOOIpesie-
JIEHHOCTb Tapbl «MOJIENb — KOHTpONupyemMas cuctemay. C mpakT-
YEeCKOW TOYKH 3pEHHS, PELICHHE 33Jaud JTUArHOCTUPOBAHUS C TIPH-
MEHEHHEM MOJIETIM CHCTEMBbl CBOJUTCS K SKBUBAJICHTHOU 3ajaue
HICHTA(QHKALNHY, B XOJIE PEIICHUsI KOTOPOH ONpeaessieTcs] OTKIOHEe-
HHE MOJENH AWarHOCTHPYEMOH CHCTEMBI OT HEKOTOPOTO 3TAIOHA,
MIPEICTABIISIONIETO COOO0I MOJETh HCIPABHOW CUCTEMBL.

PaccmoTpena BO3MOXHOCTh NMPUMEHEHUSI SKBUBAJIEHTHONH MO-
JIETH CHUCTEMBI (B YaCTHOCTH, JIEKTPOTEXHUUECKOTO yCTPONCTBA)
JUISL KOHTPOJISL €€ COCTOSIHUS, KOT/Ia CHCTeMa He BBIBOJHUTCS 3 pe-

18 © A. ®@. Bepnans, C. A. [Tonoxaenko, 2018
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JKUMa dKcIuTyaTanun. OnpeesieHbl YCIOBHS SKBUBAJICHTHOCTH MO-
JICJTA M PEaTbHOM CHCTEMBI, 4 TAKXKE MOPSIOK BEIOOpA MapaMeTpoB,
10 KOTOPBIM OCYUIECTBIISIETCSI OLIGHKA COCTOSIHUSI cucTeMbl. Kop-
PEKTHOCTh MPUMEHEHUSI SKBUBAJCHTHOM MOJCIH /IS OLICHKH CO-
CTOSHHS CUCTEMBI 0e3 BBIBOAA MOCIEIHEH U3 dKCIUTyaTaliy, I0Ka-
3aHa HA TECTOBOM IIPHMeEpE.

KiioueBble ¢JIOBa: oyenka cOCMosnus, dK8UBALECHMHAS MO-
delb, YCA06UsL IKEUBALEHMHOCU, KOHMPOIUpYeMble napamempul,
KOHMPOAUpyemas cucmemd.

Bgenenne. [locrossHHOE BO3pacTaHHe CIOXKHOCTH TEXHUYECKUX CH-
CTEM, CBSI3aHHOE C YBEIMUCHHEM UM YCIO)KHEHHEM BBIIONHAEMBIX (DyHK-
[, COBEPIICHCTBOBAHMEM TEXHOJOTHH INPOM3BOACTBA, YKECTOUCHHEM
TpeOOBaHMI K MOKAa3aTeNsIM KadecTBa M T. M., IPUBOANT K YCIOXHEHHIO
METOJIOB M CPEJCTB TUArHOCTUPOBAHUS, 00ECIIEINBAIOIINX HEOOXOJMBbIE
CBOMCTBa cucTeM. HecMOTpsi Ha 3HAUMTENbHBIC NOCTHKEHHS B 00JIaCTH
JUAarHOCTHUKH TEXHHYECKOTO COCTOSHMS CHCTEM, B CBSI3UM C Pa3BUTHEM
TEXHUKHN aKTYaJIbHbIMU SBJIAIOTCA TCOPCTUYCCKHUE UCCICIOBAHUA U IpaK-
TUYECKOC IMPUMEHCHUC METOAOB JUATHOCTUPOBAHHA KaK OCHOBBI JJIA
obecrieueHns HEOOXOMMBIX TTOKa3areneil paboToCocoOOHOCTH HIMPOKOTO
KJlacca TEXHUYECKUX CPEJCTB M IOBBIILICHHS IOCTOBEPHOCTH OIIEHOK TEX-
HHYECKOT'0 COCTOSIHHUS ITOCIIETHUX.

B nmocnennee Bpemst fenaroTess NONBITKY [ 1—7] pa3paboTku Teopuu U
METO/IOB JMarHOCTHPOBAHUS OOBEKTOB (CHCTEM) PA3IMYHOTO THUIA IPH
OTPAaHWYCHHOM JIOCTYIE K UX BHYTPEHHUM JJIEMEHTaM, OPUEHTHPOBAHHBIX
Ha IIMPOKHUM KJIAcC TOMYCTUMBIX HeHucnpaBHOCTel. MHTepec Takxke npea-
CTaBJISIET peaIn3alisl BO3MOKHOCTH BBIITOJHEHHS OLIEHKH COCTOSHMSA CH-
CTeMBbl 0€3 BBIBOIS €€ M3 OIKCIUTyaTalWH. YTOMSHYTas BBIIIE TEOPUS
npescTaBisieT co0OH pacipoCcTpaHeHUE U pa3BUTUE TCOPUH UICHTU(HKA-
U1 MPUMCHUTECIIBHO K 3aJadaM TEXHUYECKOM JUAarHoCTUKH, a COOTBCT-
CTBYIOINHUC METOABI ABJIAIOTCA MOACIbHO-OPUCHTUPOBAHHBIMU.

Crnenyer ykaszarh, YTO IIPH PEILICHUH 3a/1ad AUArHOCTUPOBAHUS, UMe-
€T MECTO HEIOONPENIEIIEHHOCTh COBOKYITHOCTH «MOJIENIb — KOHTPOJIUPY-
eMasl CHCTEMay, IIPUYEM, 3Ta HEAOOPEACICHHOCTh COCTOUT B KOHTPOJIH-
pyemoii cucreme. Te n3MeHeHHs, KOTOpbIe HEOOXOANMO BHECTH B MOJICTb
JUISL TOCTYDKEHMS MICHTUYHOCTH C PEaJIbHOM (KOHTPOJIMPYEMOI) CHCTe-
MOW IpH MX (U3NYECKOW M MH)XEHEPHOI MHTEpIpETalyy, U AAI0T OCHO-
BaHMA JUIA TOCTAaHOBKH AuarHo3a. C TOYKM 3pCHHUS pealn3allid, 3afady
JUarHOCTUPOBAHHUS MOXXHO paccMaTpHBaTh Kak 3afady HACHTH()UKAINH
HEKOTOPOTO HOBOTO 00BEKTa (B JAHHOM CITydae MOJIENHN), KOTOPBIA OTIH-
YyaeTcs OT U3BECTHOI'O HOBBIMH CBONCTBaMU napaMeTpu4eCKoro Ujin HuH-
JKEHEPHO-(HU3MYECKOr0 XapakTepa, MOPOKICHHBIMH WM HE IIPEIyCMOT-
PCHHBIM HU3MCHCHHUEM XapaKTCPUCTUK WM TOABJICHHUEM HE MNPEaAyCMOT-
PCHHBIX KOHCTPYKTHUBHBIX MM (PU3HNUECKUX dPPEKTOB.
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OObryHO 3meMeHTaM ((pparMeHTaM) MOJENH KOHTPOIHPYEMOH CH-
CTEMBI MOKHO IMOCTAaBUTH B COOTBETCTBUC €€ KOHCTPYKTHUBHBIC 3JICMCHTHI,
YTO MO3BOJISET 3a7jauy ONpeAeNeHUs MeCTa HEUCIPAaBHOCTH CBECTH K 3a-
Jlade oIpesielieHus] MecTa U3MEHEHUS MOJIeNId CUCTeMBI. B 3agaue nuarxo-
CTHYECKOH OIIEHKH COCTOSIHHSI CUCTEMBI TpeOyeTcs ONpenesuTb He MO-
JIeNTb CUCTeMbI, KaK NMpH WACHTH(HUKANNH, a OTKIOHEHHE MOJENN JHArHO-
CTHPYeMOH CHCTEMBI OT HEKOTOPOTO JTAlOHA, B KadyecTBE KOTOPOTO
0OBIYHO TIPUHUMAETCS MOJENh HCIPaBHOW CHCTEMBL. PaccmarpuBaeMBbIit
MOAXO0J K JWAarHOCTHPOBAHMIO TEXHWYECKHX CHUCTEM IO3BOJISIET OIpEre-
JIUTh MECTO OTKJIOHEHHSI MOJAENN AWarHOCTHPYEMOH CHCTEMBI OT MOAEIU
HCHpaBHOﬁ CUCTEMBI U IPpHU HCO6XO}II/IMOCTI/I OLCHUTH 3TO OTKJIOHCHUC.

OcHoBHasi 4yacTh. IIpy aBTOMaTn4eckoM KOHTpoJe paboTaromien
CHCTEMBI OLIEHKY €€ COCTOSHHS MOKHO OCYIIECTBUTH MO pe3yibTaTaM
CPaBHEHUSI PEaKIMU CHCTEMBI C PEAKLUEH IKGUBAIEHMHOU MOOeNU, BKITIO-
4aeMOW MapajuleIbHO KOHTPOJIUpyeMOW cucreme. [l NOBBILIEHUS
HaJIS)KHOCTH KOHTPOJIS, @ TAKXKE U3 OUEBHIHBIX MPAKTHUECKUX COOOpaKe-
HUI MOZIeIb HEOOX0AMMO UMETh Hanboee MpoCTou.

ITockoibKYy HMCIPaBHOCTH aBTOMATHYECKOM CHCTEMBI ONpenenseTcs
KOMIUIEKCOM XapaKTEPHCTHK KauecTBa, TO, €CTECTBEHHO, TPeOOBaTh, YTO-
OBl SKBHBAJIEHTHAsI MOJIENIb 00Ja/lalla TEMH K€ XapaKTepPUCTHKaMH Kade-
CTBa, YTO U KOHTPOJIHpYyeMas CHUCTEMA.

Hwxe wm3maraercs MeTonuKa IOCTPOCHUS MOETH, SKBHUBAJICHTHOU
10 XapaKTepHCTHKaM KadeCTBa KOHTPOINPYEMOH CHCTEMBI.

JKBHUBAJEHTHOCTh MoJeau. [IycTh mepexonHble XapaKTEPUCTHKU
h. u h, xoHTpomupyemoil cucrembsl C u Mozenu M ONpeesoTCsa

KOMILIEKCAMU IapaMeTPOB COOTBETCTBEHHO ), ly,....0%, 5 i, LBy
IpuyeM, mapaMeTpbl ¢; W [, MMEIT OIMHAKOBBII CMbICT (Hampumep,
ecau ¢ — Bpems perynupoBaHus cucteMsl C, To ff; — BpeMs perynu-
poBaHus Moaenu M ).

Onpenenenne 1. Mogens M skBuBaneHtHa cucteme C Ha HoJ-
MHOJKECTBE IapaMeTpOB {an} u { ,Bn} , ecu «, = f, ; mogens M

skBuBanentHa cucteme C,ecmn o = B (k=1,2,..,n).
OKBHUBAJICHTHOCTH MOJENH cHUCTeMe OyaeM o0o03HadaTh B TEPBOM
cityqae (M ~C), uBo BropoM citydae: (M ~C ), .

PaccMoTpuM ciienyromyro nmocTaHoBKy 3agaum. JlaHa cuctema C
C MEepexoHOI XapaKTepUCTUKOH, ONpeAeIsieMOil MHOXKECTBOM IapaMeT-
poB {a,, } . Tpebyercs mocTponts Mozienb M ¢ nepefaTouHON dyHKIMeit
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Wy (p), mns xotopoit [WM ( p)]_l IpeACTaBIseT cOOOH MOTMHOM U

M ~C ,rze, {n;} — HEKOTOPOE OJIMHOKECTBO MHOXECTBA HHICKCOB {71} .
CrienyeT OTMETHUTD, YTO SKBUBaJIEHTHOCTb (M ~C'), HpeacTaBisi-

€T 4acTHBIH ciyuail 3xBuBaneHTHOCTH (M ~C ), , K KOTOpOMY BCeraa
MOJKHO CBECTH OOLIMH ciy4aif, OTOpOCHB JIMIIHKE NapamMeTpbl U BBES
HOBYIO HYMEPAIHIO.

ITockonbKy, Kak H3BECTHO, TapaMeTpsl f; € { ﬁn} U BHUJI TIEpEXOIHON

. -1
XapaKTEPUCTUKU Mojenu M , sl KOTOpoil [WM ( p)J MIPEACTABISET
co0O0¥ TMOJMHOM, 3aBHCHUT OT KOPHEH 3TOro MOJWHOMA, TO JUIS SKBHBa-
neHTHoCcTH Mojenu M , cucteme C B CMBICIE omnpeneneHus | HeoOxoau-
MO U JIOCTaTOYHO, YTOOBI YAOBJIETBOPSAIACH CHCTEMa YPaBHEHHIHA
B (pppz,---,p,, ) =a;
(1)
:Bn (PlaP2»~~~=Pn): a,.
OTHOCUTENBHO HEU3BECTHBIX KOPHEH MONUHOMA Py, Dysees D)y -
JlokaxeMm creayrolee yTBepKIeHHE.

Yr1Bep:kaenue. Eciu cucrema ypaBrenuii (1) paszpemma, To mepe-
JatoyHas GYHKIMS SKBHBaJICHTHOW Mo/ienn M UMeeT CIeAyIOIi BULI:
-1

Wy (p)=T1(r-p)| - )

i=l
IIpUYeM IOJMHOM B 3HaMeHatene W), ( p) HMEET CTETICHb H.

Joka3zareabcTBo. IlycTh uMeeTcs cucteMa U3 1 ypaBHEHUH OTHO-
CUTEIIBHO 7 NMEPEMEHHBIX

ﬁl (plﬂp2""’pn):al;

:Bn (plapza""pn):an’

rae B (pisPases Py) — GyHKIMK N mepeMenHbIX, ¢; (i=1,2,..,n) —
gmCa.
Ecin cucrema (3) paspeiuma OTHOCHTEIBHO ( Py, Py,..., P, ) » TO BCE-

n

I71a CyIIECTBYET MOJIMHOM Q( p) = H( p- p[) , KOpHSMH KOTOPOTO CIIy-
i=1

xKar wucna (py, py,..., p, ) . CTEEHb ero He MOXET OBITh MEHBIIE 71, TIO-
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CKOJIbKY YHCJIO KOpPHEH HOJMHOMA PaBHO €ro CTEeNeHH. Takum o0paszom,
TeopeMa JOKa3aHa.

CaencrBue 1. Eciiu B ycioBusx Teopemsl 1 qr00oe i -0 ypaBHEHHE
cucteMsl (1) He SBIIAETCS CIEICTBHEM OCTABHBIX (n —1) YpaBHEHHUIA, TO
CTETICHb MOJIMHOMA 3HaMeHatenst Wy, ( p) HE MOKET OBITH MEHBIIIE 71 .

3ameuanue 1. [IpuHIIMNIHAIBHO CTETIEHh NMOJIMHOMA B 3HAMEHATeEle
Wy ( p) MOXKET OBITh B3ATa OOJBIIEH, YeM 7, HO 3TO, MO TEXHHYECKUM
MPUYHHAM, HEIEJIeCO00pa3HO, MMOCKOJIBKY YCIOXKHSIET MOICIb.

3ameuanne 2. IIpu nocrpoennn Wy, (p) Bmecto cucremsr (1) MOk-
HO pellaTh 3KBUBAJICHTHYIO €l CUCTEMY ypaBHEHU
By, s, ) = s
“)
B, (e, ..., ) =a,,
rae (ao,az,...,an_]) — KO3(PUIUEHTHI MMOJMHOMA 3HAMEHATENS B BbI-
paxennu (2) mpu p* (k =0,L..,n —1) .

Ilocnennee 3amedanue ciexyeT U3 o0oOImeHHOW Teopembl Buera,
KOTOpasi YCTaHABJIMBAET B3aHMHOE COOTBETCTBHE MEXIY KOPHSAMH IOJIH-
HoMa U ero ko3¢ dunuentamu [7] npu ycaoBuu, uto o, =1.

Mpumep 1. OueHKy COCTOSIHMS OOJIBIINHCTBA aBTOMAaTHYECKUX CH-
CTEeM MOKHO OCYLIECTBHUTH IO JIByM IapaMeTpaM KadecTBa MepexoJHOU
XapaKTePHCTHKA, @ MMCHHO: {, — BPEMCHEM PCTYINPOBAHHS, Oy —
MaKCHMaJIbHBIM IIepepPETyIHPOBAHNEM.

B sTOM ciydyae MHOXECTBO {a,,} COCTOUT M3 JABYX IapaMeTpOB
B CHUTy cieAcTBusa | TeopeMsl |: HaMMEHbIIEH BO3-

a, :tp U Oy = O

MOJKHOM CTENCHBIO IOJIMHOMA B 3HaAMEHATEIIe WM (p) 6yz[eT BTOpast CTe-

neHb. Torna moJmHOM [WM ( p)]_1 UMeeT BHJ

[WM (p)T1 =p'rapta,.

Ha ocHoBaHnm 3ameuanust 1 cocTaBuM cucteMy ypaBHeHHi Buaa (1),

OTHOCHUTENBHO KO3(Q(UIMEHTOB «,, ¢ HCKOMOIO IIOJITHOMAa BTOpPOii
CTETIeHU:

Bi(ag.on) =y,

By (ag,o) = ay.

©)

22



Cepis: TexHiyHi Hayku. Bunyck 18

Tonarast ¢y = @, U ¢ = 2&®, WCTIONb3ys U3BECTHBIE COOTHOIEHHS!
JUISL CUCTEMBbI BTOPOTO mopsifka [8] Mexny o, =&, o =f, 0 0,8,

IMOJIyuYnum

ﬂl (g’a)n) =

fa, "
i ’;5 (6)
ﬂ2(§9wn):1+e \/Q :a29

rae y — 3amaaHHbii koddduiuent (¥ =3...5).

Paspemmm cucreMy ypaBHeHHH (6) oTHOcUTeNbHO o) =2&@, U

2
ao = a)n .
2y 2y z*
o =260, =—, oy =—5| ———
1 n s> 0 2 2
o af | In” (e, —1)
Tenepp MOXHO HOCTPOUTH SKBHUBAJIECHTHYIO KOHTPOJIUPYEMOH CH-
CTEME MOJIeJb, MPECTaBIIAIOIYI0 COOOH 3BEHO BTOPOTO IMOpPSIKA C 3a-

JAAaHHBIMU MMapaMeTpaMu tp H Oy - Cxema KOHTPOJIAA CUCTCMbI C c no-

MOIIIBIO SKBUBAJICHTHOW Mozienn M TmpencTaBieHa Ha puc. 1.

x(4) o v({ )=

- M > U

Puc. 1. Cxema onpedenenusi pabomocnocobrocmu
C NOMOWbIO IKBUBANEHMHOU MOOEIU

Jlims cormacoBaHmst MacmTabOB BBIXOIHBIX CHTHAIIOB KOHTPOIUPYEMOU
CHCTEMBI M SKBHBAJICHTHON MOJENH, TPU TPAKTHYECKOM DEIICHHH 3a7aqd
OLICHKH COCTOSIHMS, TTOCIIEOBATENBbHO C MOJIENBbI0 HEOOXOMMMO BKITFOUUTH
0e3pIHEPIMOHHOE YCHIINTENHHOE 3BEHO C KO3(D(UIMEHTOM YCHICHUS, paB-
HBIM CTaTH4YECKOMY KOI((HUIIMEHTY yCUIIeHHST KOHTPOJIUPYEMOW CHCTEMBIL.

BeiBoasl. [lokazaHo, 9TO U3 MPAKTHYECKUX COOOpaKEHHIA, TIPU TO-
CTPOCHHU SKBUBAJICHTHOH MOIENH KOHTPOIUPYEMOH CHUCTEMBI MOIEIh
JIOJDKHA OBITh Hambonee mpocTod. OmHAKO, MOHKHO BBIACPKHUBATHCS
YCIIOBHE 3KBUBAJIICHTHOCTH, 3aKIIFOYAIONIEECS B TOM, YTO MOJMHOKECTBA
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apaMeTpoB, XapaKTePU3YIOIUX peadbHyI0 CUCTEMY U €€ MOJEIb, JOJIXK-
HBbI COBIIaJaTh. HpI/I 9TOM TaKXC JOKa3aHO, YTO JOCTATOYHBIM YCJIOBHEM
SKBUBAJICHTHOCTH MOXET CIY)XUTb (YHKIHMOHAJIbHAS CBSI3b IOJMHOXKE-
CTBa MapaMeTPOB MOJEIU C COOTBETCTBYIOLIUM IOAMHOXKECTBOM Iapa-
METPOB peaIbHON CUCTEMBI.

Ha npumepe permieHust TeCTOBOM 3a1aun MOJXY4YEHO, YTO JUIS CUCTEM
aBTOMAaTHYECKOTO YIPABJICHUS B KauyecTBE MOJMHOXECTBAa KOHTPOJIHUPYE-
MBIX NapaMETPOB CUCTEMBI YJOOHO BBIOMpATh BpPEMs PEryJHpPOBaHHS U
MaKCHUMaJIbHOE NepeperyIupoBaHue B CUCTEME, KOTOPbIE AAl0T 10CTaTOU-
HO MOJIHYIO OLIEHKY COCTOSIHHS CICTEMBI B IIEJIOM.
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APPLYING AN EQUIVALENT MODEL
TO ASSESS THE STATE OF THE SYSTEMS

The current stage of development of technical systems is characterized
by a steady increase in their structural complexity, as well as the complexi-
ty of their functions. This circumstance leads to the need to improve the
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technological preparation of production systems, which is associated with
the need to ensure strict requirements for testing the latter both at the man-
ufacturing stage and at the operation and maintenance stages.

Although there is considerable experience in solving these problems, how-
ever, problems of methodological support of the process of diagnosing (and
testing) remain, guaranteeing the receipt of specified performance indicators of
a fairly wide class of technical systems, which ultimately makes it possible to
increase the reliability of estimates of the technical condition of these systems.

In some cases, a diagnostic experiment should be performed under
conditions when the system being diagnosed cannot be decommissioned or
access to its internal elements (subsystems) is difficult (limited). An effec-
tive and efficient approach in this case is the use of their models to obtain
estimates of the operability of real systems, which allow for the inclusion
of the above conditions for conducting a diagnostic experiment. Moreover,
theoretical studies of recent years have shown that when solving most of
the problems of diagnosis, the model-controlled system pair is underdeter-
mined. From a practical point of view, the solution of the problem of diag-
nosing using a system model is reduced to an equivalent identification
problem, during the solution of which the deviation of the model of the
system being diagnosed from a certain standard, which is a model of a ser-
viceable system, is determined.

The possibility of using an equivalent system model (in particular, an
electrical device) to control its state when the system is not removed from
the operating mode is considered. The conditions of equivalence of the
model and the real system are determined, as well as the order of choice of
parameters by which the state of the system is assessed. The correctness of
applying an equivalent model to assess the state of the system without tak-
ing the last out of service is shown in a test example.

Key words: state estimation, equivalent model, equivalence condi-
tions, controlled parameters, controlled system.

Otpumano: 08.11.2018
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IMPLEMENTATION OF INTEGRAL EXPLICIT MACROMODELS
BY MEANS OF QUICK-ACTING ALGORITHMS

A class of mathematical models of dynamic objects in the integral
macromodels form, built on the «input-output» principle is considered.
The possibility of reducing errors and increasing speed of the modeling
process using quadrature formulas based on integral macromodels in
the Volterra operators form (Volterra-Hammerstein) is investigated.
The constructive algorithms of numerical modeling procedures are
proposed using the method of dividing kernels.

Key words: macromodels, integral operators, quadrature for-
mulas, simulation error, computational algorithm, speed.

Introduction. Integral macromodels with a sufficient degree of ade-
quacy for practical applications display processes in dynamic objects of
varying complexity, assuming their representation by the «input-output»
principle [1]. The statement of the modeling problem is set as follows:

e the dynamic characteristic is specified by K (t, z’) of a linear part, nonline-
ar dependence F [] (for nonlinear objects) and the input signal x(t);

e it is needed to identify the output signal y(t) , accordingly using inte-
gral macromodels of linear and nonlinear objects:

y(t):jK(t,r)x(r)dr, (N

y(t)z K(t,r)F[x(r)]dz’. 2)

In the relevant literature, integral macromodels of the form (1), (2)
are known as the Volterra operators [2—11].

The basis of the integral operators’ and the Volterra equations’ nu-
merical realization is the quadrature method, which consists [12, 13] in the
application of quadrature formulas for the approximate calculation of a
definite integral:

oSt~

b n

If(x)dx:ZAiﬁ(xi)+R[f]. 3)

a i=l1
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where x; — fixed abscissas (nodes) of the section [a,b], while x; =a,

x, =b; A — numerical coefficients or weighting multipliers; R[ f ] —
b
residual term (the approximation error). As arule, 4; >0, Z A4 =b-a.
a
There are a significant number of quadrature formulas of the form (3),
which include the Newton-Cotes formulas (also rectangles, trapeziums,
Simpson), Gauss, Chebyshev, etc. [12—14]. However, the use of the quadra-
ture method in the case of arbitrary type kernels is related with the accumu-
lation the number of operations on each discrete step, which in turn leads to
the errors accumulation and the decrease in the modeling process speed.

Aim of the work. Research of the possibility of improving the quali-
ty of dynamic objects simulation by using the quadrature method in the
case of using the dividing form kernels.

Dynamic Objects Simulation. The traditional approach to ensuring
the accuracy of the quadrature method is based on selection of the discreti-
zation step and the form of the quadrature formula. For example, the re-
quired form of the quadrature formula can be obtained if we divide the
integration interval into parts and apply our quadrature formula to each of
them separately. Obviously, when dividing the initial section into parts, we
should start from the condition that the integral of the resulting curve

should be as close as possible to the integral from the function f(x). Af-
ter this, the values of the integral from the function f (x) on the whole
interval [a,b] is defined as the sum of the found integral values from the

function on separate parts of the total section [a,b] .

Error minimization (increasing precision) of the quadrature formula
on the chosen functions class is achieved by choosing the quadrature-
shape coefficients and by choosing the integration nodes. Depending on
the usage, the nodes x; can be selected in different ways. For trapeziums

formulas, Simpson and Boole, it is recommended [12] to select equidistant
nodes. For the Gauss-Legendre quadrature, the selected nodes should be
the «zeros» of definite Legendre polynomials. The smaller the step of di-

viding a segment is selected [a,b], the more precisely result will be ob-

tained, but the number of computational operations increases, which re-
quires additional resources. An important feature of the calculations in this
case is errors accumulation with an increase of the number of steps, which
is defined not so much by the step magnitude and the calculation precision
on it, as by the «successful» or «unsuccessful» choice of the replacing
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integral method by the final total. Such situation is pertained to the process
of modeling objects in real time, when the integration interval (section

[a,b]) could be large or previously unknown.

Next, we will use the frequently used representations of integral op-
erators in the form:

(K ()P e ()] ar @

called Volterra-Hammerstein [15, 16], and the approximation of the inte-
grand expression written as follows:

jK 7)dr, xe[a,b]. (5)

It is worth noting that the property of increasing the volume of calcu-
lations with increasing the step relates to the case of the kernels with ran-
dom form. The computation rate increase can be achieved using the de-
generate dividing kernels method [17], which feature is the constant calcu-
lations amount in the step. Using this feature, we present the Volterra inte-
gral operator with a separating kernel:

[ () (2)de = [, (x) 5 () (2)de =

oo (6)
:Z{ai(x)jﬂi(r)y r)dr

After approximating the integral (6) and usage of quadrature sums,
we obtain:

xl

J.K(x,r)y(r)dr =

a

S (9] (e Jde=2er x)Zﬂ( $)r(x)=
a ™

=2 (x) /’71'(xn)y(x”)+§ﬂf<xf)y(x.i) =

= Zai (x)ﬂi (xn )y(xn )+Zai (x)z B (xj)y(xf )
i=1 i=l j=0
The value i a;(x) i B ( X; ) y( xj) is known because it’s calculat-
i=1 =0

ed in the previous (i - 1) -s step. Therefore, it remains to calculate the val-
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m
ue of the sum Zai (x) B (xn ) y(xn) , that requires an unchanged number

i=1 l
of operations at each i -s step.

The significant part of integral operators and equalities encountered
in practice have difference kernels presented in analytical form and having
the property of separation.

For macromodels, for example, of the form (2), the quadrature meth-
od leads to the following calculated expressions (depending on the struc-
tural arrangement of the linear part in the general object structure or the
absence of nonlinearity):

j/(tl-):iAjK<ti,rj)F[x(rj)], (8)
j(ti):F{iAjK<tiﬂfj):|’ )
7)) =24, K(5.7,)] - (10)

For the case of a degenerate kernel:
m i
f(ti)zzai(ti)zAjﬂi(Tj)~ (11)
i=1 j=1

If we introduce a nonlinear dynamic object with input and output
signals, accordingly go(t) , y/(t) while using a macromodel:

V()= )] B(:)FLo(e . 12

then, according to the quadrature’s method, it’s possible to construct an
algorithm for implementing the macromodel, shown in Fig.1. The algo-
rithm performs calculations using formula:

vi=hY ;Y (4,81 Flo; ]} | (13)
il j=0
where o, =, (4,); B; = (tj); h — discretization step; 4; — quadra-
ture formula’s coefficients; y; = (//(ti )s P = ¢(tj) .
Example. Suppose that on the interval [0,1] with step /4 =0,01

there is a task to implement a nonlinear integral operator.
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Begin
¥
Input W, =%, +05hx%
obh x K, Flo,]
Input a L2
kernel K of -
Junction @ v
L] Oultput the
Input a results
non-linearity F ¥
¥ t,=t +h
t,=0

1
Calculation i, 0

¢ No

no W, =W +hx

*K Flg]

'
yes ’* tj=fj+h

Fig. 1. The algorithm for implementing a macromodel, constructed
in accordance with the method of quadratures for
a kernel of random form

h 4

()= [ s et 04
0

where a=0,1; ®=0,01.
The exact value of the function sought is given by:
l//(t):%[asin2 (a)t)—wsin(2a)t)-(1—e7‘”)}. (15)
a +4w

The calculated ratio obtained based on the trapeziums formula for the
numerical realization of the operator (12) with a non-divided kernel has
the form:

30



Cepis: TexHiyHi Hayku. Bunyck 18

i (z):hZOAjz‘“(“’f).sinz(wzj). (16)
=
Using the kernel separability property, we obtain:
i () =hy 7 4,7 sin® (o). (17)
1=0 =0

Input
a, b h

Input a
kernel K of

Juction @

v

Input a
non-linearity
F

L 2
t,=01 =0
B=0

Calculation &i

v

Calculation 1 i

v

£ =0587F[g1]

L

!

P=P+F,
v
7, =ha,P,
v

‘;: - ';;f

v
/ Output the /
results
v

R =F+F,

¥

L=t +ht; =t

—

no

End

Fig. 2. The algorithm that implements realization of the Volterra
Hammerstein integral operators with a divided kernel
The calculations results are given in Table. 1.
The second column shows the results of exact solution, the 3-rd and
4-th columns represent approximate calculation results y?(ti) by algo-

rithms, shown in Fig. 1 and Fig. 2, respectively.
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Table 1
Exact and approximate solutions of the problems of the form (12)

t)— t)—

v e | e | e | YOO |
i) | va(n)

0,00 0 0 0 0 0 1 0

0,10 ]0,332*10|0,324*10°)0,434*10°0,782*10°|0,167*10¢ 56 6

0,20 |0,265*10*0,263*10]0,266*10*|0,161*10°|0,336*10° 112 6

0,30 0,893*10*|0,890*10%]0,894*10%|0,244*100,507*10°| 168 6

0,40 ]0,211*103]0,210*103]0,212*10°|0,326*10°|0,679*10°| 224 6

0,50 0,411*10°]0,409*10°]0,413*10|0,408*10°0,857*10°| 280 6

0,60 0,708*107|0,707*10°]0,709*103|0,490*10°0,102*10°| 336 6

0,70 ]0,112*102|0,110*10%|0,113*102/0,572*10|0,120*10| 393 6

0,80 ]0,167*1020,160*102|0,168*102|0,653*10°]0,138*10°| 448 6

0,90 0,237*102{0,234*102]0,238*102|0,734*10)0,155*10°| 504 6

1,00 [0,324*102]0,321*¥102|0,325*102|0,817*10°|0,173*10| 560 6

As can be seen from Table. 1, calculation by the algorithm that im-
plements the expression (13) gives the minimum error. This follows from
the fact that the number of arithmetic operations M, with increase of the

number of the discretization node remains unchanged, while the number of
arithmetic operations M, at numerical realization of the integral operator

on the first algorithm grows.

The quantitative estimation of the solutions’ accuracy is given in the
Table 2 by calculated ratios of residual terms of the quadrature formula of
the form (3), using representation of the Newton-Cotes (for the case when
the initial point of the section coincides with the interpolation node).

Table 2
Residual members of the quadrature Newton-Cotes formula
n R[f] n R [f]
2 -[(/12)1f"] 7 ~[(9/1400)#° ™ ]
3 ~[(1/90)w* 1" ] 8 ~[(s183/518400) 1’ 1" |
4 ~[(3/80) 1" ] ? ~[(2368/467775) " 1 |
> ~[(8/945)07 1" ] 10 ~[(4671/394240) 1" 1 |
| ~[rs/n2006)w” ;™ ] | 1| ~[(673175/163459296) 1 1 |

It should also be noted, that the algorithms shown in Fig. 1 and
Fig. 2, have a close computational complexity.
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Conclusion. A quick-acting algorithm for numerical realization of dy-

namic macromodels in the form of integral operators with divided kernel is
proposed, which provides real-time calculations. The algorithm can serve as a
basis for the creating of quick-acting specialized calculators for solving control
and monitoring problems as well as for modeling a wide class of dynamic
objects and processes. Through the given computational experiments, the al-
gorithm confirms the constructiveness of the proposed approach.

11.

12.

14.

15.
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PEANI3ALIA IHTEMPANIbHUX MAKPOMOLENEN ABHOIO
BMAy 3ACOBAMU LLUIBMOKOAOIKOYUX AITTOPUTMIB

Po3msiHyTO KiTac MaTeMaTHYHUX MoZeNel THHaMIYHHX 00'€KTIB y (opmi
IHTerpaJIbHUX MaKpOMO/IeIIeH, o o0y J0BaHi Ha IPUHIINII «BXiI-BUXiD» [lo-
CIIHKYETBCS MOXJIMBICTH 3MEHIICHHS MOMIJIOK Ta ITiIBHIICHHS IIBHIKOCTI
HPOLIECY MOJICTIOBAHHS 3 BUKOPHCTAHHSIM KBAJIpaTypHUX (HOPMYIJ HA OCHOBI
iHTerpabHUX MakpoMmozeneid y ¢opmi omepatopis Bombpreppa (Bonbreppa-
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[Moninbchkuii Aep:kaBHUM arpapHO-TEXHIYHUHN YHIBEPCUTET,
M. Kam’suneup-Iloainbepkuii

MATEMATUYHE MOOENIOBAHHA KONMBHUX NMPOLIECIB
Y HEOBMEXEHOMY KYCKOBO-OQHOPIAHOMY
KNnMHOBUAHOMY CYUINbHOMY UUNIHAPI

AKTyasIbHICTb Teopil KpaiioBUX 3a1ay Uil JudepeHIiaTbHuX piB-
HSHb 3 YACTUHHUMH TIOX1THUMH, SIKa iIHTEHCHBHO PO3BUBA€ETHCS, 00Y-
MOBJICHA SIK 3HAUMMICTIO 11 pe3yJIbTaTiB Iy PO3BUTKY OaraTbox po3mi-
JIB MaTEeMaTHKH, TaK 1 YUCICHHUMH 3aCTOCYBAaHHSAMH 1i JOCSTHEHb
IIPY MAaTEMAaTHYHOMY MOJIEITFOBaHHI Pi3HUX MPOLECIB 1 SBUI (i3UKH,
MEXaHiKH, O10JI0Ti1, MENIIMHK, EKOHOMIKH, TEXHIKH.

JloOpe BimOMO, II0 CKJIAHICTh JOCIIDKYBAaHUX KPalOBHX 3ajad
CYTTEBO 3AJI)KUTH BiJl KOQIIi€HTIB PIBHAHE Ta reoMerpii ooacTi B
SKIH po3rysiaeThest 3amada. Ha el yac OCHTH JeTanbHO BHUBYEHO
BJIACTHBOCTI PO3B’A3KiB KPaHOBHX 3a/1au TS JIHIHHUX, KBa3UTiHIHHIX
Ta NEBHUX KJIaCiB HEMHIMHUX PIBHAHB B OHO3B I3HUX O0NACTSIX.

Bozanouac 6araTo BaXIMBHX NMPUKIAIHUX 33134 TEro(pi3uky,
TEPMOMEXaHIKH, TEOPii MPY>KHOCTI, TEOPii EIEKTPUIHUX KL, TEOpii
KOJIMBaHb TPUBOAATH N0 KpaioBUX 3amay mis JuepeHmiaTbHUX
PiB-HSHBb 3 YACTHHHUMH MOXIMHUMH HE TUTBKH B OJHOPITHUX 00-
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JIaCTSIX, KOJIM KOe(ilieHTH PIBHSHD € HEIICPEePBHUMH, alie i B KycC-
KOBO-OJIHOPIJIHAX Ta HEOJHOPIIHUX 00JacTsIX, KOIU KoeDillieHTH
PIBHSIHHS € KyCKOBO-HEIIEPEPBHUMHU.

VY nponoHoBaHii poOOTi METOAOM IHTErpajbHHUX i TiOpHIHUX
IHTETpaNbHUX TEPETBOPEHb Yy MOEIHAHHI 3 METOJOM TOJNOBHHUX
PO3B’A3KIB (MaTpHUIb BIUIMBY Ta MaTpullb ['piHa) 3a HaiiOinbm 3a-
TaJIbHUX TPHUITYIIEHb MOOYI0BAaHO TOYHI aHATITUYHI PO3B’SI3KH Ma-
TEMAaTUYHUX MOJENEH KONUBHUX IMPOIECiB (TimepOoTiyHIX MmoYat-
KOBO-KpPalOBHX 33/1a4 CHPSDKCHHS) B HEOOMEXEHOMY KYCKOBO-
OJTHOPITHOMY KJIMHOBHIHOMY CYIJIBHOMY IMITiHZPI.

Opnep>kaHi po3B’SI3KM MAlOTh aJrOPUTMIYHHNA XapakTep, Herie-
PEpBHO 3aye)KaTh Bij MapaMeTpiB i JaHUX 3ajadi Ta MOXKYTb OyTH
BUKOPHUCTAHI 5K B MOJATBIINX TEOPETHUHNX AOCTIIPKEHHSX, TaK 1 B
MPaKTULl 1HKEHEPHUX PO3PaXyHKIB peabHUX EBOJIIOLIIHUX IMpPO-
LECiB, SKi MOJENIOIOThCS TIiMepOOTIYHIMH KpaHOBUMH 3aaduaMH
(3amavi aKyCTUKH, TIAPOJUHAMIKH, TEOPii KOJIMBaHb MEXaHIYHHUX
CHCTEM), SIKi OITHCYIOThCS IMIIHIAPUIHOIO CHCTEMOIO KOOPJIHHAT.

Kiro4yoBi cioBa: mamemamuyne MoOeno8anHA, KOJIUSHUU
npoyec, 2inepboiiyHe pIGHAHMS, NOYAMKOGI Ma Kpauoei ymosu,
VMOBU CRPANCEHHS, [HMe2PATbHI ma 2IOpuoHi iHmezpanvhi nepem-
60peHHs, Mampuys enaugy, mampuys I pina.

Beryn. KonmBHi mporiecu BifirparoTh BaXIHBY POIb Yy CyYacHid Bi-
OparmiifHiii TeXHIIl, HOBITHIX TEXHOJOTISAX, CYTTEBO BIUIMBAIOTh Ha MIill-
HICTH 1 TOBTOBIUHICTH JIe€Tajiell MaIlWH i MeXaHi3MiB, OyHiBeTbHIX KOHC-
TPYKLI{ MpH BpaxyBaHHI MEXaHIYHHUX 1 TEXHOJOTIYHMUX YMOB iX eKCIUTya-
tarii. HalmpocTimoro MaTeMaTHIHOI0 MOZIEIUTIO TAKOTO TPOIIeCy € moope
1 JaBHO BijjoMe JiHiliHe nuQepeHIiaibHe PIBHSIHHSI KOJWBaHb (XBUIILOBE
piBHsIHHSL, piBHSHHS [’ amamOepa) rinepOoIiYHOro THITY 2-TO MOPSIIKY

2
a—?—azAg’u =1(tP),
ot
Je A, — TpuBUMIpHUH onepaTop Jlamiaca y BiIIOBLIHINA cHcTeMi Koop-
IUHAT (IeKapTOBiH, MWTIHAPUIHIN, COEPUIHINA TOIIO) TPUBIMIPHOTO €BK-
JIOBOTO TIPOCTOPY, a =const, f — neska Hamepen 3agaHa (YHKII,

P — Touka npocropy.

3po3yMmito, o s aIeKBaTHOTO MOJIETIOBAaHHS KOJIMBHOTO TIPOIIECY 10
CKJIaJly MaTeMaTHYHOI MOJIENI KPiM XBHIJILOBOTO PIiBHSHHS TTOTPIOHO JI0JTy4H-
TH TIIe TICBHI ITOYATKOBI Ta KPaHOBi YMOBH, a Y BUIAJIKy KYCKOBO-OJHOPITHIX
CepelIOBUII] — YMOBH KOHTAKTy Ha ITOBEPXHSX CIPSDKCHHS. TakuM YHHOM,
MaTeMaTHYHOI MOJIEIUTIO KOJIMBHOTO MPOILIECy € TinepOoiivyHa kpaiioBa 3aa-
ya MareMaTr4HOi ¢i3uku [1]. Ha meit yac moCcHTH IeTalbHO BUBYEHO OHO-
BUMIpHIi, TBOBUMIpPHI Ta TPUBUMIpHI TinepOomivHi KpalioBi 3ama4ui MaTeMaTu-
4yHO{ (Hi3VKH OTHOPITHUX cepeNoBHUIL. AJle y 3B’SI3KY 3 IIMPOKUM 3aCTOCYBaH-

35



MatematuyHe Ta KOMI'I'POTepHe MozentoBaHHA

HSM KOMIIO3UTHHX MaTepiajiB (HAHMPOCTINKA KOMIIO3UT Ma€ JABI TOYKU
CHpPsDKCHHsI) y OYMiBHHIITBI, TEXHiIll, Cy4aCHUX TEXHOJIOTISX K MAaTeMaTH4HI
MOyIeNTi IEBHUX IPOLIECIB BUHUKAIOTh KpaioBi 3a1aui uist qudepeHIiabHIX
PIBHSIHb 3 YaCTUHHHMMHM TIOXITHUMH PI3HUX THIIB (EINTUYHMX, TapaboIIid-
HHX, TinepOoNiYHNX) HE TUTBKH B OJHOPITHUX OONACTSX, KOJIH KOe]illieHTH
MOJICTIFHUX PIBHSHb € HEMEpepBHHUMH, aje il B HEOJHOPIAHHUX 1 KyCKOBO-
OIHOPIMHUX CEpJOBHINAX, KOMM KOCQIIliEHTH PpIBHIHP € KyCKOBO-
HENEepEepBHUMH, YU, 30KPEMa, KyCKOBO-CTAIIUMH [2—4].

Kpim metomy BimokpemuteHHs 3MiHHUX [1, 6] Ta #ioro y3araimpHeHs [5],
OITHAM 3 BJIMBUX 1 e(heKTHBHHUX METOJIB JOCIIHKEHHS JIHIMHNX MaTeMa-
TUYHHUX MOJeTeH (JHIHNX KpalloBHX 3a1ad MaTeMaTHYHOI (Pi3UKH) € METOX
IHTEerpaIbHUX NIEPETBOPEHS [6], SIKUI 1a€ MOXITHBICTH Oy/yBaTH B aHAIITHY-
HOMY BUIJISIII PO3B’SI3KM THUX YM IHIIMX MaTeMaTHYHHX Mojeieil (KpaiioBux
3a/1a4) yepes iX iHTerpagbHe 300payKeHHs! y BUIAKY OXHOPIITHUX CEPEIOBHIIL.
VY Tol ke yac, IUIsl JOCUTH IIMPOKOTO Kiacy 3a1ad y KyCKOBO-OJHOPITHUX
cepenoBHIaX e(hEeKTUBHAM METOIOM iX OCIIXKCHHs BUSIBUBCS METOJ Ti0-
PUIHUX 1HTETPATEHUX TEPETBOPCHB, SIKI MOPOJPKEHI BIAMIOBITHIME TiOpHI-
HUMH Jr(EpeHITIATEHIMEI  OIlepaTopaMy, KOJNM Ha KOXHIM KOMIOHEHTI
3B’SI3HOCTI KYCKOBO-OJHOPIAHOTO CEPEIOBHINA PO3IILIIAOTECS 200 K Pi3HI
midepertianpHi onepaTopy, abo X AudepeHmiaTbHI OepaTopu TOro X ca-
MOT0 BUIIISIZTY, aie 3 pisHUME Habopamu koedimienTis [7—11].

VY wilt cTarTi, sKa € JIOTIYHAM TPOAOBXKeHHM [12—-13], Mu mpomnoHy-
€MO TOYHMH aHAJITUYHUI PO3B’SI30K y3araJbHEHOI MaTeMaTHYHOI MOJENi
KOJIMBHOT'O HPOLIECY B HEOOMEKEHOMY KYCKOBO-OJJHOPIHOMY KJIMHOBH/I-
HOMY CYUUIBHOMY LMTIHAPI, NOOYZI0BaHUI METOIOM IHTErpajbHUX 1 ri0-
PUIHMX IHTETPAJIbHUX IEPETBOPEHB IPH HAMOUIBIN 3aralbHUX OOMEXEeH-
HSIX Ha BUX1JHI JaHI.

IMocTanoBKa 3aaayi. Posrmsaemo 3agagy moOynoBu 0OMEKEeHOT0 Ha
MHOKHUHI

n+l
D=4(tr.p.z)t>0rel; = J(R, 3R, ), Ry =0,
J=1
R, =R<+0;0€(0:0,),0 <@ <27z & (—o0;+00)}
KJIACHYHOTO PO3B’SI3Ky JHIMHUX Iu(epeHIiaTbHiX PiBHAHb 3 YaCTHHHU-
MU TIOXiTHIMH TirepOoIi9HOT0 TUITY 2-TO mopsaKy [1, 6]

u; | (8 10 ) ay &, 8

a.; T .
o | M\a? rar) 1 op* Yot |’ (1)

2 R
+xu; :fj(t,r,go,z),relj,] =l,n+1
3 IIOYATKOBHMHU yMOBAaMH
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ou ;
J _ 2 . LT
uj|t=0 (7" P,z )’ ot O_gj (r,¢az),V€Ij,]—l,n+l,
KpalOBUMH YMOBaMH
8Suj 851,{/.
. =0; . =0;S=0,1;j=1,n+1;
oz* oz*
Z=—% z=+00
aS
U _0 ( n+l 0 +ﬂn+1j u,, :g(t,q)’z);s:()’];
o' _, ok

5124—1 ZO 182+1 >0 Oln+1 + n+1 £0.
OJIHMMH 3 KpalOBUX YMOB Ha TPaHsIX KJIMHA [7]
uj|¢=0 =&;(t.r2); ”j|(/,:¢,0 =a;(tr,z);, j=ln+l,

ou; -
_ LOH) _ C i
uj|¢:0—g2j(t,r,z), o0 =-w,,(t,r,z); j=lLn+l,

?=0,

Ou, J—
a—' =g;;(t,r,2); u-j|¢:¢ =ws;(t,r,2); j=1,n+],

=0 0
~ (6,2 (t.r2)y =T+l
A = (E,r,z); —— =-—wy,;(t,r,z);]j=1,n+
a¢7 B g4j P B 4j J

p=0 =9

Ta YMOBaMH CHpsDKEeHHS [12]

0 0
Kaflg*‘ﬁ;j“k—(akza + jkzjuk+1:|

k k . ..
He a,;,a,;, Ay, X;> A, By — AesIKi cTal;

=0,j=12k=
r=R,

Cix = aé(_jﬂll_(j _all_(jﬂé(j #0; ¢ ey >0
ft,r,p,z)= {fl(t,r,go,z),fz(t,r,w,z),...,f,,“(t,r,gz),z)},
2 (.0,2)= {1 (1,0, 2: 81 (1,0,2) 211 (1, 0,2) 5
21,02 =&l (0,20, 83 (1,0, ), 801 (10, 9)
g, (tr2), @, (tr.2); (p=14 j=1n+1),g(t,0,2)
— 3amaHi 0OMekeHi HerepepBHi PyHKIIIT;

u(ta r,Q, Z) = {ul (t, r,Q, Z);uz (l, r, ¢’,Z),---,”n+1 (t9 r,Q, Z)}
— IIyKaHa [IBidi HemepepBHO Au(epeHITiiioBHA QYHKITiS.

2)

©)

(6)

()

®)
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3ayBaKUMo, 1I10:
1) y Bunanky y,; =0 pisusHHs (1) € KIACHYHUM TPHBUMIPHUM HEOHO-

piIHAM pIBHSHHAM KOJHBaHb (XBHJIHOBUM DIBHSHHSM, PIBHSIHHSIM
JI’anambepa) yiss OPTOTPOITHOTO CEPEIOBHINA Y MMTIHAPUIHINA CHCTe-
Mi KOOPIMHAT;

k k . k _ ko _ 1. ko _

2 sxmo o =0, fy=L a;=0, f;=1 0‘21 El s P=
ak, =EX, k=0, ne Ef, E¥ — monyni 10mTa (k = l,n) , TO YMOBH
crpsokeHHS (9) 30iraroThes 3 KIACHYHIMH YMOBaMH 171eaTbHOTO MeXa-
HIYHOTO KOHTAKTY.

Takum urHOM, TinepOoJIiYHI MOYaTKOBO-KpaiioBi 3a1aui cripsbkeHHs (1)—
(), (3), 9); (1)~4), (6), 9); (D=4, (7), 9); (1)~4), (8), (9) moxHa posrs-
JIATH SIK y3araJibHEeHI MaTeMaTHYHI MOJIC KOJIMBHUX IPOLIECIB y HEOOMEKe-
HOMY KYCKOBO-OTHOP1THOMY KJIMHOBHIHOMY CYIILTEHOMY IIUTiHAPI.

OcnoBHa yactuna. [Ipumyctumo, mo po3s’s3ku 3amad (1)—(4), (5),
(9); (D=4, (6), 9); (D=, (7), 9); ()4, (8), (9) icnyioTs i 3anani i
mrykasi GyHKii 38 JOBOJIBHAIOTH YMOBH 3aCTOCOBHOCTI 3aJIy4E€HUX HIDKYE
IPSIMAX Ta OOCPHEHNX IHTETPANBHUX 1 TIOPUIHUX IHTETPaJIbHUX IEPEeTBO-
pens [11, 14, 15].

Busnaunmo ckinyenni npsive £, , Ta obepHene £, lk IHTerpajbHi IIe-

perBopeHHst Dyp’e mO10 KYyTOBOI 3MIHHOI @ € (O; goo) 3a popmymamu [14]:

m ik I:f ¢):| I f m ik q))d(p fm,ik> (10)
Fn;,lik |:fm,ik:|_ zglkfm tkUm lk( )Ef(¢)9 (11)
Po m=0
ae
ﬁm,ll = ﬂ» Um,ll ((/’) =sin (ﬁm,n(ﬂ);
0
2 1
ﬂm,]Z = Ms Uiz (¢) =sin (ﬂm,lZ(p);

2¢,
ﬂm,zl = ﬂm,lZ’ Um,21 ((0) = Cos(ﬂm,zl(/’);
,Bm 2 =Buit> U (¢) = cos(ﬂm 22(/’)'

=0, 5m =1 opu ik =11,12,21; m=12,3,.... ;

1
géz _E’ gfnz =1 mpu m=12,3,..... .
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Besmnocepennpo (IHTErpyBaHHAM YaCTUHAMH) NEPEBIPSAETHCS, IO JUIS
oneparopa F,, ; BHUKOHYETbCS OCHOBHA TOTOXKHICTb IHTETPalbHOIO Iepe-

TBOpeHH: qudepeHmianpHoro oneparopa Pyp’e:

2
Fm,ik |:d J::| = _Ianuik m,ik + CI)m,ik; i’k = 1> 25 (12)
do
pi (]
Dt =2 O+ ()| B =22 o)L
m,l1 % > m,12 2% d¢7 a 5
d m 7T(2m+1 d m A
V=] T )y 0=ty
Plo-o % Plp=o Plo=g,

Inrerpanbuuit oneparop F, ;. , skuil gie 3a Gpopmynoro (10), Baaci-

JIOK TOTOXHOCTI (12) TpUBHMIPHUM MOYAaTKOBO-KPaHOBHUM 3a/iauaM CIpsi-

werns (1)—=(4), (5), (9); (1=, (6), (9); (D=4), (7), (9); (D=4), (3), (9)

CTaBUTb Yy BIMOBITHICTH 3a1ady 0Oy 10BH OOMEXEHOT0 Ha MHOXKHHI1
D = {(t,r,z)|t >0rell,ze (—oo;+oo)}

PO3B’sI3Ky ABOBHMIpPHUX Au(epeHIIIAIbHUX PIBHIHD

2 2 2 2
aujm,ik_ 2[3 +li_vjm,ik}+ , O

a... — U i +
o’ o2 ror  #? Tot ™ (13)
2 =G, . (t 1:j=Ln+l1
T Uik = jm,ik( ,r,z), rel;;j=Ln+
3 IOYATKOBUMH YMOBAMH
ou. -
1 . Jm,ik 2
“jm,ikL:O = 8 jm,ik (r,z), o =& jm,ik (r,z), (14)
=0
KpaloBMMH yMOBaMH
aSu< ik asu» ik
— =0 =0s=0Lj=latl ()
z z
z=—0 z=+400
0"ty 0
5 . n+l n+l _ o
— =0 |ay 8_+ 22 | Uil m,ik = ik (t,z),s—O,l (16)
or _ r r=R

Ta YMOBaMH CIIPAKCHHSA

0 0
Kajpl ™ + ﬂjpl jupm,ik - (0‘;’2 P + ﬂjpz j Upi1,m,ik :|

Jc

=0,j=1,2%p=1n (17)
r=R,
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— 2 -2 . -1
Gt (6752) = Fmie (1573 2) F @ 1@ (6732)5 Vi = @ @ B e
Jlo nBoBUMIpHOI MOYaTKOBO-KpaiioBoi 3anayi cupspkeHHs (13)—(17)
3aCTOCYEMO IHTerpajbHe mepeTBopeHHs @Dyp’e Ha JeKapToBiid oci
(—oo;+oo) moo 3minHOi z [15]:

0

F[g(z)]: J. g(z)ef’-mdzsg(a),izx/——l, (18)

o0

Fg(0)] -5 | alok™do=g(z), (19)
F{Z’if}:_O-zF[g(Z)]E_ng(G). (20)

[Hrerpanbuuii oneparop F, sikuil nie 3a ¢popmyioro (18), BHaciIoK
totokHOCTi (20) 3amaui (13)—(17) craBUTh y BIAMOBIAHICTE 3a1a4y 1MO0Y-

JIOBH OOMEKEHOTO Ha MHOXUHI D' = {(t, r)|t >0;re I:,r} PO3B’ 3Ky OTHO-

BUMIpHUX JH(epeHLiaTbHIX PIBHSIHBb B-rinepOoigHoro THIty

2~
ou
jm ik 2 ~
612 UBV [ujm,ik:|+

+(a20- +;(j) U ik = Gjm’ik(t,r,o); rel;; j=Ln+1

e2y)

3 MIOYaTKOBUMH YMOBaMH
ou

~ _~1 A Jm,ik =2 L1 1
uim”’"L:o =& jmik (r,a), —at = &imik (r,a),r IS Ij,] =Ln+1, (22)
=0
KpallOBUMHU YMOBaMH
0"y 0
, o ne A~ -5 g =
Qs =0; [agz —+ 55 junﬂ,m,ik = &m,ik (t,a),s =0,1 (23)
6r or r=R

r=0
Ta YMOBaMH CIIPAKCHHA

|:(ap_+ﬂjlj pm,ik ( +16sz p+1m1k:|

> 10 v ik . . N
re B, =—5+—————— — KIacHM4HWi udepeHuiaibHuii omepa-
Jm.ik ar 7 ar 7
top beccens.
Jlo ogHOBUMIpHOI MOYaTKOBO-KPaioBOi 3a1aui cupspkeHHs (21)—(24)
3aCTOCYEMO CKiHYECHHE Ti0pHUIHE iHTerpanbHe MepeTBOPEHHS TUITy | aHKe-

=0;j=12p=1n, (24

r=R,

7151 1-r0 pofty Ha KyCKOBO-OIHODIZTHOMY CETMEHTi [, 3 71 TOYKaMHM CIIPSHKEH-
HS IIIOJT0 paianbHOl 3MiHHOI 7 [11]:
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R
H, [f(m]= jf(r)V(r, Ao (ryrdr = £ (4), (25)
ars Vi(r,A)
H, [ 700]= 2 1) —L2 2 rr, (26)
L7a)- p ||V(r,ﬂs )|
n+l
Hy, [ Bl i) LF 1= =20 F(A) - 272 j SW(r, Ao, rdr +
k=1 R
- 27)
+ 1R6n+l V I(R )( n+l df zanrlfj
ay! dr r=R
Y dopmynax (25)(27) OepyTh ydacTh BENUUIMHH 1 QYHKIIIT, BUITHCAH]
n+l
B[11], B, ) = Zaf@)(r -R;))O(R; - r)BVM — TiOpuaHUiA 1udepeHti-
j=1

anbHuii oneparop beccens, O (x) — omunmuna dynkuis Ieicaiina [16].

3anumemo audepenuianpHi piBHAHHS (21) Ta moyaTkoBi yMoBH (22)
y MaTpuuHii popmi

o N - _
(atz alzB i + q12 (O-)Julm,ik (t,V,G) Glm,ik (l, r, U)

o’ .
(at agBV ik + QZ (O-)]MZm ik (t r O-) — G2m’jk (t> r’ O-) R (28)

o 2 2 ~ e
(87 —dy B"M,m.m t4q,4 (O-) un+1,m,ik (t’ r, O-) _Gn+1,m,ik (t’ rs O')_

~ ~1
ulm,ik (t,l",G) glm,ik (I’, O-)
" ~1
u2m,ik(t9r’a) gz,n,,-k(r,a)

it 50 | o | @0y i (r,0)

(29)
~ ~2
ulm,ik (t,l",G) glm,[k (I", O-)
1 ~2
8| doatro) || 2,u0r0)
8t ........................ ’
i1,k (17 0) =0 giﬂ,m,ik(”a o)
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Jc

2 2 2, 2.
gj(o)=azo" +xj; j=Ln+l
Inrerpanbuuii oneparop H,, , sikuil aie 3a gopmynorwo (25), 300pa-
3MMO Y BHUIJISIZIL OTIEPAaTOPHOI MaTPHUIi-psIKa

R, R,
Hy,[-]= J.“.Vl(r’/ls Yo rdr J'...Vz(r,/ls Yo, rdr
0

RI

(30)
R, R
) J oV (r, Ao, rdr J'...V’Hl(r,/l_V o, rdr
R

n—1
1 3acTOCYEMO 32 TIPAaBIIIOM MHOXKEHHS MaTpHIlb 110 3aaadi (28), (29). Bua-
CIIZIOK TOTOKHOCTI (27) oxepxyemo 3anady Komri aus 3BHyaiiHUX Iude-
PEHLITBHUX PIBHSHB 2-TO MOPSIIKY

n+l d2 5
Z ;—l—l +}/j +q](0-) ]mlk(t3 330):

j=1

i (1)
ol sy a; o, R
ZG]m zk(t }”v’ ) % n+1(R ;l’ )gm Jik (t O-)
Jj=1 a3,
ntl n+l -
Z ﬁjm,ik (@, ﬂ's s o-)|t:0 = z gjm,ik (ﬂ'v ,0);
! = (32)

n+l n+l

d = )
Ezujm,ik (ta }“s > O-)|t:0 = zgjm,ik (}“s > O-):
j=1 Jj=1
ae
RJ
i (1, A5, 0) = j Ly (8,7, 0 (r, )0 rdrs j =Ln+1,
RH

R/
jmzk(ta s’o-): J. Gjm,ik(t’r’U)Vj(ra/ls)o-jrdra j:17n+1,

-1

R/
§;m,ik A;,0) = j o 1,0V, (1, Ao rdr; j=1n+1,5=1,2.
R

-1

[Ipumyctumo, He 3MEHLIYIOYM 3arallbHOCTI PO3B’SI3Ky 3ajaadvi, 1o
2 2 2 2 .
max {ql (0),45(0), -\ dpa (o-)} =¢i (o) 1 mokmagemo  BCHOAM

7; =4i (0)-4;(0); j=1n+1 3anaua Kowi (31), (32) naGysae purmsiny
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2=
Mm il = z
d 2’ - + AZ (ZS > O-)um,[k = Gm,[k (t’ ﬂ’s > O-) +
(33)
n+ O-n+ R ~
+ (lznﬂ 1 n+1 (R’/ls )gm,ik (t,O'),

22

= = d = =
(0550, = it 00—t (62,0)| =8 0), - (34)
t=0

e

n+l n+l -

umzk(t’ s’o-) zujmzk(t’ S ) szk(tv 5’6) szmlk(t’ 55 ),

n+l

St (A:0)= 2 85 0 (A,0) A (A,0)= A0 +aiio” + 415 s =1,2.
Bimomo [11], mo equanM po3B’s3kom 3anadi (33), (34) € dyHKIis

th (1, s,a>=N(t,zs,a)g,i,ik(zs,a)+%N(r,zs,a)g;,ikus,an
' a,0,.R (35)
+jN -7,4,,0) Wk(z', S,a)+%lfm(R,/ts)ngk(t,a)}dr,
2
ne ¢ynkuis Komri (po3s’si3yroda QpyHKIis)
(t P ) sin(A(A,,0)t)
’ A(4,0)

. . . -1
Ockinbky cyneprosuiis oneparopis H,, Ta H,, € OIUHUYHUM OIe-

paTopom (HS” oH S_n] =H S_nl oH, =1 ) TO OmIeparop H,!, sx obepHeHui

1o oneparopa (30), 306pa3suMo y BUTIISIAI ONIepaTOPHOT MAaTPHIIi-CTOBIIIIS
3. NnA)
s=1 ||V (l" A g

Oo“. Vz(rsﬂ’s)
Hy,[]= Zl 7 (r.a)| (36)

i Vn+1(rﬂﬂ’s)

1 3aCTOCYEMO 3a TPaBHJIOM MHOXKEHHS MaTpullb J0 MaTpHIi-eJIeMeHTa

[ Uy i (8, A )], ne QyHKITis ﬁm,[k(t,/is,a) BH3Ha4YeHa (popmyoro (35).
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OnepKyeEMO €THHUN PO3B’SI30K OJHOBUMIPHOI TiepOO0IIiYHOT TOYaTKOBO-
KpaiioBoi 3amadi cupspxeHHs (21)—(24):

0 ~ v ’ﬂ
ijy i (1,7,0) = 3N (1.45.0) €55 (ﬂs,G)LS)Z+
s=1 "V(r,}ps)
0 ~ v ’l
S N )it )
ot ||V(r,/15)
ot V(i) (37)
+ZIN(t & /1 O-) mtk(T O')d’[|—s
s=1¢
aalS ; A
o Z,[N t—1,4,, O' Vit (R, A) & i (t,a)dr—z;
Q) s=10 "V(’,. )
j=Ln+l

3acTocyBaBIIN NOCIHIAOBHO 10 QYHKUIN 1, 4 ({,r,0) , BUSHAYCHHX

dopmymnamu (37), obepHeni oneparopu F ' Ta Fm > 1 BUKOHABILY He-
CKJIa[IHI TIEPETBOPEHHS, OIePKy€eMO (QyHKIIT
uj,ik(t>r9¢az) =

n+l t R/ @y +0 )
J. I J. I Elf)(t_rarapawaaaz_(:)fp(rapaaa(:E)UppdgdadpdT_F
p:IOR, L, 00
I’l+l p Py +0 "
23 | j [ Eperpoaz-dg,(pado,picdadps ()
p 1R,
n+l R, ¢, +0
2 [ [ [ Eparpoaz-dg(p.a.do,pdédadpt
P=IR_, 0 —»
n+l t By
2y, | [ Oh@rrpe.z80,0 " dédpdr +
p=l  OR,, -
t ¢, +oo
[ [ [ W, ut—2r.0.0,2-8)g(t,4,&)dédadr; j=1,n+],
00—

SKI BHM3HQUaIOTh €IMHI PO3B’SI3KM TiNEepOONIYHMX IT0YaTKOBO-KPaHOBUX
3anad (1)—(4), (5), (9); (1)=4), (6), (9); (H)~4), (7, (9); (D4, (8), (9)

TpH BiAMOBiAHUX 3HaYeHHsX ik (11, 12,21, 22).
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VY ¢opmynax (38) 3acTOCOBAaHO KOMIIOHEHTH

Elk (t rP,0,4, Z) - 72'_ Z glkpm * (tarapaz)Um,ik (w)Um,ik ((Z)
0 m=0
MaTpHIli BIUTUBY (PYHKIIT BIUUBY), QyHKIIT [ pina

O (6,77, ., 2,E) =

:_Z :r]ij’; o t_Tar’p>Z_§)q)m,ik (Tapaé:)Um,ik ((0)

TPy m=0

Ta KOMIIOHCHTU

2
/4 _ Ay:10 341 Ezk R
Jriik (t! re.a, Z) - n+l ,n+l (t r4,0,a, Z)

5%,

panianpHOI Matpumi I'pina (pagianeHoi QyHKIii ['piHa) BimmoBimHUX mMO-

YaTKOBO-KPaHOBHX 3aJa4 CIIPSKEHHS, ¢

Vi (rA)Y (pJvS)

[7: (

3ayBa:kennst 1. Anaii3 po3s’s3kiB (38) B 3a1eXKHOCTI BijJ TUIY Kpa-
HOBUX YMOB Ha IpaHsiX KIMHa ¢ =0 Ta @ = ¢, NOBTOPIOE BIANOBITHUN

Pj';”k tLr,p,z ZIN (t,,,0)cos(oz)do—

277

anams B [12].

3ayBaxkeHHsi 2. Y BUNAJKY a,; =a, a; =a; >0 dopmym (38) Bu-

0j =
3HAYAIOTh CTPYKTYPH PO3B’SI3KIB PO3IJIIHYTHX 3a]a4 B i30TPOITHOMY HeoOMe-
JKEHOMY KYCKOBO-OJTHOPIJTHOMY KIIMHOBUJTHOMY CYIJIbHOMY LIMJTIHADI.

3ayBa:keHHsl 3. Bunasiok 3MiHH @ B MeXax @ < ¢ < ¢, 3BOAUTHCA
J10 PO3IVISIHYTOTO HAMH 3aMiHOK0 @' =@ -, (@) =@, — ;).

3ayBasennsi 4. Ilapamerpn oy, Ao nosBomsioTs BumimaTH i3

dhopmyn (38) po3B’s3KU KpalOBHX 3a/1a4 y BUIAAKaX 3aaHHSI Ha IOBEPXHI
r=R, kpalioBoi ymoBu l-ro pomy (0!22 =0, gt = ) , 2-ro pomy
( =, gt = ) Ta 3-10 poz[y(agl =1, 85" =h> 0) .

3ayBa:keHHsI 5. AHauti3 po3B’s3KiB (38) B 3aJISKHOCTI Bi aHATITHY-
HOTO BHI[y (byHKHlﬁ f]-(t,r,¢7,2), g;(r,(o,Z), g]_cj(t9r92)9 wk/'(tarsz)a

j=Ln+1, s=12;k=14, g(t,0,z) TpoOBOOUTBECS OE3MOCEPEAHBO i3
3arajlbHUX CTPYKTYP.

BucHoBku. MeTo10M iHTErpajbHUX 1 TIOpUAHUX iHTErpajbHUX Iie-
PETBOpEHD Y MO€AHAHHI 3 METOJIOM T'OJIOBHUX PO3B’sI3KiB ((DYHKIIIH BIUTH-
By Ta QyHkuid ['piHa) Bmepmie moOyZoBaHO €IWHI TOYHI AHATITHYHI
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PO3B’S3KH y3arallbHEHHX MaTeMaTHYHUX MOJeNeld KOJIMBHHX IPOLECIB Yy
HEOOMEKEHOMY KYCKOBO-OJHOPITHOMY KIMHOBHUIHOMY CYLITBHOMY LH-
niaapi. OgepikaHi po3B’sI3KA HOCATH aJTOPUTMIYHUMA XapakTep, Hemepep-
BHO 3QJICKHTH BiJl TapaMeTpiB i JaHHUX 3a7adi i MOXKYTh OyTH BUKOPUCTA-
Hi SIK B TEOPETUYHHX JOCIIIKEHHX, TaK 1 B IPAKTHUI IHKEHEPHUX PO3pa-
XYHKIB 3 BUKOPHCTaHHSIM YHCEITbHUX METO/IIB.

10.

11.

12.

13.
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MATHEMATICAL MODELING OF OSCILLATING
PROCESSES IN UNLIMITED PIECEWISE-HOMOGENEOUS
WEDGE-SHAPED SOLID CYLINDER

The theory of boundary value problems for differential equations with
partial derivatives develops intensively and its results are important for the
development of many sections of mathematics. Its achievements are ap-
plied in the mathematical modeling of various processes and phenomenon
of physics, mechanics, biology, medicine, economics, engineering.

It is well known that the complexity of a boundary-value problem signifi-
cantly depends on the coefficients of equations and the geometry of domain in
which the problem is considered. Properties of solutions of boundary value
problems for linear, quasilinear, and some classes of nonlinear equations in sin-
gle-connected domains have been studied in sufficient detail.

However, many important applied problems of thermal physics, thermo-
mechanics, theory of elasticity, theory of electrical circuits, theory of vibrations
lead to boundary value problems for differential equations with partial deriva-
tives not only in homogeneous domains when the coefficients of the equations
are continuous, but also in piecewise homogeneous and inhomogeneous do-
mains when the coefficients of the equations are piecewise continuous.

In this article the exact analytical solutions of mathematical models of os-
cillating processes (hyperbolic initial-boundary problem of conjugation) for un-
limited piecewise-homogeneous wedge-shaped solid cylinder are obtained by
means of the method of integral and hybrid integral transforms, in combination
with the method of main solutions (influence matrices and Green's matrices).

The obtained solutions are of algorithmic character, continuously de-
pend on the parameters and data of problem and can be used in further the-
oretical research and in practical engineering calculations of real processes
which are modeled by hyperbolic boundary-value problems that are de-
scribed by a cylindrical coordinate system (problems of acoustics, hydro-
dynamics, the theory of vibrations of mechanical systems).

Key words: modelling, oscillating, hyperbolic equation, initial and
boundary conditions, conditions of conjugation, integral transformation,
the influence matrix, Green's matrix.

Otpumano: 14.11.2018
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H. B. Epumenko, KaHa. TEXH. HAYK

Hayuno-nponsBozactenHoe npeanpusarue «XapTpor-FOKOM»y,
r. 3anopoxbe

MATEMATUYECKAA MOLEJb YrnoBOro ABMXXEHUA
TBEPOOIO TENA B NAPAMETPAX POOPUTA-TAMUIIbTOHA
N EE UCMNOJIb3OBAHUE B 3AAAYAX YINPABJIEHUA
OPUEHTALIMEA KOCMUYECKOIO AMMAPATA

B Hacrosmee Bpemst Hanbosnee 3()(HEKTHBHBIM CIIOCOOOM MO-
JIYYCHU JAaHHBIX O IMOBEPXHOCTHU 3eMiin SBIISIETCS CIIyTHUKOBas
cbeMKa. [Ipy 3TOM K AMHAMHYECKAM XapaKTEPUCTHKAM CHCTEMBI
ynpaBieHuss KocmuyeckuM amnmaparoM (KA) npeabsBistorcs
OUYCHb JKECTKHE TpeOOoBaHUs. Pa3BOpOT NOKEH MPOHUCXOIUTH U3
M000T0 TEKYLIEro MOJIOKEHHUS B 1000 3aJaHHOE, TOYHOCTh OpH-
EHTAllMU B Pa3BEPHYTOM IIOJIOXKEHHUHN JOJDKHA COCTABISTH IWHH-
bl YTTIOBBIX MHUHYT, & YTJIOBBIE CKOPOCTH Pa3BOPOTa MOTYT JAOCTH-
raTh BeIMUYMHBI 2-3 Tpajgyca 3a cekyHay. s obecriedeHus Takux
BBICOKHX JAWHAMHYECKHX XapAKTEPHCTHK 0a30BBbIM TaKT CHCTEMBI
yIpaBlIeHUs] TOJDKeH ObITh He Oonee 100 mc. DTo orpaHudeHue
HaKJIaJbIBA€T OTPAHMUYCHUS M HA AJITOPUTMBI II€PEOPUCHTAIUH.
OHHM JOJDKHBI OBITh, C OJHOM CTOPOHBI, OYEHb MPOCTHIMHU, YTOOBI
BpeMsl, 3aTpauMBaeMoOe Ha pacdeT YNPaBIIOIETO BO3AEHCTBHSA,
ObUT0 MUHUMaNBHBIM. C Opyroil CTOPOHBI, OHU JOJDKHBI oOecrie-
YHUTH BHICOKHE TUHAMHYECKHE XapaKTepPUCTHKH, YTO HEBO3MOXKHO
o0ecreunTh B KIacce MPOCTHIX arOpUTMOB. Penenue 3a1auu cuH-
Te3a aNrOpUTMOB IepeopueHTarn KA HeoOXoquMo HCKaTh Kak
peleHre ONTUMH3AINOHHON 3amaun. [Ipy perreHnu Takux 3amad,
KakK IPaBUIIO, HCIIONB3YEeTCsl MaTeMaTH4ecKas MOJeNb YTIIOBOTO
nemkeHns KA, B KOTOpol AWHAMEKA OIMCHIBACTCS ypPaBHEHHEM
Diinepa, a KHHEMaTHKa — ypaBHEHHEM JUIs KBaTepHUOHA. B aToM
Cllydae JIOCTAaTOYHO JIETKO MONYYHTh YPaBHEHHS JBYXTOYETHOH
KpaeBoi 3aauy, HO HAlTH aHAJIUTUYECKOE pPEIIeHUe 3TOH 3a7a4uu
HE MIPEe/ICTABISETCS] BOBMOXKHBIM. PelreHre MO>KHO HaWTH TOJBKO C
HCTIONb30BAHUEM UYHCIEHHBIX METOAOB, YTO HE NMPUMEHHMO IIpU
peann3anuy anroputMoB Ha G6opty KA. DTH TpyaHOCTH MOXXHO
o0o#TH, ecnm B KauecTBE MOJENH yTioBoro asmxeHus KA mc-
MOJIb30BaTh MOJIENb, IMOCTPOCHHYIO Ha OCHOBE JWHAMHYECKUX
YpaBHEHHH BPAIIATEeIbHOTO OBIKEHHS TBEPIOTO Tela B ITapameT-
pax Ponpura-I'amunbsroHa. B pabote 5TOT moaxos ObLI UCIIONB30-
BaH U1l PEIICHUS] OCHOBHBIX 3aJ]a4 yNPaBJICHUS YTIOBBIM JIBIIKE-
HueM KA: 3agaun crabwin3anuy U 3aJa4il TEPMUHAIBHOTO YIIPaB-
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nenus. CtaThst MOXET OBITH IOJE3HOH pa3paboTYMKaM CHCTEM
ynpasieHus opueHTanuein KA.

KnroueBble cioBa: napamempur Poopuea-I amunsmona, xoc-
MuyecKuii annapam, KEamepHUoH, OpUeHmayus, OUHAMUYECKoe
ypasHenue 0Jis KGAMepHUOHA.

YcoBHBIe 0003HAYeHUS U CUCTeMbl KOOPAMHAT. [Ipu u3n0KeHnU

MaTepHaia CTaTbU HCHOJIB30BANICH CIECAYIOIHE 0003HAYECHHS U CHCTEMBI
KOOPMHAT:

cujB — BEKTOp YTJIOBOHM CKOPOCTH BpamieHus 0a3rca A OTHOCHUTEIBEHO
Oasuca B, 3aJaHHBIN IPOCKIMSAMHA Ha ocH 0asuca A;
20
Ayp =| B | — BekTOpHOE TIpe/CTaBNEHHE KBATEPHHOHA CO CKANSP-
AB

HOH 4acThI0 /12 5 ¥ BEKTOPHOH 4acThio A, € R? , 3aparommero mepexos
ot Oasuca A k 6a3ucy B;

Cp, — MaTpHula nepexoja ot 6as3uca 4 k 6asucy 5;

!/ — vHepuMabHas CHCTEMa KOOPIUHAT;

R — onopnHasg cucremMa KOOpPAMHAT, OTHOCUTEIBHO KOTOpPOHl ocy-
mecTBisieTcs: Tpedyemas opueHTanus KA, ee BpaiieHre OTHOCUTEIEHO
MHEPLUAIBHOM CHUCTEMBI KOOpAMHAT [ 3aJaeTcsi BEKTOPOM IIPO-
TPaMMHON YTJIOBOWM CKOpPOCTH, ONpEAEHEHHBIM B BHIE HEKOTOPOI

(hyHKIME BpeMeHH wfl (t) , U1 KOTOPOH CYIIECTBYET NMPOM3BOJHAS
0 BpEMEHHU a')gl ®);

B — XecTko CBfi3aHHas ¢ KOpIycoM KocMmuyeckoro ammapata (KA)
TIpaBasi OPTOTOHANIBHASI CHCTEMa KOOPANHAT;

J — ten3op naepmu KA;

M, e R — YIPABJIAIOMUNA MOMEHT, CO3/1aBA€MbIi MCIIOIHUTENbHBI-
MU OpraHaMHM cUCTEMBI yrpaBieHus KA;

M, e R — BO3MYILAIOIIHUNA MOMEHT;

0 —-x x
@(x)= X3 0 —x | — nuHEHHBI KOCOCUMMETPHUYECKUH oOle-
-X, X 0

paTop BEKTOPHOTO TIPOU3BEJCHMSA, OIpEeNsieMblii pPaBEHCTBOM
D (x) y=XXY.

I, — eIMHHMYHAs MaTpPHULA 11 X7.
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Bgenenne. Ycrex B perieHnH 3a1a4 yrpasJieHus AikerneM KA otHo-
CHTEJBHO IIEHTpa Macc BO MHOT'OM 3aBHCHT OT BHIOPAHHOM MOJIENH JABVKEHHS
KA. MaremaTtnueckas Mozenb yrioBoro ABmkeHHs KA coctout u3 IByx
TPyl ypaBHEHWH: AMHAMUYECKHX ypaBHEHWI Oiinepa M KUHEMAaTHYECKUX
YpaBHEHHMH, 3alTUCaHHbIX B TEX WM MHBIX KHHEMAaTHIECKUX Mapamerpax (yr-
nax Oinepa-KpbuioBa, HampaBISIIONIMX KOCHHYcCaX, mapamerpax Ponpura-
I'amunbroHa). B 3aBHCHMMOCTH OT TOrO, Kakue HCIOJIB3YIOTCS KMHEMAaTHIe-
CKH€ MapaMeTpsl JJIs ONMCaHusl YIioBoil opueHTanu KA Mo’kHO BIAENUTH
CIIEYFOLIYE BUABI MOJETIEH YIJIOBOTO JIBHKEHUSL:

® MHAMUYECKOE ypaBHEHHME Oilliepa M KHHEMAaTHYECKOE YPaBHEHUE B
HaIpaBJIOIUX KOCUHYCAX;

® MHAMUYECKOE ypaBHEHHME OJiliepa M KHHEMAaTHYECKOE YPaBHEHUE B
yriax Dinepa-Kpsliosa;

® MHAMUYECKOE ypaBHEHHME Jilliepa M KHHEMAaTHYECKOE YPaBHEHUE B
napametpax Poxpura-I'aMmunsroHna.

Cpenu 3THX MOAened caMoi pacIpOoCTPaHEHHOM SIBIIE€TCSI MOZAETb, B
KOTOPOHM IWHAMHKA ONHKCBHIBAETCS ypaBHEHHEM OMlepa, a KHHEMAaTHKa —
KMHEMAaTUYECKUM YypaBHEHHMEM B mapamerpax Poapura-I'amuinbrona.
YpaBHEHUS 3TON MOJAENH, ONUCHIBAIOIINE OTHOCUTENBHOE ABHKEHHE CBSI-
3aHHOM U OIIOPHOM CHCTEM KOOPAMHAT UMEIOT CIEAYIOIIUNA BUL!

Jot +(a)§1 +a)gR)xJ(a)§1+a)gR)+J(a)§f xa)gR+a‘)):Mu +M,, (1)

, 0 —(wp")

2App = BR BR Arg - 2
wg  —P(wy
JIOCTOMHCTBOM MOJENN SBJSIETCSI OTCYTCTBHE BBIYHCIHTENBHBIX
0co0eHHOCTeH 1 MUHUMaJIbHast H30BITOYHOCTh BEKTOPA COCTOSTHHS, HEJI0-
CTaTKOM — HEJIMHEWHOCTh MOJIEINH, YTO CYIIECTBEHHO 3aTPyAHSET CHHTE3
3aKOHOB yTIpPaBJICHUS.

Kpome mepeunciieHHBIX BBIIIE Mojelnell yriaoBoro IBIKeHHS KA,
JUISL TIOCTPOGHUSI YIIPABJIEHHS MOXKHO MCIOJIB30BAaTh U MOJIENb JIBHKCHUS,
UMEIOIIYI0 BHUJ CHUCTeMbI AuGQEpPEeHIINATBHBIX YPaBHEHUH BTOPOTO IO-
psnka oTHOCHUTENbHO mnapamerpoB Ponpura-I'amunsrona (B. H. Komuns-
koB [1], }O. H. Yennokos [2—4]). OgHako B MOJENSAX, MPUBEACHHBIX B
9THX paboTax, IpaBble YacTH AWHAMUYECKOTO ypaBHEHHMs Diiepa BbIpa-
JKAIOTCSl HETIOCPENCTBEHHO depe3 mapaMmeTpsl Poxpura-I'amuibroHa, 4To
MMPUBOJUT K TOMY, YTO MOJCIIN CTAHOBATCA CYHICCTBCHHO HeHHHeﬁHLIMH,
W ¥X 3aTPYJHATEIHHO MCIONIb30BaTh JAJIsl CHHTE3a yIPaBICHUs. DTH TPYA-
HOCTH MO>XKHO O60ﬁTH, €CJIM IpHU MOCTPOCHUU MOACIN UCIIOJIb30BATH IU-

HaMU4eCKOe YpaBHEHHUE ISl KBATEPHUOHA [5]
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K=, ~An"U-|A[ A )
AeT={A:|Al=1, AR}, (

OITICHIBAIONIEE MHOXKECTBO BCEX JOMYCTUMBIX YIPaBIAEMbIX HepeMere-
HUI TOYKH Ha TOBEPXHOCTH C(Ephl C eANHUYHBIM PAJUYCOM B YETBIpEX-
MEPHOM TIPOCTpaHCTBe. YpaBHeHHe (3) mpencTaBisieT COOON YacTHBIN

ciy4ail ypaBHEHHs IBUKEHHS TOUYKH 10 cepe B mpocTpaHcTe R
.. 2
T
Xo=U,=Xo-Xp) [ =X, '|X0| ,
KOTOPOE OMMCHIBAET MHOXKECTBO BCEX JOMYCTUMBIX YIPAaBISIEMBIX Iepe-
MEIIEHNI TOUYKH Ha TIOBEPXHOCTH c(ephl 3aJaHHOTO PaJyca B 71-MEPHOM

npoctpaHcTBe. B pabore [6] mccnenoBaHBl CBOWCTBA 3TOTO ypaBHEHHS U
JIOKa3aHbI CIEAYIOINE YTBEPKICHNUS:

YrBep:kaenne 1. [Tycts 3a1aHa HennHelHast cucteMa auddepeHIu-
anbHBIX ypaBHEHUH X (m g (X X, XX ("H)). ByzneM paccMarp-
BaTh KOMIIOHEHTHI BeKTOopa X (t) € R" Kak KOOpAUHATHI OJHOMMEHHOU

TOYKH, KOTOpAasi JBHXKETCS B MPOCTPAHCTBE R” 10 HEKOTOPOU TPaeKTo-
puu, onpenensieMoi BEKTopoM X (t) IIpu >ToM BekTop QyHKIHT X (t),

te [to, tl] YAOBIIETBOPSET YCIOBUIO ”X (t)" #0. Torma nBUXEHUE MPO-

eKINX 3TOM TOYKH Ha eI[I/IHI/I‘IHy}O cthepy B mpocTpanctee R”, ompenens-

Xo:(l —Xo- Xo) f=Xo |X0| )

eMoe OpTOM X, (1) = — 4 BeKTOpa X (), OmHChIBACTCA ypaBHEHHEM

X 5
=T 2= X, +aX,,
f S S 0 0

s=NX"-X,6=x]-Xx,

B KOTOPOM TMepeMeHHast a(t) MpeCTaBIsieT COO0H MPOU3BOJIBHYIO CKa-

JSIpHYIO (PYHKINIO BpEMEHH.

YrBepskaenue 2. ITycTb Ha eauHnyHON cdepe B mpocTpaHcrse R”
3ajgaHa Touka X (7), JBIKGHHE KOTOPOIl ONMCHIBACTCS yPABHEHHEM

. .2
_ T
X, = (I,, - X, X )-f—XO ~|X0| . Exunnanomy Bektopy X (1) MOXHO
TOCTABHTb B COOTBETCTBHE BEKTOp X (), M3MEHEHHE KOOPAMHAT KOTOPO-
ro BO BPEMEHH OIICHIBACTCS CHCTEMOW ypasHenmii X (1)=VY, rae co-
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TJIacHO  yTBepXKAeHWio 1, QyHKOus ‘I—’(t) HMEET BHUJ ‘P(t):

=5f+26X,+aX,, =VX"-X . Eciu B HauabHblil MOMEHT BPEMEHH
BBImONHsIOTEs cootHomenmA X (£y)= X, (). X (t))=Xy(4), To cy-
LECTBYET B3aMMHO-0/IHO3HAYHOE COOTBETCTBHE MeX Iy BekTopamu X, (1)

uX ([) , ONPEACIAEMOC BbIpAKCHUSIMHA

Xo(t)=—5" )’(0(;)=% % =(1n—Xo(t)XoT(t))$,

X(t)=06X,(t), X(t)=5X,(t)+3X,(2).
Vreepaxaenne 3. [TycTs Ha eIUHUYHON cdepe B mpocTpaHcTBe R
3ajaHa Touka X, (t) , IBIDKCHHE KOTOPOW OIMCHIBAETCS YpPaBHEHHEM

X 0 =0©, Trae YCKOpeHHE TOYKH ) ONpeNensieTcss BbIPAKECHUEM
2
0= (In —XOXOT)f—X0 ”X0 " , @ BEKTOp f SBISIETCSI BEKTOPOM YIIPaB-

nenus. Torna BexkTopsl ® u f cBsA3aHbI cOOTHOIIEHUEM f =@+ X,

i TIEPEMEHHAs @ — MPOU3BOJIbHAS CKAIAPHAS (YHKIIUA.

B manHO# paboTe ¢ MCHOIB30BaHUEM ypaBHEHU (3) MpeiararoTcs
METOJIbl PEIICHUS OCHOBHBIX 3a/lad YIPABJICHUS YTJIOBBIM JBHXCHHEM
KA: 3agaua crabunmsanuy 1 3a/1a4a TePMUHAIBHOTO YIIPABICHUS.

MaremaTuyeckasi MojieJIb YriioBoro Jpm:keHnsi KA B nmapamerpax
Ponpura-I'amuibTona. PaccmoTpuM ypaBHeHus (1-2), onuchiBarormue -
HaMUKY OTHOCHUTENIBHOTO YTJIOBOTO JABM)KEHHUS CBA3aHHON M OMOPHOM cucTeM
KoopAuHAT. B 3TOI Monenu B kauecTBe BEKTOpa COCTOSHUS HCIOJIB3YIOTCS

BCKTOpP OTHOCHUTEIHLHOMU yI'J'IOBOﬁ CKOpPOCTH a)gR 1 KBATCPHHUOH A RB » OIIpEC-

JISTLSTFOIIAI B3aMMHOE TIOJIOXKEHUE CBSI3aHHOM U OTIOPHOM CHCTEM KOOPIHMHAT.
B pabote [6] momydeHa Monenb, B KOTOPOH B KauyeCTBE BEKTOPa COCTOSHHUS
HCIIONB3YeTCs BEKTOp mapaMeTpoB Pompura-I'aMmibsToHa (KBAaTEPHIOH) H €TO
[IPOM3BOAHAS. Y paBHEHUE MOJEIN UMEET CIEIYIOLMIA BUL

Apg = (14 —Agp 'Aﬁs)'U"L%AT (Apg)Jd ™M =App '||ARB|2

G

B »ToM ypaBHenuu Bexktop U € R* sBisiercst cBOGOIHOI MEepEMEH-
HOﬁ, N3MCEHAA KOTOPYIO MOXXHO HM3MCHATH XapaKTEP YIJIOBOro ABUKCHUS
KA. Mexny cucremoii ypasuennit (1)—(2) u ypaBHenueM (4) cymecTByer
B3aMMHOE COOTBETCTBUE, ONPEEIISIEMOE BhIpAKEHUSIMU [6]

ng = 2A(ARB )ARB ) Q)

M, =2JA(Agz) U+ap xJop +J(of xap" +ag), (6)
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BI RI BR
Wp =Wy twp ,

. 1
App =5AT (ABR)a)gR9 (7N

U= 4" (hgp) (o, 0! 0! =3 (0ff 0"+ ). 9

rae Matpuna A(Agg) EMeeT BUx A(ARB):(—ﬂRB Apgly @ (Agg ))

VYpaerenus (1-2) npeacTaBistoT coO0H MOJENH YIIIOBOTO JIBIXKCHHUS, B
KOTOPOH ypaBHEHHS TMHAMHKH 3alUCaHbl B IPOCTPAHCTBE R, a KNHEMATHYE-
CKHe YPaBHEHHs 3allicaHbl B PocTpaHcTee R*. VpasHenue (4) npescTasiser
coboii Moziestb yriioBoro IprkeHns KA, B KOTOpOil ypaBHEHHs JUHAMUKA
KMHEMATUKY 3alMCaHbl B TPOCTpaHcTBe RY. Tak, Kak MEXITy MOJIENBIO, OTpe-
nensieMoii ypaBHeHUsiME (1)~(2) u Monenpio B Buae ypaBHeHHUs (4) Cyiie-
CTBYET B3aUMHO—OJHO3HAYHOE COOTBETCTBHE, ONpPENENIIEMOe BEIPAKESHUSIMH
(5)+8), ToO MO)KHO CHHTE3MpPOBATh 3aKOHBI YIIPABICHUS, UCIIONB3Ys MOZIETb

(4), a 3aTeM BepHYTHCA B IPOCTPAHCTBO R® umo thopmyne (6) Haiitn Husm-
YeCKH pealln3yeMblii yIpaBIIIOIIif MOMEHT M, .

Oco0eHHOCTH MPUMEHEHHUs] JHHAMUYECKOro ypaBHeHHsl B Mapa-
MeTpax Poapura-I'amMujbTOHA B 3agayax ynpasJieHUsl OpHeHTalueil
KA. YpaBuenue (4) siBnsieTcsi HeIMHEHHBIM YpaBHEHHEM, YTO CYIECTBEH-
HO YCIIOXHSET mpoueaypy cuHresa ynpasinenusi U. HemuneitHocTs 00y-
CIIOBJIEHA TEM, UYTO Ajpp IpeACTaBIET cO00H HOPMUPOBAHHBIM KBaTep-

HUOH. Iy TOoro, 4ToOBl M30aBUTHCS OT HEIMHEHHOCTH, IepeiaeM K He-
HOPMHUPOBAHHOMY KBaTepHHUOHY. [IpeacTaBuM KBaTepHUOH A, B BUAE

X ()
Apg ()=, 9
rie X (f)e R — BekTOpHOE NpeCTABICHHE HEKOTOPOTO HEHOPMHPO-

BaHHOT'O KBaTEepPHUOHA.
[IycTs m3MeHeHne Bo BpeMeHH BeKTopa X(f) OIICHIBACTCS ypaBHEHUEM

X=E. (10)
CornacHo BeIpaxeHUIO (9), IS MPOU3BOJIHON IO BPEMEHH OT BEKTO-
pa App CIpaBeAIMBO COOTHOIICHUE

- d X(@) r o\ X(0)
App(t)=—| —2L |=(1, - kA
RB( ) dt "X(Z)" ( 4 RB*“*RB ) "X(Z)"
C y4eToM COOTHOUIEHHUS AJIS IPOU3BOAHOM A RB (t) u opmynst (5) Bek-

. . BR
TOp OTHOCHTENIBHOM YTIIOBOH CKOPOCTH @jp (t) MOXHO TPEJICTaBUTh
clenyronmmM 00pa3oM:
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off =2 _4(X)-X . (11)
X1
W3 Bepaxkennii (9)—(11) cnenyer, uto, GopMupys HyKHBIM 00pa3oM
ynpasienne Z(¢), MOKHO (HOPMHUPOBATH TPEOGYeMblil XapakTep H3MEHe-
HUS YIII0BOM opueHTauuu u ckopoctu BpamieHus KA. [lycts B HaganbHBIH
MOMEHT BPEMEHH BBITTOJIHSAIOTCS YCIOBHS

X (to)=Ars(t0)s X(to)=Ars(15)-

Tornma cornacHo YTBEp)KICHHUIO 2 MEXIy BEKTOPAMH COCTOSHUS
cucrem (10) u (4) cymecTByeT B3aMMHOE COOTBETCTBHUE, OIpeiessieMoe
thopmynamu

X(1) T X (1)
Apg (1) =77 Mg () =Ly = App (£) Ars (1)) 777>
A= A

X (1) = 0] Ay (- 2 0) =5 (1 Dy (1) g ()

IIpu »ToM ypaBuenue (10) MOXKHO paccMaTpuBaTh Kak ypaBHEHHE
yraoBoro aemwkenus KA, 3anucanHoe B Buae auddepeHnaisHoro ypas-
HEHHs JUIS HEHOPMHPOBAaHHOTO KBaTepHUOHA. [IpomuddepeHuuposas m
pa3 BekTop X, muddepeHnuanproe ypaBHeHune (10) MOXHO 3amucarth
CIIEAYIOIIMM 00pa3oM:

rne Bektop ¥ — HOBEIIT BexTOp ynpasnenus. [Ipu atom Bextopa ¥ u =

—(m=2
cBsi3anbl cootHomennem ¥ = 5" |

Mertoasl ynpapjieHHs] OpHEHTalell KOCMHUYECKOro ammnapara c
HCII0JIb30BAHHEM YPABHEHHS BpallaTeJbHOro ABmxkeHust KA B mapa-
Metpax Pogpura-I'amuibToHa.

3agaua craduam3anuu. [lon crabumm3anuell yTriIoBOTO BHKCHUS
KA oTHOCHTENFHO ONMOPHOH CHCTEMBI KOOPIMHAT OyJeM MOHUMATh TaKOe
yrinoBoe gaBmkeHne KA, TpH KOTOPOM TIIOIOKEHHE pPaBHOBECHS

T .
Agg(t)=(1 0 0 0) sBusiercs acummToTHYecKn ycroitamsbM. Cdop-
MYJIHPYEM CIICAYIONIYIO 3a/1a9y YIIPABICHU: ISl CACTEMBI YpaBHECHUIA
. BR RI BR RI BR RI _ _BR , -RI\_
Jowy +(a)B +wp )xJ(a)B +wp )+J(a)B Xwg +ap )—Mu

BRT
0 —wg

2A pp =
o' 0w

'ARB

HalTH 3aKOH ympaBieHus M, , oOecleuuBaIOIUi ACUMITOTUYECKYIO

y T
YCTORYMBOCTE TOJOKEHMIO paBHOBecHs A gy (£)=(1 0 0 0) .
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Pemenue 3agauu craduiausanum. PaccMoTpuM ypaBHEHHE OTHOCH-
TEJIFHOTO JBIDKEHNUS B Napamerpax Poxpura-I'amunsrona

ARB = (14 —App 'AﬂB)'U_ARB '|ARB|2

CormacHo yTBEPKICHHUIO 3 9TO YpaBHEHHE MOKHO TPEICTABUTD Clle-
JIYIOIIIUM 00pa3oM:

>

Agg =U (t)+a(t)Aps,

Iie o — TpOW3BOJbHAS CKaysipHas (yHKuus. [lonoxxum ee paBHOI Hy-
mr0. B pe3ynpraTe moydnM ciiemyromniee ypaBHeHUe:
Agp :U(t). (12)

Cucrema (12) mpexacraBisger co00l WHTETPATOP BTOPOTO TOPSIKA.
st Takoro BUa ypaBHEHHUH 3aKOH yIIPABJICHUS

U=-K\E-K,E,
E=Apg—Apgs E=Npp,
K, :diag(kli), K, = diag(kzl-) , ki >0, ki >0,
Ay=(1 0 0 0)
00eCIIeUYnBaCcT ACHMIITOTHYCCKYIO YCTOHYUBOCTD MOJIOKCHHUIO PABHOBECHUS
App (t) = (1 00 O)T . Ucnone3yst dhopmyiy (8), Haxoaum (GpU3HUECKU
peaT3yeMBlil yIpaBisIonuii MOMeHT M, .
M, =2J4(Agg U +(f" + 03" ) xJ (0f' + 0} )+ J (0 xo5* +ay').
Takum 00pa3oM, CIIpaBeIUBO CIACAYIOIIEE YTBEPKICHHE.
YrBep:kaenue 4. /{7151 cuCTeMbl ypaBHESHHNA
Jag" +(a)g1 +ng) xJ(a)gj +a)gR)+J(a)§1 x gt + oy ) =M,

. [
2App =
o5 ~0(wg"
3aKOH YIIPABJICHUS
M, =2JA(Agg)U +(a)§’ +ng) xJ(a)gl +ng)+J(a)§] X WPk +d)§'),
rae Bektop U ompenensercs CaeayronuM o0pa3oM

U=-KE—-K,E, E=Apy— Mg, E=Apy,
K, =diag(ky;), K, =diag(ky;), k; >0, k;; >0,
Ay =(1 0 0 0)

o0ecrieuynBaeT aCHMITOTHYECKYIO YCTOHYNBOCTD MOJIOKEHUIO PABHOBECHS
Az ()=(1 0 0 0).
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Mpumep. s KA, Haxozsierocst Ha Kpyropoi opOUTe, MOACTHPO-
BaJICs TPOIIECC MOCTPOSHHs UHEPIMaabHON opueHTaluu. Ha puc. 1 n300-
paXkeHbl 3aBUCUMOCTH OT BpPEMEHH YrioB opueHTauuu. COOTBETCTBYIO-
IIMEe YTIIOBBIE CKOPOCTH M300pakeHkI Ha puc. 2. Kak BUIHO U3 MPUBEICH-
HBIX Tpa(HKOB, MapamMeTphl YIJIOBOTO JBIDKCHHS B KOHIIC MEPEXOHOTO
IpoIiecca COOTBETCTBYIOT PEXXUMY WHEPIIUATFHON OpHUEHTAIMH. DTO MO/~
TBEpXKIaeT paboTOCIOCOOHOCTh pa3padOTaHHBIX aTOPUTMOB.
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3azaya TEPMHUHAIBHOTO YNIPABJIEHMSI: 1UIs CHCTEMbI ypaBHEHUH

- BR RI | _BR RI | _BR R BR , -RI
Jowy +(a)3 +wp )XJ(a)B +wp )+J(a)3 Xwp +op ) =M,

BRT
0 -y

2A g5 = A

BR BR
wg —D(wg")

HaliTH 3aKoH yrpasienus M, (1), oGecnedyHBArOIIMA TEPEOPUCHTALIMIO

KA u3 Tekyllero yrioBoro HoyoxeHus Agpp (to) , Agg (to) B MOMEHT

BpeMeHH f, B TpeGyeMoe yrioBoe monoxkenue Agg(f), Agg(f)B Mo-

MCHT BPEMCHHU tl . MomeHTEI BpEMCHU tO u tl 3alaHbIl.

Pemenne mocraBieHHoM 3agauym. /{151 pelieHus 3agayd BOCHOJIb-
3yeMC$[ MOACIIBHO yFJ'IOBOFO JOBHWXKCHUA KA B BUAC JUHAMHWYCCKOT'O ypaB-
HCHUS OJ1s1 HCHOpMI/IpOBaHHOFO KBaTepHI/IOHa

x" — g (13)

Bynem momarate, 9To /Ui BekTOpa X W €ro NpOM3BOAHBIX 10 m — 1
HOpH}IKa BKJIKOUUTCIIBHO 3aJaHbI FpaHI/I'-IHbIe yCJ'IOBI/Iﬂ JJIA q)HKCHpOBaH-
HBIX MOMEHTOB BpEMEHH f, U ;. [Ipruem,

X(ty)=Apg(to), X(t)=Apg(to)-
Jlnd 3a1aHHBIX TPAaHWYHBIX YCIOBMM HAWJEHO PELICHHE 33aJadd OIl-
THMAaJbHOI'O YIIPABJICHUS: HAUTH 3aKOH yIPAaBICHUS ‘P(t) , IEPEBOIALINIA

CUCTEMY X(m) =Y m3 TEKYHICTO COCTOSIHUA B MOMCHT BPEMCHU tO B TpC-

OyeMoe COCTOSHHE B MOMEHT BPEMEHH #, M 00eCIeunBaIOIIH MUHUMYM

tl
dynkimonany L(r) =%_|’||‘}’||2 dt. OnpenenuM NPOrpaMMHYIO TPaeKTo-
t()
PHIO pa3sBOpOTa (KBATEPHHUOH A .- ) CIEMYIOMUM 00pasoMm:
X(1)
Ay (1) =)
R P

B atom cnyvae, cornacHo yTBEpKAECHHUIO 1, 1711 KBATEPHUOHA A,

CTpaBeVINBO YPaBHEHUE

Ry = (1= Ay -Apy ) U

s

. 2
~Apg '"ARB*" ’
. X 1 d -
rie U =+——2+——(||X||) App -
gD Ao

VYnpasnenne W BbIOpaHO TakuM 00pa3oM, YTO BBIMOJIHSIOTCS COOT-
HOIICHHS
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X (tg)=Ars(t6)» X(t6)=Aps(10)
X ()= Mg (t)s X ()= Agg(ty)-
Tax Kak BeKTOp A - (¢) SBISIETCS OPTOM BEKTOPa X, TO B MOMEHT BPEMEHN
11 BeKTOp A (¢) 1 ero nponssomnas A, (¢) IpAMYT 3a1aHHOE 3HAUEHHE
X
i 2w

obecrieunBaeT rnepeoprueHTalyio KA W3 TeKyIero yIjioBOro IMOJOXKEHHs

Ars(t)), A rs(tr). CrieoBarernbHo, yrpapierue

Arg(to)+ Agp(ty) B MOMeHT Bpemenn #, B TpeGyeMoe YIVIOBOE HOMIOKe-
e Apg(f), Agg(t) B Moment Bpemenn # . Tak Kkak 3a7a4a MHHHMU3A-
i dyHkunonana L () mpu orpanndesny (13) MMeeT aHANIATHIECKOE pe-

* V3
renue [7], To pacuer Bektopa U HE MPEeCTaBIsAET HUKAKUX CIOKHOCTEH.

*

VYupasnenne U , HOCTPOSHHOE TaKUM 00pa3oM, SIBISIETCS TIPOrPaMM-
HeM. [Ipn Takom ympaBnerun KA Oyner ABUTAThCS IO HEKOTOPOH TPaeKTo-
pur A pp , OTIIMYHON OT POTPAMMHON TPAEKTOPUU A ppe . ITO OOYCIIOBIEHO

omuOKaMH peann3aly MPOrpaMMHOTO YIPABISHUS U HATMYHEM BO3MYIIAI0-
IUX MOMEHTOB, AeicTByromux Ha KA. JIst cTabuin3aiyu yriioBoro ABHKe-
Hust KA OTHOCHTENIBHO MPOTPaMMHOM TPaeKTOPHK HEOOXOIUMO YIIPABJICHHE
B BUJIC 00PATHOM CBSA3M IO COCTOSHUIO. [IJIs1 HAXOMKIICHUSI 3TOTO YIIPABJICHUS
paccMOTpUM OTHOCHUTENIFHOE JIBMXKEHHE CBsizaHHOM ¢ KA cuctembl xoopau-

o *
HaT B OTHOCHUTENBHO MPOrpaMMHOM CHUCTEMBI KOOpAMHAT B , MOJNOXKEHHe
ocell KOTOpOH OTHOCHTENIBHO OIIOPHOTO 0asmca R ompenernsieTcs: KBaTepHHO-
HOM A .- . B cootBeTcTBUM C ypaBHeHueM (1-2) cucTema ypaBHEHHH, OTUCHI-

*
BaroII[as IMHAMUKY JIBHOKCHHS Oa3rca B OTHOCUTENIBHO Oa3uca B, UMeeT BHJ

Jop? +(of "+ o )x (o 4o )4 (0f <o v o)) =M

us

.
. 0 ~wp?T
App=| gy s | PEs
Wy -0 (wy

rac
B'T B'R i
@ —a)B +a)B » W =2AN g ) A g 5
BT =R+ B R GER Z2 AN, U
B B B ’ B RB :

[IpencraBum 3Ty cucrteMy B Buae AuddepeHInanbHOro ypaBHEHUS
BTOPOTO NOpPsAJIKa OTHOCUTENBHO NapameTpoB Ponpura-I'amunprona

AB B ([4 Apgp 'Ag‘B ) U—Apy '"AB*B "2 ’
rae U — cTabunusupyloniee ynpasieHue.

58



Cepis: TexHiyHi Hayku. Bunyck 18

JInst Haxo)KAeHUs CTaOMITM3HpYIOIIero ynpasieHust U BocHonb3yeMmcest
yTBepkaeHreM 4. CorsiacHO 3TOMY yTBEPIKACHHUIO, 3aKOH YIIPaBJIeHH
U=-KE-K,E,
X o
E=Apyp—Apg, E=Apy,
* T
App (t) :(1 00 0)
obecrieunBaeT aCHMITOTHYECKYIO YCTOWYNBOCTD MOJI0KEHHIO PABHOBECHS
T
ABxB(t)z(l 00 0) .
[Ipu sToM MoMeHT ympaBieHus, AercTByroumii Ha KA, B cooTBert-
CTBHUH C BhIpaKeHHEM (6) MOKHO PacCUHUTaTh 1Mo GopmyJie
_ B'I , BB
M, = 2JA(AB$B)U+(a)B +wg )x
xJ(op " + o5 )+ J(0h! xwp® + ci)gxl).
TaxuMm 06pa3om, CrIpaBeIMBO CIIEAYIOIIee YTBEPKICHHE.

Yr1Bepaxnaenue 5. [lycts BpamiarensHoe nBmxkenue KA onuceiBaetcs
CUCTEMON ypaBHEHUH

Ja')gB +(a)gl+a)gB )XJ(a)g[+a)gB )+J(wglxwgg +ci)gl):Mu,

.

o e

2App = BB BB\ | BB
Wp -O(wg” )

BBeneM B paccMoTpeHHe BEKTOp X € R*, nBukenue KOTOPOT'O OIH-
ceiBaercs quddepeHnnaIbHBIM ypaBHEHHEM
xm =y,
Jns Bekropa X W ero mpoM3BOJAHBIX OO m — 1 MOpsiAKa BKIIOYH-
TEJIFHO OIIPEAEIEeHBl TPAaHNIHBIC YCIOBHS sl (PUKCHPOBAHHBIX MOMEHTOB
BpeMeHN ¢, U f, . [Ipudem,

X (tg)=Apg (tg) s X(tg)=Apg(to)

X(10)=App (1), X(1)=Agg (1),
JIns 3aaHHBIX TPaHUYHBIX YCIOBUH HaillieH BEeKTOp ympasieHus ¥,
HepeBoAdANMiA TouKy X U ee IMpOU3BOAHBIE A0 m — | mopsaKa BKIIOYH-
TEJIHO W3 IOJIOXKEHHs B MOMEHT BPEMEHH [, B IIOJIOKCHUE B MOMEHT

BpeMeHN f . Torma mporpaMMHasl TPaeKTOpHS Pa3BOpOTa (KBATEPHHOH
A gy ) m IporpaMmMHOE ynpasienue U : OTIPeNIeISIETCS BBIPAKCHUEM
X() . X 1 d ~
() =—->2 =2 A,
o O g gD e
a MOMEHT YIpaBICHUS
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M, = 2JA(A U +(@f " + @B Yx J(@0f T + 0P )+ J(0f! x P +@B1),

rac

U=-K\E-K,E,
% * T
E=Npp—Npp, App = (1 0 0 0)

obecnieunBaeT NpHUBeACHNE 32 QUKCHPOBAHHOE BPEMs T =t —f, CITyTHHKa

us nonoxkenus Apg(ty), Agp(fy) B 3amannoe momoxenme Agg(f),

Agg (1) Tlpu >Tom monoenue pasrosecus A, (1)=(1 0 0 0)

ACHMITOTHYECKH YCTOWIHBO.

Ha ocHoBe mpenio)xeHHOro crocoda MocTpOeHHs! aaroOpuTMOB Iie-
peopueHTanuu OBIIM PEaTn30BaHbl PEXHMMBI MPOTPAMMHBIX ITOBOPOTOB
kocmuueckux anmaparoB «Egyptsat-1» n «Ciu-2». B KA «Egypsat-1»
JUTSL TOTO MCIONIB30BAJICS allTOPUTM BTOpOTO mopsinka (m=2), a B KA
«Ciu-2» — anroput™m TpeTbhero mnopsaka (m=3). Hwmwxke npuBoasrcs
Pe3yJIbTATHI JIETHBIX UCIBITAHUN 3THX PEKUMOB.

Pe3yabTaThl JIETHBIX HCHBITAHAN PeKMMa NMPOTPAMMHBIX MOBO-
poros (PIIII) KA «Egyptsat-1». IIpuBeneHHble pe3ynbTaThl MOITYYEHbI
npu BeimonHeHnu PIIIT Ha Butke Ne443. ITonernoe 3ananue PIIIT mmst aTo-
ro BUTKa OBUIO CJIEAYIOIIMM: Pa3BEPHYTHCS IO KaHATy KpeHa Ha yroi
+35°, mo KaHaIy PHICKAaHMUS HA Yroi —3°, MPOU3BECTH ChEMKY U BEPHYTHCS
B pexuM opOutanbHOU opueHtarmu. Ha puc. 3, 4 npuBenensl rpaduku
W3MEHEHHS YIJIOB OPUEHTAIMU U YIJIOBBIX CKOPOCTEH B MpoOIEcce MaHEB-
poB. Ha puc. 5 npuBezneH rpadyuk n3MeHEHHs YIPaBISIONINX MOMEHTOB.
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peanbHbIC YTIPABITAKOIIAEC MOMEHTBI, HM

-0.02
0 100 200 300 400

BpEMS, CEeKYHIIBI
Puc. 5. KA «Egyptsat-1». Bumox 443. Tpaccosas cvemra. Ynpaesnsougue momenmol
Pe3yabTaThl JIeTHBIX HCOBITAHUN PeKHMA MPOrPAMMHBIX MOBO-
potoB KA «Ciy-2». PesynsraTel npuBenens! s Butka Ne 630 (puc. 6-8).
IonetHoe 3amaHve TPU STOM OBUIO CIEAYIOIINM: YTron KpeHa +1.44882°,
yroxn TaHraxa +34.5079°, yron prickanns —2.01134°. Ha puc. 6,7 npusene-
HbI TpaMKH N3MEHEHUs YIJI0B OPUEHTAMM M YIJIOBBIX CKOPOCTEH B MPO-
necce MaHeBpoB. Ha puc. 8 mpuBeneH rpadyk M3MEHEHHs YIPaBIISIOLIMX
MOMEHTOB.
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YTIOBBIE CKOPOCTH, TPajly C/CeKyH/1a

40

30

20

10

-10 %

YIIbl OpHEHTaLI
=

-20 -

-30 B

-40

450 500

550 600
BpeMs, CeKyHIIEI

650 700

Puc. 6. KA «Ciu-2». Bumox 630, cmepeocvemka. Yenvi opuenmayuu

1.5
1 ‘..' el .
s ;
0.5
0 R e __,I'-.- = .“
— W
0 5 % * X
- '_‘ :' ------- ‘-“Y )
g » ¥
Ll e W
_ "m' I
450 500 550 600 650 700

BpeMs, CeKYHIbI

Puc. 7. KA «Ciu-2». Bumok 630, cmepeocwvemxa. Yenoguvie ckopocmu



Cepis: TexHiyHi Hayku. Bunyck 18
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BeiBoabl. C UCIIONB30BaHUEM YPAaBHEHHUS IBH)KEHUS TOUKHU IO cde-
pe Haﬁ[leHbl peuICHUA OCHOBHBIX 3aJia4 YIIPAaBJICHUSA YTJIOBbIM JIBHKCHUEM
KA: 3agaun crabwinzanuu M 33/1a4d TEPMUHAIBHOTO yrpasienus. [Ipu
pELICHUH 33/1a4d TEPMHHAIGHOTO YIPABICHHUs NPEIUIOKEHAa METOAMKA
CHHTE3a aJrOPUTMOB MPOCTPAaHCTBeHHOU nepeopuentannu KA 3a 3aman-
HBII UHTEPBAJI BpEMEHH KOTOPAasi HE HAKJIA/IbIBAET HUKAKUX OrPaHUYCHHUN
Ha kjacc yrioBbix JBkeHuil KA. Ilpeanmaraemblii moaxoa Ha OCHOBE
NPUHOWIIA MAaKCUMyMa IIO3BOJIIET IOJIYYHTh AHAIUTHYECKOE pEIICHHE
3aJa4M IPOCTPAHCTBEHHON ONTUMAIBHON MIEPEOPUEHTAINE KOCMUYECKOTO
anmapata. Meroanka IMpolnia 3KCIIepUMEHTaIbHYI0 mpoBepky. Ha Gaze
MPEATI0KEHHOTO TI0AX0/Aa OBUIM PEaln30BaHbl PEXHMMBI MPOTPAMMHBIX
MOBOPOTOB KocMuueckux anmapatoB «Egyptsat-1» u «Ciu-2». JletHo-
KOHCTPYKTOPCKHE HCIIBITAHUS ITHX KOCMHYECKHMX alllapaToB MOKa3allu
BBICOKYIO 3((EeKTUBHOCTh NMPEAJIOKEHHON METOIMKU. MeToJuKa MOXKEeT
OBITH MOJIC3HOU pa3pabOTUYHKaM CUCTeM opueHTarmu KA.
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MATHEMATICAL MODEL OF AN THE ANGULAR MOTION
OF A SOLID BODY IN THE PARAMETERS
OF THE RODRIG-HAMILTON AND ITS USE IN THE TASKS
OF CONTROL SPACECRAFT ORIENTATION

Currently, the most effective way to obtain data on the Earth's surface
is satellite imagery. In this case, the dynamic characteristics of the control
system are very stringent requirements. The turn should occur from any
current position to any given position, the orientation accuracy in the un-
folded position should be units of angular minutes, and the angular rates of
turn can reach a value of 2-3 degrees per second. To ensure such high dy-
namic characteristics, the base clock of the control system should be no
more than 100 ms. This restriction imposes restrictions on reorientation al-
gorithms. On the one hand, they should be very simple so that the time
spent on calculating the control action is minimal. On the other hand, they
must provide high dynamic characteristics, which is impossible to provide
in the class of simple algorithms. The solution to the problem of the syn-
thesis of reorientation algorithms for spacecraft must be sought as a solu-
tion to the optimization problem. When solving such problems, as a rule, a
mathematical model of the angular motion of the spacecraft is used, in
which the dynamics are described by the Euler equation and the kinematics
by the equation for the quaternion. In this case, it is easy enough to obtain
the equations of the two-point boundary value problem, but it is not possi-
ble to find an analytical solution of this problem. The solution can only be
found using numerical methods, which is not applicable when implement-
ing algorithms onboard the spacecraft. These difficulties can be circum-
vented using the spacecraft model, built on the basis of the dynamic equa-
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tions of the rotational motion of a rigid body in the Rodrigues Hamilton
parameters. In this paper, this approach was used to solve the main prob-
lems of controlling the angular motion of a spacecraft: stabilization prob-
lems and terminal control problems. The article may be useful to develo-
pers of spacecraft attitude control systems.

Key words: Rodrig-Hamilton parameters, spacecraft, quaternion, ori-
entation, dynamical equation for the quaternion.
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METHOD OF RESTORATION OF INPUT SIGNALS
OF NONLINEAR DYNAMIC OBJECT
WITH DESTRIBUTED PARAMETERS

The article deals with the method of signal restoration at the
input of a nonlinear dynamic object with distributed parameters. To
describe these objects, a universal mathematical model in the form
of a Volterra integro-degree series has been chosen. The problem
of signal restoration is reduced to the problem of solving the
Volterra polynomial equation of the first kind. The numerical im-
plementation of such models is suggested to be carried out using
quadrature methods, in particular, the method of trapezoids. In or-
der to increase the stability of the solution in the presence of noise
interference in the input data, it is suggested to use the differential
regularization operator, which allows the incorrectly set task to be
transformed into a class of correct ones. The possibility of applying
such an approach is studied in solving the Volterra polynomial in-
tegral equation of the second order type, which describes nonlinear
dynamic objects with quadratic nonlinearity. The computational
formulas for solving this type of equations are given in the article.
The received nonlinear second-order algebraic equations after ap-
proximation of the initial equation by integral sums are solved by
iterative methods with initial approximation in the form of a pre-
calculated radical. The developed algorithms are implemented as
software modules in the Matlab, with the help of which a number
of computational experiments have been carried out. As an exam-
ple, non-linear dynamic objects that contain static non-linearity of
the second order and dynamic links that are typical for objects with
distributed parameters have been chosen. Such links are: a semi-
integral link, an attenuation link (semi-delay) and a semi-inertial
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link. On the basis of applying the equivalent transformations, the
macromodels of objects with distributed parameters have been ob-
tained in the form of a polynomial integral Volterra equation of
the I kind of the second order with the kernels that describe the
above-mentioned components. The results of the computational
experiments, presented in the form of graphs, showed that the sug-
gested approach can be effectively used in restoration of signals at
the input of nonlinear dynamic objects with distributed parameters.

Key words: signal restoration, nonlinear dynamic objects with
distributed parameters, Volterra series, Volterra equation of the
first kind, Matlab / Simulink.

Introduction. While solving the problem of signal restoration at the
input of nonlinear dynamical systems, there is usually a need to solve
Volterra nonlinear equations of the first kind [1, 3, 5, 6]. Applying of in-
tegro-degree Volterra series, which is a universal mathematical model for
describing nonlinear dynamical system [4],

y(0) = [ K (t,0)x(2)de + [ [ Ky (47, 0)x(m)x(z)dnde, +., (1)
0 00

where x(t), y(t) — respectively, the input and output signals of the ob-
ject, t — time of the transient process, K;(¢,7;,...,7;) — Volterra kernel,

makes it possible to simplify nonlinear mathematical models by convert-
ing them to a quasi-linear type [1, 4]. It also should be noted that the ap-
plying of Volterra series will allow to solve the problems of modeling dy-
namic objects with lumped and distributed parameters based on the same
means, because for these objects, mathematical models will differ only in
the form of kernels [2, 6].

In general, the problem of restoration can be reduced to the Volterra pol-
ynomial integral equations of the 1st kind (1). In the linear variant, we will
have a classical form of the integral of Volterra equation of the 1 kind with
one kernel K, [1, 4]. The invalidity of signal restoration problem requires the

applying of indirect approaches to the solving of integral equations of the first
kind. The most effective approach to solving these problems is the appliance
of regularization methods, the application of which will allow obtaining the
sustainable solutions to the problem of restoration [3, 6].

Therefore, the development of new methods for solving Volterra
polynomial integral equations of the 1* kind based on regularization algo-
rithms for restoration of input signals of nonlinear dynamic objects, both
with lumped and distributed parameters, is an urgent task.

The aim of the work is to develop an effective method for solving
inverse problems of dynamics of nonlinear objects with distributed param-
eters by solving Volterra polynomial integral equations of the first kind.
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The main part. Solving of this problem will be considered on the ex-
ample of solving the Volterra polynomial integral equation of the 2nd kind:

[K\(t0x@dr+ [ [ Ky (7, 0)x()x(r,)drde, = y(@). (2)
0 00

The problem of regenerating a signal that is altered by a nonlinear dy-
namic object is incorrect, and using of classical methods for solving such
problems in the presence of noise interference in signals does not allow ob-
taining stable solutions with the necessary accuracy. It is suggested to use a

. . . . dx
differential regularization operator of first kind a; , where ¢ — a parame-
t

ter of regularization. In this case the solution of Volterra polynomial equation
is reduced to solving of the following integro-differential equation:

a%+ [ K\, 0)x(0)ds + [ [ K, (8,71, 7)x(5)x(,)drid, = y(0) . (3)
0 00

The given problem is suggested to be solved by replacing the inte-
grals in (3) quadrature formulas, which allows to obtain a number of ad-
vantages, in particular, the simplicity of implementation and high stability
of computational algorithms due to the regularizing properties of choosing
the quadrature step [6]. Applying to (3) the method of trapezoids and dif-
ference formula of the first kind [1, 3], the following will b received:

a% —hK; (1;,1;) x ZhKl(tl’t) ( )

+%hl<l (tl.,zo)x(zo)+—hzl(2 (tistgoto ) x(t ) x (2 ) +

+%hzz(K2(tl,t0,j)+K2(l, ol ))x(to)x(tj)+
Jj=l1
i—1 i1

”’ZZ;,Z}KZ(ti”j,”g)x(’j)x(’g)Jr (4)
J=1g=
+= h2<K2(tl, tinty)+ Ky (1:1001;) ) x (1) x (1) +
+%h22(1(2(t1,tl )+ K (1t ot ) (1) (1) +
=1

+— thz(t ti2)x(4;) x(4) = v(1,),
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where i = G, h=t —t,_,. The (4) should be rewritten by grouping the

summands for the target value x(7;):
1
thK2 (i) %7 (1) +
1
7 (s 010)+ K (10,0 500+
1 i—1
+5h22( (tl,tl ,t1)+K2( " ,tl))x(tj)+
Jj=1
K (11) ij(t,.)+
. (5)
+ZhK1(,, i)x (tj)+th1(ti,t0)x(t0)+

+—h2K2 (1520520 ) X (20) x (2 ) +

—
Il

+h222K2 (ti,tj’,tg)x(tj)x(tg)—%x(ti_l)—y(ti): 0

n quadratic equations (5) are solved sequentially on the basis of the itera-
tive method, and, for the initial approximation the root of the previous
equation is taken [3].

Software implementation of the method. On the basis of the sug-
gested method, a software tool for restoration of signals in the form of a
program module for solving the Volterra polynomial integral equation of
the 1% kind of the second order by the method of trapezoids was developed
in Matlab environment — a function

x=i nvvol terraseries2treg(kern,y,t, h, al pha),
where ker n — kernel of Volterra series, which are given as an array of
functions; y — ordinate vector y(t) ; t — vector of values of time varia-
ble #; h — simulation step, al pha — regularization parameter.

Structural and algorithmic method of obtaining solutions. Let’s
consider a dynamic object with non-inertial nonlinearity, which is de-
scribed by the structural scheme represented in Fig. 1. On a structure dia-

gram A(x(t)) — linear component, F (u(t)) — nonlinear component.
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x() u(t) v (1)

—p| 4(x(1)) oI F (u(1)) —

Fig. 1. Structure diagram of object model

For objects with distributed parameters the following basic typical ir-
rational and transcendental links can be distinguished, they are defined by

the operatorA(x(t)): semi-integral, semi-inertial, delaying and damping

(or semi-delaying) [2]. In table 1 the Volterra operator A(x(t)) for the

above links is described.

Table 1
A set of typical irrational and transcendental units
Link name Volterra operator
Semi-integral u (t) = j k x(t-7)dr
)t

“k T z T
Semi-inertial u(t)= I— — —elerfc,|— |x(t —7)dr
o T\ 7k T

t
Delaying u(r)= I§(T)x(, —0)dr
Damping (semi c[r
amping (semi- _ T —; B
delaying) u(t) = IO-5 - e “x(t-r1)dr
0

k, T — constants

In the case if a non-inertial nonlinear element F (u (t)) , can be repre-

sented by a Taylor series or a polynom, the macromodel in the form of a
structural diagram (Fig. 1) is represented by Volterra serries (1) [4].

Computational experiments. Let’s consider the case when the linear
part is determined by the semi-integral link, and the nonlinear part has the

form: F(u(t))=u+ u® . After applying equivalent transformations [4] the mac-

romodel in the form of an integro-degree series Volterra is obtained as a result:
x(t-7 dr+jj x(t—7)x(t—7,)drdr, . (6)

At numencal realization of the received model at the point of zero of
kennel are singular, therefore instead of zero point the value of h modeling
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step is taken. With the help of the developed software assets, a number of
computational experiments have been conducted. In fig. 2 a signal with
noise interference is shown, on the basis of which the input signal is re-
stored. In fig. 3 the accurate and restored signals are provided.

200 T T .
150 1
c
>
2 100 ]
<)
o
>
50 b
0 . | |
0 5 10 15 20
t,s
Fig. 2. Signal on the output of the nonlinear dynamic object (6)
5 F— .
4
c3
3
°
<
e}
o
3 2
1
0 £ 1 1 L
0 5 10 15 20
t, s
Fig. 3. Signal on the output of the nonlinear dynamic object (6)
(creeeenennens — accurate, ——  — restored)
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In the case when the linear part is determined by the semi-inertial
link, the macro-model in the form of the integro-degree Volterra series has

the form:
t z
0= ;[,/%—e%rfc\/;]x(t—f)dﬁ
tt 2 o &

On Fig. 4 the results of signal restoration are given.
6 T T T

(7

0f ‘ : :

0 5 10 15 20
t, s

Fig. 4. Signal on the output of the nonlinear dynamic object (7)

[ — accurate, —— — restored)

The macro model in the form of the integro-degree Volterra se-
ries, providing that the linear part is determined by the link of delay,

has the form:
t T T
y(@t) = JO.S [—e *x(t-7)dr =
0 T

T(‘r‘ +12) (8)

tt T 1 —
+££0.52; /We i x(t-1)x(t -1, )drdr,.

On Fig. 5 the results of signal restoration are given.
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0 5 10 15 20
t, s
Fig. 5. Signal on the output of the nonlinear dynamic object (8)
[ — accurate, ————— — restored)

Conclusions. The computational experiments have shown that the

developed regularization method for solving Volterra polynomial integral
equations of the first kind on the basis of on the introduction of a differen-
tial regularization operator allows obtaining high accuracy in regenerating
of signals at the input of nonlinear dynamic objects with distributed pa-
rameters in the presence of noise interference.
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METO[ BIAHOBNEHHA CUTHANY HA BXO[|
HENIHIMHOIoO AMHAMIYHOIO OB’EKTA
3 PO3NOAINEHAMU MAPAMETPAMU

V cTarTi pO3MIISTHYTO METOJ BiJJHOBJICHHS CHUTHAIY Ha BXOJI HEMiHil-
HOTO AMHAaMIYHOTO 00’€KTa 3 PO3MOJIICHUMHU MapameTpamu. s omucy
IaHuX 00’€KTiB 00paHO yHiBepcalbHy MaTeMaTUYHy MOJEIb Y BUIJLSII iH-
TErPO-CTENEHEBOTO psiay BosbTeppu. 3amaua BiHOBIEHHS CHTHAIY 3BO-
JUTHCS 10 3a/a4i po3B’s3yBaHHs IOJIHOMIiaNbHOrO piBHSAHHI Boabreppu
nepumioro poxay. UucenpHy peaii3amilo TakMxX MOJeJeH INPOIOHYETHCS
3IiHCHIOBATH 3 BUKOPHCTAHHAM KBaJIpaTypHHX METOJIB, 30KpeMa, METOIy
Tpaneriit. [{nst 301IbIIeHHS CTIHKOCTI PO3B 3Ky MPH HASIBHOCTI IIYMOBHUX
3aBajl y BXiJIHUX JaHUX 3aIPONIOHOBAHO BUKOPHCTaHHS AU(EPEHIIATEHOTO
peryispu3aniiiHoro omepartopa, SKHH J03BOJISIE HEKOPEKTHO ITOCTABICHY
3ajavy MEPeBeCTH y KJac KOPEKTHUX. MOJKIIUBICTh 3aCTOCOBYBAHHS TaKO-
ro MiJXO0AYy IOCIHiMXKEHO IPH PO3B’sI3yBaHHI MONIHOMIaTbHOTO iHTErpajb-
Horo piBHSHHA Bonbreppu | pony apyroro nopsjaky, sike OmUCye HeMiHiiHI
JMUHAMIYHI 00 €KTH i3 KBaJpaTHYHOIO HENiHIHICTIO. B craTTi HaBeneHO
obuuciroBaneHi GOPMyYIIH IUIsl PO3B’sI3aHHS JAHOTO THITY PiBHSHB. OTpH-
MaHi HeNiHilHi anreOpaidHi PiBHSAHHS APYroro MOPSAKY MICNs AlpOKCH-
Marlii BUXiTHOTO PiBHSHHS IHTETPaTbHUMH CyMaMH PO3B’SI3YIOThCA iTepa-
LOiTHIMHU METOaMH i3 IOYaTKOBUM HAOIIDKEHHSM Y BHTIISAL TOMEPETHBO
obuucieHoro kopeHs. Po3po0bieni anropuTMu peaxizoBaHO y BUIIIAL IPO-
rpaMHHX MOZYJIB B cepenoBuili Matlab, 3a JOMOMOrol0 SIKMX HMPOBEICHO
psin OOYMCITIOBAIbHUX CSKCIEPHUMEHTIB. SIK MpHUKiIang, BUOPAaHO HEMiHiHHI
IUHAMI4HI 00’€KTH, SKi MICTATh CTaTHYHY HENIHIHHICTH APYTOTO MOPSIKY
Ta TUHAMIYHI JJAHKH, SKi € THIIOBUMH JJIs1 00’ €KTIB 13 PO3IOIUICHIMH TTa-
paMerpamu. TakuMu JJaHKaMHU €: HaliBiHTErpajbHa JIaHKaA, JaHKa 3aTyXaH-
Hs (HamiB3ami3HEHHs) Ta HamiBiHepIiliHa lanka. Ha oCHOBI 3acToCyBaHHs
€KBIBAJICHTHUX TIEPETBOPEHb OTPUMAHO MaKpOMOJENi 00’ €KTIB 3 PO3MOIi-
JICHUMH TapaMeTpaMH y BHUIIIAAL MOJIHOMIaJbHOTO IHTETPAILHOTO piB-
HstHHsL Bonsreppu | poy Apyroro nopsiaky i3 sapami, siki OMHCYIOTh BKa-
3aHi BHINE JIAaHKH. Pe3ynpTaTi 00YMCITIOBANIBHUX €KCIEPUMEHTIB, sIKi Ha-
BE/ICHO y BHUIIIAAI rpadikiB, MoKasany, 10 3aMpONOHOBAHMI MiIXid MOXe
e(eKTHBHO BHKOPHCTOBYBATHChH IIPH BiJHOBIICHHI CUTHAJIIB HAa BXOJi HEJi-
HIHUX TUHAMIYHUX 00’ €KTIB i3 PO3MOIJICHUMH ITapaMeTpaMHL.

Ki11040Bi ¢J10Ba: 8i0HOBNICHHA CUSHANIE, HENIHIUHI OUHAMIYHI 00 eKmu
3 po3nodinenumu napamempamu, paou Boremeppu, piensauns Bonomeppu [
pooy, Matlab/Simulink.

Otpumano: 12.11.2018
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NMPOrHO3HA OLUIHKA E®EKTUBHOCTI
niABULLEHHA BTOMHOIO OMNOPY ENNEMEHTIB
3BAPHUX KOHCTPYKLIW TEPMOOBPOEKOIO

BuKOHaHO aHali3 BIUIMBY Ha BEJIMYMHY TPAaHUYHUX 3aJIUIIKO-
BUX HaNpyXeHb LUKy 3BapHUX 3’€mgHaHb. OTpHMaHO pPIBHSHHS
JUIL BH3HA4YECHHS MAaKCUMAIBHAX TPAaHWYHUX HANpPYXEHb LHUKIY,
miggaHoro oOpoOui 3BapHOro 3’efHaHHS. BuknaneHa meroanka
PO3paxyHKy €(QEeKTHBHOCTI MOBHOTO YCYHEHHs 3aJIMIIKOBHX Ha-
Mpy’>XeHb TEPMOOOPOOKOIO 3aCTOCOBHA HE TIJBKH ISl BHIIQJKY,
KOJIM BUXIJIHI 3aJIMIIKOBI HANPY)XKEHHS B 3BAPHOMY 3’€JHAHHI J10-
CATAIOTh 3HAYCHHS MEXI TEKy4OCTi Marepiaily, ajle TaKoX 1 s
BUIMAJKY, KOJNU I[i HANpPYXXEHHS HE MEepPEBHUIIYIOTh 3HAYCHHS, ajie
BUIII 32 TPaHUYHY BEJIMYMHY MOYATKOBHX 3QJMIIKOBHX HAIpy-
JKEHb, 32 SIKHX MaKCUMAaJbHUH piBEHb HAIPYKEHb B 30HaX KOHIIEH-
TPaTOPIiB 3BApHOTO 3’€HAHHS IPH IUKJIIYHOMY HaBaHTA)KEHHI 1O-
csArae 3HAYCHHS MEXI1 TeKy4OCTi MaTepiay.

OTpuMaHO 3aJ€XKHOCTI /TSl BU3HAUCHHS TPAHUYHHX HAIpyKeHb
3a JIOKAJIBHOI TepMOOOPOOKH METaJOKOHCTPYKIIH JIOKaJIbHO-30Ce-
PE/DKEHUMH TEIUIOBUMHM MOTOKaMH. BCTAaHOBIICHO, IO 3HM)KECHHS
BUXIZHOTO PiBHS 3&JIMLIKOBHX 3BAPHHUX HAINPY)KCHb ITJBHUIIYE rpa-
HUIIO BUTPHUBAJIOCTI CTHKOBUX 3’€qHaHb. Ha OcHOBI po3pobieHoro
METO/y OLIHKH BIUTMBY 3aJIMIIKOBHX 3BapHHX HAIpyXKeHb Ta iX Iie-
Pepo3NOALTY BHACIIIOK JIOKATEHOT TEPMOOOPOOKH JTOCITIIKEHO 3a-
JIOKHICTh TPAaHUYHOI BEJIMYUHY 3QJIMIIKOBHX HANpPYKeHb Bix Koedi-
Li€HTa aCUMETPIl IUKITy 30BHIIIHHOI0 HABAHTA)KCHHL.

AHami3 OTpUMAaHUX CIHIBBITHOIIEHh Ta EKCICPUMEHTAIBHUX
JTAaHUX BKa3ye, IO JIOKaIbHa TepMOOOpOOKa NPUBOIUTE 10 CYTTE-
BOTO Mi/JBUIICHHS TPAaHUYHUX HAIPY>KE€Hb 1 IUKIIYHOI JOBTOBid-
HOCTI 3BapHHX 3’€1HaHb. EQEeKTUBHICTH 3aCTOCYBaHHS TaKOTO BH-
Iy 3MIIHEHHS €JIEMEHTIB 3BapHHX KOHCTPYKIIH 3aJ€XUTh Bl Me-
XaHIYHUX XapaKTepUCTHK MaTepialiB, IapaMeTpiB 30BHIIIHHOIO
HABaHTA)XCHHS, THITY 3’ €IHaHb TOI0. HaiGinbImii BIUTHB JI0KaITh-

74 © O. B. Cikopa, M. B. [Topouienko, B. M. Cemepak, €. I'. IBanuk, 2018
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Ha TepMOoOoOpoOKa Mae Ha OIip BTOMi 3BapHUX 3’€IHAHb KOHCTPYK-
il B yMOBax 3HAKO3MIHHOTO IMKITy HAaBaHTaKCHHSI.

KawuoBi cioBa: mepmoobpodka, 3saproseanws, HAOIiUHICMb,
006208IYHICMb, 3MIHHE HABAHMANCEHHS, 6MOMHA MIYHICMb, Mema-
JOKOHCMPYKYIl, MAUWUHU.

Beryn. OnHi€ero 3 OCHOBHHX 3a/1a4 Cy4acHOi TEXHIKH 1 MTPAKTHUKH 3a-
CTOCYBaHb 3BapIOBATLHUX TEXHOJIOTIH € MiABHUINCHHS HAIIIHOCTI 1 JOBro-
BIYHOCTI HECYYMX METAJIOKOHCTPYKIIM MallIKH 1 Criopya. 3Ha4Ha YacTHHA
MPOMUCIIOBHX 3BAPHUX METAJIOKOHCTPYKIIIH, SIKI 3HAXO/STh 3aCTOCYBaHHS
B IHXKCHEPHIH MPaKTHIIi, EKCIUIYaTyIOThCI B YMOBAaX 3MIiHHOTO (30KpeMa,
LUKJIIYHO-3MIHHOTO) HaBaHTaxkeHHs. Hecyda 31aTHICTh OlnblIocTi MeTa-
JIOKOHCTPYKIIHA (KpaHH, CKCKaBaTOPH, OYHIBEJbHI 1 JOPOXXKHI MAaIlWHH,
BUPOOW CIEHIAIbHOTO TIPU3HAYCHHS) BH3HAYAETHCS TOJIOBHHM YHHOM
OTIOPOM BTOMI €JIEMEHTIB 3BapHUX 3’€mHaHb. [Ipo me cBimuath OaraToum-
CellbHI BUIAJKK YTBOPEHHS B 30HAX 3BaPHUX ILBIB BTOMHHUX TPILIHH, 110
HEPIJKO MPHU3BOIUTH JI0 MEPEAUACHOr0 BUXOAY 3 Jiady abo kaTacTpodid-
HOTO pyHHYBaHHS 3BapHUX KOHCTPYKIi [1, 2].

Pornp Ak po3TATYIOYMX, TaK 1 CTHCKYBAJIBHHX 3AJIUIIKOBHX HAIpY-
KEHb Y MEXaHIYHUX Mpollecax 3 ypaxyBaHHIM BTOMH, CYTTEBO 3MiHIO€Th-
Cs1 3aJIeXKHO SIK BiJl piBHS IIUX HaNpyXeHb, TaK 1 30BHIMIHIX MEXaHIYHHX 1
TEIUIOBMX HABaHTAXCHb, aCHMETpil MUKy, THIy 3 €IHAHb, (i3UKO-
MEXaHIYHUX XapaKTEPUCTUK 3aCTOCOBYBaHHMX MatepiaiiB [2—6]. Bigcyt-
HICTh HaJIMHUX 1 BOJHOYAC MPOCTHX 1 3pPO3YMIJIMX METOAMK PO3PAXYHKY
BIUTMBY 3aJIMIIKOBUX HANPY>KEHb Ha OIip BTOMi 3BapIOBAaTbHUX CIICMECHTIB
KOHCTPYKIII CTPUMYE HMIUPOKE BIPOBA/PKEHHS 3MILHIOIOUNX TEXHOJOTIH,
3aCHOBAHMX Ha MEPEPO3IOIiIi 3ATHIIKOBUX HAIIPYKEHb.

[TigBUIIEHHS UKITIYHOT TOBTOBIYHOCTI 3BaAPHUX METATOKOHCTPYKIIIH
00’€eKTiB MamMHOOYAyBaHH:, aBTOMOO1IeOyAyBaHHS, aBialliifHIN poMIc-
JIOBOCTI, $IKi 3HAXOISTh 3aCTOCYBaHHS B IH)KEHEPHIN NpaKTulli, Aocsra-
IOTBCS IIUISIXOM JIOIATKOBOT 0OPOOKH, OTHMM 3 OCHOBHHX CIIOCOOIB TAKOTO
3MiIHEHHS € TepMooOpoOKa. Ileli nmumax migBUIEHAS HAIIHOCTI 1 TOBTO-
BIYHOCTI €JIEMEHTIB 3BapHUX 3’€IHAHb, SKI EKCIUIyaTyIOThCS B YMOBax
[UKJTIYHOTO HABAHTAXKEHHS, € IEPCIICKTUBHUM Ta €KOHOMIYHO OIUTBHIM.

IMocranoBka npo6siemu. SIKHANMOBHIIIIE BUKOPUCTAHHS TEXHOJIOT1i
JIOKAJIBHOI TEPMOOOPOOKH TallbMy€ThCSI BIICYTHICTIO NPOCTUX IH)XKEHEp-
HUX 1 BOJHOYAC HATIMHUX METOJIB PO3PaXyHKOBOT OIIHKH BILUIMBY 3aJIHUIII-
KOBHX HAalpy)X€Hb PO3TATY 1 CTUCKY Ha LHUKJIIYHY JOBrOBIYHICTh 3BAPHUX
esemenTiB. ToMy naHa crarts, B sIKii pO3IJsIHYTO Ipouenypy GopmyBan-
HSl pO3paxyHKOBHX METOJIIB IPOTHO3YBaHHS €(EKTHBHOCTI 3aCTOCYBaHHS
IIbOTO BHAY OOpOOITKY ISl ITiABUIIEHHS OIOPY BTOMH 3BapHHX 3’€IHAHb
€JIEMEHTIB MAIIMHOOYIIBHUX KOHCTPYKINH € MPaKTUYHO BAXKIUBOIO 1 HE
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BTpavae CBOET aKTYaJIIbHOCTI 1 JJOHHMHI, HE3BAKAIOUU Ha JIOCUTH JABHIO ic-
TOPIO BUCBITIICHHS TUTaHb BUPIIICHHS AaHOT Tpobiemu [2, 6].

[TocraBumo 3aauy BH3HAYEHHS IPane3aTHOCTI €JIEMEHTIB 3BapHUX
METaJIOKOHCTPYKIIH 1 MPOTHO3HOT OL[IHKK IMiABHUIICHHS oropy Bromi. [To-
JlaMO BapiaHT METOJMKH PO3PaXyHKOBOI OIIHKN €(peKTUBHOCTI ITiIBUIICH-
Hsl OIIOPY BTOMI 3BapHUX METANIYHUX 3’€JHAHb HA OCHOBI aHAI3y HAMpYy-
JKCHOTO CTaHy 3 YpaxyBaHHSIM 3aJIMIIKOBHX HAMPYXECHb Ta IX 3MiHI Ii[
JIETO TOKAITBHOT TEPMOOOPOOKH 1 MUKITITHOTO HABAHTAXKCHHSI.

B crarTi nogano MetoJ po3paxyHKOBOI OLIHKH €()eKTHBHOCTI 3aX0-
JIiB TIiIBUIIICHHS BTOMi 3BapHUX 3’ €JIHAHB, 3aCHOBAHUX HA TEPEPO3MOILITI
3aJIMIIKOBUX HapyXeHb. MeTon 0a3yeThest Ha aHaji3l Halpy>KEHOTo cTa-
Hy B 30HaX KOHILICHTPATOPIB 3BAPHUX EJIEMEHTIB 3 YpaxXyBaHHSIM 3aJUIl-
KOBHX 3BapHHX Halpy>KeHb 1 iX 3MiHU MiJ] Ai€I0 JIOKaJIbHOI TepMOOOpOOKH
JIOKaJIbHO-CKePOBAaHHX JKEPEN HarpiBaHHS Ta LUKJIIYHOTO HABAHTA)KCHHS.

AHanis nonepeamx nyﬁnmaum. Z[ocm;mceHHsl 3 HAyKOBOT'O Ha-
NpsIMY MiABUILEHHS HAJIHHOCTI 1 JOBrOBIYHOCTI €IEMEHTIB 3BapHUX KOHC-
TPYKLiil JOKaJbHOK TEPMOOOPOOKOI 3aII0YaTKOBAaHI IIe B MHHYJIOMY
cropivui [HcTHTyTOM enekrpo3BaproBanHs iM. €. O. [Tarona HAH Ykpai-
HU B paMKax HayKOBO-TEXHIYHOI mpoOsemu «CucTemMaTu3yBaTH 1 y3ara-
JBHUTH JOCIIJDKEHHsI BIIOMHX CHOCOOIB i pO3pOOUTH HOBI KOHCTPYKTHUB-
HO-TEXHOJIOTIYHI 3aX0JIH, SKi 3a0€3MeuyIOTh MiIBUIICHHS HECYdO0l 34aTHO-
CT1 3BapHUX KOHCTPYKLIHM MPU OJJHOYACHOMY 3HM)KEHHI MaTepialloeMHOC-
Ti; PO3POOUTH PEKOMEHAAIT 3 PO3PaXYHKY 3BapHUX METAJOKOHCTPYKIIIN
Ha BTOMY». 3 I[I€}0 METOI BUKOHAHO JIOCII/PKEHHSI 3aKOHOMIPHOCTEH 3Mi-
HU 3JIMIIKOBUX HAIPY>XEHb 32 YMOB LMKIIYHOTO HaBaHTaxeHHs [2—6]. LTi
JIOCHI/DKEHHST Aald 3MOTY 3[IHCHUTH HEPEOLiHKY ICHYIOUYMX MiIXOMIB 1
M0-HOBOMY HiJIIITH /10 OLIIHKHY BIUIMBY 3aJIMIIKOBUX 3BapPHUX HAIPY>KEHb 1
X mepepo3noAlIy il Ai€0 TePMOOOPOOKH HAa BEIMYMHY TPAHMYHUX Ha-
NPY>KeHb 1 HUKITIYHY JJOBIOBIUHICTH 3BApHHUX EIEMEHTIB KOHCTPYKIIIH.

CyuacHi iH)KeHEepHI KOHCTPYKIIii MpAIfOI0Th B YMOBAX ITiBUICHUX
temneparyp (900°C i 6inbuie). Hanpukian, aBiaiiini JBUTYHM Macaxup-
CBHKOTO JlaliHepa abo HaI3BYKOBOIO PEAKTHBHOIO BUHHMIIYBAda, YH J(BHUIY-
HHU TOTYXHOI TeXHIKM OyaiBenbHOI iHAYycTpii, mpamorots 2-4% cBoro
pecypcy B HalOUIbII TsHKKOHABaHTakeHOMY pexumi, 20-30% B HOMiHa-
JHHOMY (EKCIUTyaTaliiHOMY) PeKUMIi, PEIiTa 9acy B OUIBII JIETKUX PEXH-
Mmax [1-3]. B uux ymoBax MIlHICTh KOHCTPYKLIHHUX MaTepiaiB, 0cOOIH-
BO METAJIIB Ta IX CIUIaBiB, CYTTEBO 3AJIC)KHUTH BiJl TEMIIEPATypH, TPHBAIIOC-
Ti Ta 0COONMMBOCTI HaBaHTakeHHS [4, 5]. B yMoBax po6OTH KOMOIHOBaHMX
PEeKUMIB (BiJ MOYATKy JO ITOBHOI 3YIHMHKH) 3aCTOCOBYIOTh HPUHIIMII <(JTi-
HITHOTO CyMyBaHHS ITOIIKOKEHBY, KA BIlepiie O0yio BUCYHYTO [lambr-
peHoM y 1924 p. npH OIiHIII JOBMOBIYHOCTI KYJIbKOBUX IMiIIHIHKKIB. JIyist
TpHUBAJIOi MIMHOCTI Ied mpuHIWI OyB 3acTocoBaHmii PoGiHCOHOM Yy
1952 p. sIx y3araJbHEHHS eKCIIEPUMEHTAIbHUX JaHUX [2].

76



Cepis: TexHiyHi Hayku. Bunyck 18

Merta cratTi: OIiHKa e()EeKTHUBHOCTI Mi/IBUIIECHHS BTOMHOI'O OIOPY
€JIEMEHTIB 3BapHUX KOHCTPYKIIifl TePMOOOPOOKOIO.

BukJjan ocHoBHOro Matepiaiay. MiltHICTh KOHCTPYKIIHHUX MaTepi-
aiB, 0COOJIMBO METAJIIB Ta iX CIUIABIB, CYTTEBO 3aJICKUTH BiJ TEMIIEpaTy-
PH, TPUBAJIOCTI Ta OCOOIMBOCTEH NMPHUKIAJaHHS 30BHINIHIX TEIUIOBUX Ha-
BaHTaxeHb [1-6]. ¥V mpolieci HUKIIIYHOTO HABAaHTAXKEHHS BiJOYBA€ThCS
3MiHa [MOYaTKOBHUX 3HAYEHb 3aJMIIKOBUX HAIPYXKEHb 1 TOMY OLIIHKY OIIOPY
BTOMI 3BapHHX €JIEMEHTIB HEOOXiHO BHKOHYBATH 3 YpaxyBaHHSM L(bOTO
ynHHKKA [7—11]. He3Baxarouu Ha 3Ha4HI 3/J00yTKH, OTPUMaHI B 1l raiy-
31 1 BUCBITIIEH] B HU3LI poOiT [2—16], 1oci He 10 KiHI 3°sICOBaHi 3aKOHO-
MIpHOCTI 3MIHM 3QJIMIIKOBUX HAIPYXXEHb B yMOBaxX 3MIHHOI'O HaBaHTa-
JKEHHSI 3aJIKHO BiJJ KOHCTPYKTHBHO-TEXHOJIOTTYHUX Ta EKCILTyaTalliiHuX
(axropis. L{s oOcTaBuHa CTpUMY€E PO3BUTOK METOIB OLIIHKH OMOpPY BTO-
Mi, 3aCHOBaHUX Ha aHANi3l HaNpyKeHO-Ie(hOPMOBAHOTO CTaHy B 30HAX
KOHLICHTPATOPiB 3BapHUX 3’ €IHAHb.

Metox pO3paxyHKOBOI OLIHKH BIUIMBY 3aJMIIKOBUX 3BAPHHX Ha-
Npy’KEHb Ha BEIMYHMHY TIPAaHUYHHX LHUKIIYHAX Halpy)XeHb 3BapHHX
3’e¢mHAHb Tependadae, M0 aMIUTITYJa TPAaHWYHUX HAIpPy>KEHb 3BapHOTO

3’€THAHHS 3 BUCOKHUM pIBHEM pO3TATYIOUHX 3aMIIKOBHX HAIpYXEHb

3an

o,"” BU3HAYAETHCA 3AICKHICTIO [4]:

, o,—or/a
o_;(u b T fel , (1)

lo_;—1

0p /04
Je 0_, — aMIUIiITy[a IPaHUYHUX Halpy>KeHb 3BapIOBAJIbHOTO 3’€IHAaHHA O¢3
3aJIMILIKOBUX HAIpPY:KEHb IIPU CUMETPUYHOMY LMK HABaHTAXKEHHA; O 1
0, — TPaHUILIi TeKy4OCTi i MIIHOCTI MaTepiany BiINOBIAHO; ¢f, — TIPYX-
HHH KOeiIieHT KOHIIEHTPALii HaIpy>XeHb 3BapIOBAILHOTO 3’ €THAHHSL.
3an

BennunHa MakCHUMalbHUX I'DAaHUYHUX HANpPYKEHb O, Y LbOMY

BHIIAJKY 3aJIeXHO Bim KoedimieHTa acuMeTpii R, 1 cepeHiX HampyXeHb

0, LUKy 30BHIIIHBOIO HABAaHTA)KCHHs BU3HAYAETHCA 3 PIBHAHHSA [5]

20
Oy = ———, (2)
1-R,
Oy =02 40, . 3)

I'padik 3amexnocti (2) B KOOPAMHATAX (Oypay, 0, ) € IPAMOIO JiHi-

€10, HAXWJICHOIO MiJl KyToM 45° 10 KOOpIMHATHHUX Oocei. SIKIIo JioKajabHa
TEPMOOOPOOKa MPHU3BOIUTH JO IMOBHOTO 3HATTS 3aJMIIKOBHX 3BapHHUX
Harpy>XeHb, TO MMOJABILIY JiarpaMy rpaHUYHHUX HANpYXEHb 3’€IHAHb, L0
nepeOyBalOTh B YMOBaxX JIOKaJbHOI TepMOOOPOOKH, Y BHUIIISAI 3aJE€XKHOC-
tet ['yamena [16]
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2
Tmax TR 1+R, )0,
(1-R,)o_ +(1+R, )0,
3 ypaxyBaHH:IM (1) oTpuMyeMO piBHSIHHS 1Sl BU3HAUECHHS MaKCHMa-
JbHUX TPaHWUYHHMX HaNpyXeHb LUKy, IMiJAaHoro oOpoOui 3BapHOTrO

3’ eHannsa o | 3a BIIOMUM 3HAUCHHAM &

o6p _ Oy —Or /aa

3an
(1-R,)(o, —o7 /a,)/ 20, +1
BenuuuHa MakcHMMandbHUX TPAaHHYHUX HANpy:KeHb [UKITY BHACTIZOK

3HSTTS 3IMIIKOBHX HATIPYYKeHb 301IbIIyeThes Bin o' 1o o’

O

4)

SIKIIIO 30BHIIIHE HABAHTAXKCHHS XapPaKTEPU3Y€EThCs 3HAYHUMHU 32 Be-
JUYUHOK0 CEePEeIHIMY HAMPYKCHHSAMH IUKITY (30KpeMa, BiJl BIACHOI Baru
KOHCTPYKIIIi), SIKi 3aJIMIIAI0ThCS CTATMMH HE3aJCKHO BiJ PIBHS 3MIHHOT
CKJIAZIOBOI LIUKITY, TO YCYHEHHS 3aJIMIIKOBUX HAMPYXKEHb MPUBEIC 0 M-
BUIIICHHS MaKCHUMAJIBHUX HANpYXKeHb, SKi HAOyBaTUMYTh IICAKOTO 3Ha-

06p
YCHHA O pav1»

Hi O, OLIHKY €()eKTUBHOCTI IOBHOIO 3HATTA 3aJMLIKOBHX HalpyXKEHb

alle MEHIIOTO 32 BeMUnHy o %

- 32 (PIKCOBAHOTO 3HAYEH-

CJIiJ] 3MIMCHIOBATH 3 BUKOPUCTAHHSM 3aJIeKHOCTI (3), @ TAKOXK 3aJIeKHOCTI

_ oo, +0, (O'b—O'T/aa) 5)

3an
o, " +o,—or/a,

o6p
max

Otpumani 3anexHOCTi (2)—(5) BKa3yloTh Ha Te, 0 Pi3HUI 3HAYCHB
IPaHUIlb BUTPUBAIOCTI 3BAPHUX 3’ €JHAHb Y BUXITHOMY (10 TepMOOOpPOO-
K1) 1 110 3aBepLICHHI TePMOMEXaHIYHOI 0OOPOOKH 3MEHIIYEThCS. Y AESKO-
My IPOMDKHOMY CTaHi, 3a SIKOTO

R, =R, ,a060 o, =0,,,
IpU4IOMY
2a,0,
— o~ a —
Ral =1- > Ol =
or

oy —azo,”,
CIIOCTEPITaeThCs Maibke TOBHE CIIBHAMIHHA aMIUTITYA IUKIIYHAX Ha-
MPY>XEHb.

Buxanena MeToauka po3paxyHKy e(peKTHBHOCTI IOBHOTO YCYHEHHS
3JIMIIKOBUX HANPYXEHb TEPMOOOPOOKOIO 3aCTOCOBHA HE TUIBKH JUIS BH-
najKy, KOJM BUXIiJHI 3aJIMIIKOBI HANpy>XEHHsS B 3BapHOMY 3’€JIHaHHI J10-
CSTAIOTh 3HAYCHHS MEXI TEKY4YOCTi MaTepiaily, ajie TaKoX 1 JJisi BUIAJKY,
KOJIM 11l HaNpy>KeHHsS He NEePeBUIIYIOTh 3HAYEHHS O , aje BHIIl 3a rpa-

HUYHY BCIMYUHY IMOYATKOBUX 3AJIMIIKOBUX HAIIPYKCHb O'p

tar > 3@ AKHX

MaKCUMAJIBHUI PiBeHb HalpyXeHb B 30HAX KOHLEHTPATOPIB 3BapHOTO
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3’€IHaHHS NPU UUKJIIYHOMY HAaBaHTa)XEHHI JI0CATae 3HAUCHHS MEXI TeKy-
4OCTi MaTepiany (O',/;ax = O'T) . 3aJIeKHO BiJ] acCUMeTpii IIMKITy 30BHIIIHBO-

an

T'O HABAHTAXCHHs BCJIMYHUHA O'; BHU3HAYAETHCA 3 CHiBBi,Z[HOH.IeHHﬂ

2a_ocF
ol lop=1- Yo%
(1-R,) oy

I'padik mi€el 3a5eXHOCTI UT Pi3HUX THIIB 3BApHUX 3’€JHAHb 3 HU3b-
KO BYIJICLIEBOI CTalli [MOJIaHO Ha puc. 1.

[ToBHE 3HATTS 3QJHIIKOBHX 3BAPHUX HAIPYKEHb € YACTKOBHM BHIIA-
JKOM CIIPHATIMBOIO MEPEPO3NOALTY 3TUIIKOBHX HAIllPyXKEeHb B YMOBAaX
TepMOOOpoOKH. B OINBIIOCTI BHITAAKIB TaKOK OOpPOOKOIO IOCSTAETHCS
JMIIE YacTKOBE YCYHEHHS PO3TATYIOUHX 3aJMIIKOBHX HaIpyXeHb ado
(opMyBaHHS B 30HAaX KOHIEHTPATOPIB 3BapHHUX 3’€JHAHb 3aJHMIIKOBHX

Halpy>eHb CTUCKY. SIKIIO piBeHb 3aJIMIIKOBHX HAlpyXeHb Micis 00poo-

3an

KU O,5 20

ap = O sqy» TO TAKHH [EPEPO3IIOLI 3AIHIIKOBIX HANPYHKCHb HE IPU-

BeJIe JI0 Mi/IBUILEHHS BTOMHOI MIIIHOCTI 3BApHOTO €JIEMEHTa; 1ie 00yMOB-
JFOETHCSI THM, IO B 30HAX KOHIICHTPATOPIB 3BAPHOTO 3’€JHAHHS B YMOBaX
IUKJTIYHOTO HABAaHTAXXCHHS Oy/Ie TaKOXK K B HCOOpoOieHOMY BHUpPOOI pea-

Ti30BaHO TPAaHUYHUH LUKI 3MiHH HalpyKeHb (o-r];ax = o-T) .

ooy

u7s H‘SQNQ

450 T~ “*\_‘\\_2\

025 ! i\
N

-1 -075 -05 -025 0 Rs
Puc. 1. 3anesichicmo 2panunoi 6enuuuHY 3ANUMKOBUX HANPYIICEHb O 60
Koegiyienma acumempii yuxy 306HiuHb020 Haganmasicenus. R : kpuea 1 —
a O_3[L'l a 0_3(1.! o U)’ﬂ.l
———=10,325; kpusa 2 — —=—*—=0,27 ,; kpuéa 3 — —=——=10,22
Or Or or
Jiarpamu TpaHUYHHUX HAMpPYKEHb 3BApHUX 3’€IHAHb, MiATAHUX TEp-
MOOOpPOOIIi, 32 HASBHOCTI 3aJUIIKOBUX PO3TATYIOUMX a00 CTHCKYIOUHX
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HaIpy>KeHb, OyAyTh MapaJIeIbBHUMHU aHAJIOTIYHIN Jiarpami 0e3 3aJUIIKo-
BUX HampyxeHb [6], mo BimoOpaxeHo Ha puc. 1. Pi3Huus 3HavyeHb rpa-
HHUILb BUTPHUBAJIOCTI 3BAPHUX 3’€HAHb K 0€3 3aIMIIKOBUX HAIpPYXKEHb
TakK i 3 HUMH, 3TiJTHO pe3yJbTaTiB poOiT [6; 7], a Takox 3a yMoBH (ikcarii
BEIIMYHHU CEPEeHIX HANpPYyXCHb UUKIY O, 30BHINIHBOTO HABAHTAXKCHHS,

HE 3QJIEKUATH BiJ HUX, TOOTO
obp
(o, =const) _ Osan "0_1
Aoy =2 (6)
(04 o ey b
BukopuCTOBYIOUH 3aJI€XKHICTD, 3aM103U4eHy 3 npaib [2, 3] oTpumae-
MO TaKe CITIBBIIHOIICHHS:

Uob'p
obp __ 3an
Omax = Omax 1- P (7)
Olo_ * O-b
OTPHMYEMO
o6p
(R,=const) _ Os45 "Omax
AotRo=eonst) _ Toar " Tmax (®)
060. * Gb

3BincH, Oepyun 10 yBaru 3anexHocTi (6)—(8), BUILIMBAE, 1110 BiTHOC-
Ha 3MiHa MEXI BUTPUBAJIOCTI M AI€I0 3aJIUIIKOBUX 3BapPHUX HAIPYKECHb
HE 3aJISKUTh BiJl aCUMETpil MKy 30BHIIIHHOIO HABAaHTA)KEHHS, a 3 Mij-

(R, =const)
BUILECHHAM 3Ha4eHHA R, BeqUuuHa Ao,

i 3pOCTaE, OCKLIBKHU 3poc-

Ta€ TAaKOX BEIIMYMHA O, -

BuxigHAMU TaHUMH TS OLIHKA €(PEKTUBHOCTI JIOKAJIbHOI TEPMOO0O-
pOOKM Ha OCHOBI OTpHMaHHUX 3ajexHocTel (6)—(8), a TakoX pe3yybTariB
po0bir [1-3] € 3HaUeHHS IpaHMIb BUTPUBAJIOCTI 3BApHUX 3’€HaHb Oe3 3a-
JIMIIKOBUX HAapyXeHb. SIKIIO Taki JaHi BiJCYTHI, a € y HasBHOCTI 3Ha-
YEeHHs aMIUTITY/IM TPaHNYHHUX HAIpYXXCHb 3BapHUX 3’€JHAHb 3 BUCOKUMU

3QIMIIKOBUMH  HANPYKEHHAMH O,

a >

00yMOBIIGHUX  TEepMOOOPOO-

Koro [8—15], To Ha OCHOBI 3aJIC)KHOCTI, OTPUMaHOi y Tpai [2]
Op

0-1:

+1°

3an
(0,-0r/a,)l o,
MPUXOJUMO JO TAaKUX PIBHSAHB JJIs BU3HAYCHHS TPAaHUIb BUTPHUBAJIOCTI
3pa3KiB, MiAJaHUX TEPMOOOPOOITi:

3an obp
oip _ Ca (O'b—ow /ag)+0'm (o —or/a,)
Omax = ; )

max E
op+o —opla,

O_oép _ Op _U;)a? /OIO_U;M( )+O-m (O-b —Or /aa) (10)
e (1-R,)-(0, -0 /a,)/ 20, +1 .
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3a ymoBu ¢°% =0 pismstaas (9) i (10) criBnagaloTh 3 PIBHIHHAMI,

3an
OTpUMaHUMH y poOoTi [2], sIKi BU3HAYAIOTh MEXY BUTPUBAJIOCTI 3BapHUX
3’€/IHaHb Y BUIQ/IKy [TOBHOTO 3HSTTS 3aJIMIIKOBUX HAIPY>KECHb.

SIK CBiMUMTH aHaNi3 BIUIMBY 3QJIMIIKOBHX HaNpy>KeHb Ha BEJIHMYUHY
TPAaHUYHMX HAalpyXKeHb LUKIY 3BapHHUX 3’€JHAHb, SKII0 B YMOBaX
MOCTIIOKATBHOI TepMOOOPOOKH pPiBEHb 3ANUIIKOBUX HANPYKEHb B 30HAX
KOHIICHTPATOpiB ~ 3BapHOTO  BHPOOY  3HAXOOUTHCA Y  Jiama3oHi

oy <o,, <o}

3an 3an ?

TO TEpMOOOPOOKa HEe IocsAriia OakaHOro pe3ysbTary (€

Hee(DeKTHBHOI0) 1 aMILTITY/ia TPAHUYHKUX HANPYXKEHb 3’ €JHAHHS HE 3ajie-
JKUTh SIK BiJI aCUMETpii LMKy 30BHIIIHHOIO HABAaHTA)XEHHS, Tak i pPiBHA
BUXIJIHUX 3JIMIIKOBHUX HanpykeHb (iHis 1, puc. 2).

Ty, MIla

200

150

100

50

. \.\'\ N\\V\\

0 0 100 c,,. MIla

Puc. 2. [liaepama epanuynux Hanpysicens 36apHO20 CMUKOBO20 3 €OHAHHAL:

kpusa | — O, 2 0 xpusa 2 — o,,, =0, kpusa 3 — o,,, =100 Mlla;

3an 3an’

kpusa 4 — o,,, =200 Mlla; xpusa 5 — o ,,, =—100 Mila

Sxmo 3BapHe 3’€qHAHHSA MepedyBae B yMOBaX JIOKAJIBHOI TEPMOOO-

POGKH, TIpUUOMy y 30HaX KoHieHTpatopis o’ =o' i BBamaru, mio
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PIBEHb LIMX HANPY>KEHb HE 3MIHUTHCS MiJ AI€I0 HUKIIYHOTO HABaHTa)KEH-
H$l, TO BEJIMYMHA TPAaHUYHUX HAINPY)KEHb AA€ThCS 3aJICIKHICTIO

20, (Gb ~ %% /aa)

3an

(1-R,)- 0, +(1+R;)- 0, 7 %

o6p _
Umax -

Z(O'h—afa‘ff/aa) v

(1-R,)-(oy /0 —1)

R, =R, .

2a,0_ (0, -0/ a,)

0bp ’
(O'T — O )(O',, /o_ 1)
SIKIO BUXITHUMH JAHUMH IS PO3PAXyHKY € 3HAUCHHS aMILTITyAH
IPAaHUYHMX HAINPYXXCHb 3BAPHUX 3’€IHAHb 3 BUCOKUMH 3QJIMIIKOBIMH Ha-

V piBusnHI (11) mo3HadeHO: R, =1-

IpYXXEHHSIMH po3Tsry o, , o piBusHHs (11) HaOyxe BUTISALY:

6,
G[)_G?af/aa' R <R
o6y (l—Ra)-(O'b—O'T/Cla)/20'5m+1’ c e
omh =1 (12)
20, R >
1-R,~° 7
20{ O_.?LUI
e RUz :1—“—“0617.
Or = Os4n

Hiarpama rpaHM4YHHX CTaHIB, M0OYZ0OBaHA Yy BIJIOBIAHOCTI 10 3alie-
xuocten (11), (12), ckmagaerscs 3 ABoX AUIIHOK (puc. 2). Ilepma e -
Hi€l0, MapanenbHa aHaJOTi4HIN 3ale)KHOCTI JUIsi 3BapHUX 3’€JHaHb 0e3
3IMIIKOBUX HarpyskeHb. Lg JiHis BU3Ha4Yae 3HaYSHHS TPaHULb BUTPUBA-
JocTi ax A0 ii HmepeTuHy 3 JIiHIE€I TPaHUYHUX HANpyXEeHb 3 BUCOKUMH
PO3TATYIOYMMH 3AJTMIIKOBUMH HaIPY>KEHHSIMH.

Armpobariisi OTpUMaHHUX PO3PaXyHKOBHX 3aJeKHOCTEH 3IiHCHIOBaA-
Jach HIIAXOM BHUIIPOOYBaHb 3BapHMX CTHKOBUX 3’€nHaHb (o, =1,32) 3
Hu3pKonerosanoi crani 14I'2 (o, =380 Mlla, o, =540 MIla).

PesynbTaTi BTOMHHX BHUIIPOOYBaHb 3BaApHUX 3pa3KiB MPH CUMETPHY-
HOMY ITUKJTI HABaHTA)KCHHS (YHMCTHHA 3TWH) TOKA3aJi, 3HIKEHHS BUXiTHO-
ro piBHS 3aJIMIIKOBUX 3BapHUX HampykeHb 1o 3HadeHHs 170 MIla mia-
BUIIly€ TPAaHUIII0 BUTPUBAJIOCTI CTUKOBHX 3’€JHAHb HA OCHOBI N = 2-10°
nukmiB Big 70 MIla go 90 MIla, mo ckiagae 28%. CriBcTaBIeHHS €KCIIe-
PUMEHTANBHUX JaHUX 1 pe3yJbTaTiB 00paxyHKy HaBelIeHO Ha puc. 3 i mo-
Ka3aJyo Jo0py iX BiANOBITHICTS.

OTprMaHi TYT 3aJI€KHOCTI BIAPI3HSIOTHCS Bijl KJIACHYHHX, HaBEJE-
HUX y npaiii [17], o 00yMOBIIOETCS, TO-TIEpIIe, TUM, IO aHAI3 BILTUBY
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3aJIMIIKOBUX HAIpyKeHb 3BAPHUX 3 €HAHb Ha OIip BTOMI BHKOHAHO 3
ypaxyBaHHSIM KOHIIGHTpallii Hampy>KeHb Ha MepPepOo3NOALT 3aIMIIKOBUX
Harpy>XeHb; T0-Ipyre, 3 OTPHUMAHHUX PO3PAaXyHKOBHX 3alIe)KHOCTEH BH-
TUIMBAE, 110 3MiHa MEXI BUTPUBAJIOCTI 32 (hJiKCOBAHOTO 3HAUEHHS CEpeIHIX

. o_0
Hampy>KeHb UKy 30BHIIIHROTO HABAHTAXKEHHS CKJIaJa€ —sar y
a;0y
6 . -~ . 0_10'3M
po6orti [17] BOHA mpUIMAa€ETHCA PIBHOIO ——— .
Op
S, MIIa
100
\..,\
75 \
50
-50 0 100 200 300 T, MIla

Puc. 3. Po3paxynko6a 3a1eiCHIiCIb MeXNCi BUMPUBATIOCTL 36aPHO20
CMUKOB020 3 €OHAHHS NPU CUMEMPUUHOMY YUKIL HABAHMANCCHHSL
610 PI6HI 3ATUUUKOBUX HANPYIICEHb (0 — eKCNEPUMEHMATbHI OAHI)

3HaueHHs CepelHiX Halpy)KeHb LHUKITY 30BHIIIHHOTO HaBaHTAXKEHHS

~10 a1 O _10 0

CKJIajiae O-—, a y poborti [17] BoHa npuiiMaeThCs PiBHOIO

%50 Op
HextyBaHHSs 11i€l0 00CTaBUHOIO MPHBOIWUTH IO TOTO, IO AJISI CTUKOBOTO
3’€IHAHHS PO3PAaXyHKOBA BEJIIMYMHA 3MIHM MEXI BUTPUBAIOCTI MiI JI€0
3aJIMIIKOBUX HAaINpYXKEeHb Bilpi3HseTbes Bij (akrtuuHoi Ha 20..40%, a y
BUIIAJIKY XPeCTONoAi0Hor0 3’ eqHaHHs — Oinbin Hix 100%.

AmHani3 pe3ysbTaTiB BTOMHHX BUIPOOYBaHb 3BapHHX 3’€JJHaHb y BU-
X{JTHOMY cTaHi Ta micis TepMooOpoOku [1; 2] Bka3ye Ha Te, IO B yMOBax
0araToLMKIOBOTO HAaBaHTa)KCHHS (LIMKIIIB) MMOXMJIA TUITHKA KDUBUX BTOMHU
JIOCHUTB J100pe OIHUCYETHCS 3AICIKHICTIO

o=A+BIgN, (13)
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I'padix (13) B miBmorapudMidyHii IIKaJi CHCTEMH KOOPIMHAT
(o,1g N') mae Bursiya npsiMot JiiHii.

PiBHSHHS NOXMIIOT AUISHKK KPUBOI BTOMHU 3BapHOTO 3’€HAHHS Y BU-
X1THOMY CTaHi (32 HasBHOCTI BUCOKHX PO3TATYIOUMX 3JIMIIKOBUX HAMpy-
JKCHb) MOYKHA TIOJaTH Y BUTJISLII

lg(N, /N) =Z=ZE 1g(N, / N) , (14)

%)) R

ne B 3anexHocTsx (13), (14) no3nayeno: N,

. — JIOBTOBIYHICTH 3BapHOTO

3’€/IHAHHS Y BUXIJHOMY CTaHi; ¢ — piBeHb MaKCUMaJbHUX HaIlPy>KEHb

LMKITY 30BHIIIHFOTO HABAHTAKEHHS; O — MEXa BUTPUBAIOCT] 3BaAPHOTO
3’€JHaHHA y BUXIHOMY CTaHi Ha 0a3i N, = 2-10° mukis; o, — obOme-
JKeHa Me)a BUTPUBAIIOCT] 3BAPHOTO 3’€IHAHHS Y BUXIJHOMY CTaHi Ha 0a3i
N, = 2-10° uukiis.

[Mapamerpu pIiBHSHHS MOXWJIOl IUISHKHA KPHBOI BTOMH 3BapHOTO
3’€THAHHS y BUXITHOMY CTaHi BU3HAYAIOTHCS HA OCHOBI PE3yNIbTaTiB BTO-
MHHUX BHIIPOOYBaHb KPYITHO MACIITAa0HHWX 3BapHUX 3pa3KiB, a00 HEBEIH-
KHX 3BapHUX 3pa3KiB Ta po3paxyHKoBHX 3anexHocreit (13), (14).

SIK110 piBeHb 3aJIMIIKOBHX HAIPY)KEHb ITICIIsl JJOKAIBHOI TEpMOOOPOOKH
O, 3aI0BOIBHSE YMOBI O, > O — (0,0 , TO TAKNH MEPEPO3IOALT 3aTHUIIIKO-
BUX HAIpY>KeHb HE TIPHBE/IE A0 IiIBHUIICHHS IUKIIIYHOI JOBTOBIYHOCTI 3Bap-
HOTO 3’€IHAHHS Ha 33[JaHOMY piBHI HaBaHTaXeHHA o . Lle 00yMOBIICHO THM,
110 B 30HaX KOHILIEHTPATOPIB 3BAPHOI'O 3’€THAHHSI SIK 1 y BUIIAJKy HEOOpoOIte-
HOTO BUPOOY peati3yeThCsl TPAaHUYHUHN IUKII 3MiHN HAIIPY>KCHB.

Sxmo TepmMooOpoOKka 0OYMOBITIOE OLTBII CYTTEBHH IEpepO3MOALT 3a-
JIMIIKOBUX HAMpPYXEHb, TO L€ MPUBOAUTH JIO ITiJBUIICHHS LUKIIYHOI JIOBrO-
BIYHOCTI 3BapHOTO 3’€ZHaHHS. Y IBOMY BHIIAJKy B 30HAaX KOHLIEHTPATOpiB
00pOOIICHOTO 3’€IHAHHS PEai3y€eThCs LMK 3MIHM OUIBII CHPHSTIMBHHN 32
ACHUMETPIEI0, HIX 11e Ma€ Miclie B HeOOpOOJIEHOMY 3BapHOMY 3’ €JHAHHI.

Ha ocHOBI mapaMeTpiB KpHBOi BTOMHU 3BapHOIO 3’€IHAHHS y BHXIiJ-
HOMY CTaHI BW3HAYa€ThCs LHUKIIYHA JIOBFOBIYHICTH OOPOOJIEHOrO

3’eqnanHs. [lepia Touka (touka C Ha puc. 4) 3 KOOpAUHATAMU (Nl,al’; )
XapaKTepu3ye 3HAYCHHS MEXI BUTPUBAJIOCTI TEPMOOOPOOICHOTO 3BAPHOTO
3’eqHaHHs o} Ha 6asi N, = 2-10° ukis.

BemmunHaa o, BH3HAYA€THCS 33 BITOMHM 3HA4YEHHS MEXi BUTPUBA-
JIOCTi 3BapHOTO 3’€HAHHSA y BUXITHOMY CTaHi Ha 0a3i 3aJUINKOBUX Ha-

IPYKEHb O, 3 BUKOPHCTaHHAM 3ajiexHocreil [1, 9, 10]
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Puc. 4. Iloxuna dinsnka kKpugoi 6momu 36apHUX 3 €OHAHD!
Kpuea 1 — 6 cmami niciist 3a6epuienst 36apIoGaAHHsL;

2, 3, 4 — nicas mepmoobpodku 3a ymosu o, >0, o, =0 i o, <0

o,—-o./a
0_11;: b s o

(15)

(o, —o7/a,)op +1
Koopaunatu apyroi touku N, 1 o, (Touka D Ha puc. 4) BU3Haua-

I0ThCS 3 MIPKYBaHb: 13 3POCT@HHSM DiBHS 30BHILIHBOTO HABAaHTAXKEHHS
pI3HHMIIS 3HAYEHb JOBrOBIYHOCTI 3BapHUX 3 €JIHAHb Y BUXIJHOMY CTaHi Ta
micist TepMOOOPOOKH 3HUKYETHCSI, 110 OOYMOBIIIOETHCS TUM, HIO PI3HHLISA
acHMeTpil LMKy B 30HaX KOHLIEHTPATOPIB 3BAPHUX 3’€JJHAHb Y BUX1THOMY
CTaHl Ta Micisl BUKOHAHHS 3MIITHIOKOYOi TEpMOOOPOOKH 31 301IBIIECHHM
30BHINIHBOTO HABAHTAXXCHHS OyJe 3MeHITyBatuch (puc. 4). [Tounnaroun 3
JICSIKOTO PiBHS HABAHTAXXCHHS HAIIPYKCHUH CTaH B 30HAX KOHLICHTPATOPIB
3BApHUX 3’€JHaHb Oy/e 1IEHTUYHIM.

BenunHy 30BHIIIHBOTO HAaBaHTAXKEHHS 33 SKOTO PiBEHb 3aJIMIIKO-
BUX HAIPY>XCHb B 30HAX KOHIICHTPATOPIB 3BapHUX 3’ €THAHD Y BUXiTHOMY
CTaHi JOCSTHE 3HAYCHHS TAKWX HAIpPYXCHb B CIOJYYCHHI, SKi BU3HAYa-
FOTHCS 3 CITIBBIAHOIICHHS

o, +a,0, =0y abo o, =(o7 —0y)/a, (16)

OCKUIbKM  JIOBrOBIUHICT 00poOieHNX 1 HeoOpoOJIeHHX 3BapHUX

3’€IHaHb 32 TAKUX HANpYXKeHb, SKi BU3HAYAIOThCS 3 yMoOBHU (16), OyayTb

piBHI MiX CO0OI0, TO BIANOBiAHI LILOMY PIBHIO HaNpy>XCHHS 3HAUYCHHS

LUKJIIYHOI JIOBrOBIYHOCTI N, BHM3HAYalOTHCS IIIJCTAHOBKOIO 3aJIEXKHOC-
Ti (16) y cniBBigHowmenss (13), 3Biaku
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or—o,+a,a
N,=—L —s_ "o~ (17)
asb
3a BioMUMH KOOpIMHATaMK JBOX To4oK C 1 D BH3HAYAIOTHCS Mapa-
METPH TTOXMIIOl UITHKKA KPUBOT BTOMH 00pOOJIEHOr0 3BapHOTO 3’ €THAHHS
p p
r_(O-T_O-S)/acr—O-R r_ _p (GT_US)/QG_GR
b'= ,a =0g — lgN,. (18)
Ig(N,/Ny) Ig(N,/ Ny)
Mincransiroun Bupasu (18) B cmiBBigHomenHs (13) gicranemo pos-
paxyHKoBY ()OpMyJly JUls BU3HAYCHHS LMKIIYHOI 10BroBidHOCTI N, 00-

pOOIIEHOTO 3BapHOTO 3’ €AHAHHS

_oP
o —0p

Ig(N, /N,) = lg(N,/N,) (19)

(O—T _O-s)/aa _O-Ig

Bepyun no ysaru 3anexxsocti (15) 1 (17) i migcraBnsitoun iX y Bupas
(19) ta BUKOHABIIM HEOOXiTHI MEPETBOPCHHS ICTAHEMO PIBHSHHS IS
BU3HAUCHHS LUKJIIYHOI JIOBrOBIYHOCTI TEpMOOOPOOIEHOrO 3BapHOTO
3’€JIHAHHS HA OCHOBI ApaMeTpiB KPHUBOI BTOMH B CTaHi MiCJIsl 3BAPIOBAHHS

F
lg(N, /N,)=—, 20
g( P 1) bF,z ( )
e

Fl:{a[(ab -0 /aa)/aﬂ—ab +o, /aa}[(O'T -0,)/ay—a-blgN, |;

F, =[(JT—0'S)/0:U:|[(O',,—o-T/aC,)/O'}+1J—O'b+JS /e,

BBCI[CMO IIO3HAUYCHHA
o=—"L, 1)

ne O — xoedillieHT, SKUH BKa3ye Ha B CKUIBKM pa3 3pOCTae HUKITIYHA

JIOBIOBIYHICTh 3BAPHOTO BHPOOY MiX Ii€l0 3MILHIOIYOI TepMOOOPOOKH
TIpH 3aJ]aHOMY piBHI HaBaHTa)KCHHS.
[epenucyroun 3anexHicts (14) y Burmisai

o—0op
e )/aR — lg(Ny / Ny) (22)
T s o R

Ig(N, / Ny) =

i migcraBisroun criBBigHOIIEHHS (19) 1 (22) y Bupa3 (21) Ta mo3HaYMBIIN
(o7 —0,)/ @, =0, , IPUXOIMMO 110 3AIEHKHOCT

(U}e7 —0})(0‘1, —0')

(GP _05)(% _5;?)

lgQ=

lg(N,/N,). (23)
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B o6nacti 00MexeHOi JOBrOBIYHOCTI 3BapHUX 3’ €JHAHD y BUX1THOMY
CTaHi Ta micist TepMooOpoOKky BenmarHa O OyIe MAKCHMAITEHOIO 32 YMOBH

o = o} , BHACIIOK 4oro Bupa3 (23) HalOye BUIISLY

P s
ngmax =@lg(]vl /N4)
p “OR

Ha ocHoBi orpumanux 3anexnocrteid (13)—(23) BukoHaHO po3paxy-
HOK OIIiHKM €(eKTUBHOCTI 3aCTOCYBaHHS TEPMIYHOI OOpOOKH 3 METOIO
MiBUINCHHS IMKIIYHOT JOBMOBIYHOCTI 3BapHHUX 3’€JHAHH KOHCTPYKIIIH,
10 BioOpaskeHo Ha puc. 5, puc. 6.

PesymbraTé po3paxyHKiB 3rigHO 3amexHOocTi (20) TOKa3yroTh, IO
NOBHE YCYHEHHS 3QJIMIIKOBHX HAIPY)KCHb B CTHKOBOMY 3’€JJHAHHI 3 HU3b-
KOJICTOBaHI# CTaJi MPUBOJUTH JIO IiABUIICHHS [IUKIIYHOI JOBrOBIYHOCTI B
2..3 pa3u NOPIBHSHO 3 JIOBrOBIYHICTIO 3’€JIHAHHS B CTaHI MiCIsl 3BapIOBaH-
Hsl, 1O UTIocTpyeThes rpadikamu Ha puc. 5. YacTKOBEe yCYHEHHS 3aIUII-
KOBHX 3BapHHUX Halpy)XeHb BHSBIIE JIEN0 MEHIIMHA e(eKT, a came CIio-
cTepiraeThcs 301IBLICHHS AOBroBiYHOCTI B 1,2..2 pa3u 3alie’KHO BiJ| PiBHS
NPUKIIJCHUX HalpyXeHb. HaBeneHHs: B 30HaX 3BapHUX ILIBIB JOKAILHOIO
TEPMOOOPOOKOI0 CTHCKYIOUHMX 3aJHMIIKOBUX HAIPYXEHb MOXXE NPHBECTH
JO OUIBII CYTTEBOTO MiJBHINEHHS IMKIIYHOI JOBrOBIYHOCTI 3BapHHUX
3’eIHaHb KOHCTPYKiH (puc. 6). CriBcTaBlIeHHS Pe3yJIbTATIB PO3PaXyHKO-
BOi OLIHKH BIUIMBY MEPEPO3NONiy 3aJIMIIKOBUX 3BapHHX HaIpyXCHb
TepMOOOPOOKOIO Ha IUKIIYHY JOBIOBIYHICTH 3BapHUX 3’ €IHAHB B 001aCTi
0araTomMKIOBOro HaBaHTaxeHHA (N > 2.4 - 10° muKimiB) i pe3ysbTaTis
BTOMHUX BHIPOOYBaHb rabapHTHUX 3BapHHX 3pa3KiB MOKa3ajo H00py ixX
BIZIMOBIIHICTB, L0 LIFOCTPY€EThCs IpadikaMu Ha puc. 5 i puc. 6.

o ,MPa \ -
NTRL
160 -
AN
™

i
—

B

120
-
1
—
2

20

40

1 2 4 6 8 0 40 N-10°

Puc. 5. 3anexcricms yukaiyHoi 008206814HOCI 36APHO20 CIMUKOB020 3 €OHAHHS
610 PI6HS NPUKIAOEHUX HANPYJCeHb: | — cmaH nicis 36aprosanisi;
2 — nicns mepmoobpodku 3a ymosu o, =0 (cyyineHi kpugi
8I0N08IOAIOMb OAHUM, OMPUMAHUX HA OCHOGI PO3PAXYHKOBUX 3ANEACHOCHE,
memui @i c8ImMi O KpYdIceuKu — eKChepUMEHMAbHI 3HAYeHH )
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400
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Puc. 6. 3anescnicme yuxaiuHoi 006208iUHOCII 36APHO20 CIMUKOB020 3 €OHAMHSA 31
cmani 1412 6i0 piens npukiadenux Hanpysicenv: 1 — cman nicis 36apro6anHts;

2, 3, 4, 5 — nicna mepmoobpobku 3a ymosu o, =0 Mlla, o, =85 Mlla,
o, =170 Mllai o, =185 MIla ¢ionogioHo (cyyinvhi Kpusi 6ionogioaroms

OaHUM, OMPUMAHUX HA OCHOBI PO3PAXYHKOBUX 3ANEHCHOCMEN, MeMHI @ [ c8imi
O KpyotceuKu — eKcnepuMeHmaﬂbHi 3HGU€HH}Z).

BucHoBkn. OcKijbkd e(heKTUBHICTD JIOKAILHOT TEPMOOOPOOKH TOJI0-
BHHMM YMHOM 3aJIC)KUTh BiJl BEIMUMHHU 1 XapaKTepy PO3MOJLTYy TUMYACOBUX
TEeMIIEpaTyPHHX MOJIB 1 HAIPyXeHb, [0 BUHUKAIOTh B 3BAPHUX KOHCTPYK-
LisIX 3a Jil HepiBHOMIPHOTO HArpiBaHHS, TO HEBJAJIE CIIOJIYYEHHS 3BapHUX 1
TUMYACOBHX TEMIIEpPaTypHUX HAIpPYKEHb B IIPOLIECI TEPMOOOPOOKU MOXKe
NPUBECTU HABITh JI0 3POCTAHHS 3IUIIKOBUX. AHANI3 OTPUMAHHX CIIiBBiJ-
HOIIICHD Ta EKCHEPUMEHTAIBHHX JJaHUX BKa3ye, IO JIOKAJIbHA TEPMOOOPOO-
Ka IPUBOJUTH J0 CYTTEBOTO MiJBHIIEHHS TPAHMYHUX HAIPY>KCHb 1 IMKITiY-
HOi JOBTOBIYHOCTI 3BapHHX 3’€IHaHb. E(QEKTHBHICTh 3aCTOCYBaHHS TaKOTO
BUIy 3MIIIHCHHS €IEMCHTIB 3BapHUX KOHCTPYKIIN 3aJIC)KUATH BiJl MEXaHId-
HUX XapaKTEePUCTUK MaTepiaiiB, MapamMeTpiB 30BHIIIHHOTO HABAHTAKCHHS,
TUIy 3’€IHaHb ToII0. HaliOlibinii BIUIMB JIOKaJbHA TEPMOOOpPOOKa Mae Ha
orTip BTOMI 3BapHUX 3’€/IHAHb KOHCTPYKIIiil B YMOBaX 3HAKO3MIHHOTO LUKy
HAaBaHT)KCHHA. YCYHEHHS 3aMIIKOBUX 3BapHUX HAINpPyXeHb TePMOOOPOO-
KOI0O B YMOBax aCMMETPHUYHOTO LIMKIY HABAHTAXKEHHS MPHBOIUTH IO TiJ-
BUILICHHS MEX BHTPHBAJIOCTI 3BApHUX 3’€IHAHb 3 HU3bKO BYTJICLIEBOI CTaI
ma 30.40%, n#usnkonerosanoi — Ha 50..60%, a BHCOKOMIIIHOI — Ha
70..100%. Ilpum npOMy ULMKJIYHA JOBTOBIYHICTH OOpOOJIEHHMX 3BapHUX
3’€JIHAaHp TPY PiBHI 30BHINIHBOIO HABAHTAXKCHHS, OJNM3BKUX /IO 3HAYCHHS
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MEXKi BUTPUBAJIOCTI, 30LTBIIYETHCS B 2..4 pa3u MOPIBHAHO 3 JOBrOBIUHICTIO
3’€THaHB, SKI MAIOTh BUCOKI PO3TATYIOUH 3aJIMIIIKOBI HATIPYKCHHS.

OTpHMaHi pe3yNbTaTd TpHUIATHI s BUKOPHUCTAHHS B iH)KeHepHiﬁ

NPAKTHLI TPK PO3pOGICHHI peKOMeH,IlaLIII/I 3 MiIBHINCHHS HAIHHOCTI i
[MKJTIYHOI JIOBTOBIYHOCTI 3BapHHX 3’€JHAHB 1 BY3/iB PI3HOTO POIY KOHC-
TPYKILiil Ta IHKCHEPHUX CUCTEM B MAIIMHOOYAyBaHHI, TEIUIO- Ta aTOMHIH
EHepreTulll, aBTOMOOLIbHIH, aBialliiiHil Ta KOCMIYHIH Tamy3sx.
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FORECAST EVALUATION OF EFFICIENCY OF INCREASING
OF WELDING PROTECTION OF ELEMENTS OF WELDED
CONSTRUCTIONS BY THERMAL PROPERTIES

An analysis of influence on the magnitude of the limiting residual stress-
es of the cycle of welded joints is performed. An equation for determining
the maximum boundary stresses of a cycle subjected to the treatment of a
welded joint is obtained. The methodology for calculating the effectiveness
of the complete elimination of residual stresses by heat treatment is applica-
ble not only for the case when the output residual stresses in the welded joint
reach the value of the material yield strength, but also for the case when these
stresses do not exceed the value but above the limit value of the initial resid-
ual stresses, in which the maximum stresses in the zones of the weld hubs
during cyclic loading reaches the value of the material yield strength.

Dependences were obtained for determining the boundary stresses for
local heat treatment of metal structures by locally lumped heat fluxes. It
has been established that reducing the output level of residual weld stresses
increases the boundary of endurance of joints joints. On the basis of the
developed method of estimating the impact of residual weld stresses and
their redistribution as a result of local heat treatment, the dependence of the
limiting value of residual stresses on the coefficient of asymmetry of the
external load cycle was investigated.

The analysis of the obtained correlations and experimental data indi-
cates that the local heat treatment leads to a significant increase in the
boundary stresses and cyclic durability of the welded joints. The effective-
ness of such a type of strengthening of the elements of welded structures
depends on the mechanical characteristics of materials, parameters of ex-
ternal load, type of connections, etc. The greatest influence of local heat
treatment is on the resistance of fatigue welded joints of constructions in
conditions of an alternating load cycle.

Key words: thermoprocessing, welding, dependable, long-lived,
change power, fatigue durability, metal-constructions, machines.
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KOMIMTHOTEPHE MOOENOBAHHA OUHAMIKU OOHOBUMIPHUX
HENIHIMHUX OB’EKTIB 3 PO3MNOAINTEHUMU MAPAMETPAMU

PosrasHyTO 3amady KOMITFOTEPHOTO MOJEIFOBAHHS OIHOBUMIp-
HHX HENiHIHHUX 00’€KTIiB 3 pO3MOIICHUMH MapaMeTpaMu. Bukopuc-
TaHO METOJ NPSMHX IS alpPOKCUMAMIIHOTO MepeTBOPEHHs 0a30BOi
MOZEJT, 10 ToJlaHa y BUIVIIAL AU(EpeHIIaIbHOTO PIBHAHHS 3 YaCTHUH-
HHUMY TOXiZHUMH. B pe3ysbTaTi OTpHMaHO CHCTeMy 3BHYaiHMX JH-
(hepeHUiaTbHUX PIBHAHD APYTOro MOpsAKy. st Komir roTepHo peasti-
3anii B cepenosuii Simulink/Matlab nudepenianbHi piBHSIHHS 1O-
JTAIOTBCS Y BUDIAAI anreOpaidHuX 3ajiekHocTel mpoctopy Jlammaca.
[11X0M eKBIBAICHTHHX AJIreOpaidHuX MEPETBOPEHD B mpocTopi Jlar-
Jlaca MaTeMaTH4YHa MOJIEeNb 3BOAUTHCS 10 BUITIAY, SIKUM 3pyYHUN U1t
no0ymoBu Simulink mozerni. OTpuMaHa CTPYKTYpHa MOJCTb CKiaja-
€TBCSI 3 TMIJICUCTEM, 1110 Pealli3yloTh 3BUYaiiHi AudepeHIianbHi piBHSIH-
Hsl IPYTOro TOPSZIKY, IPUUOMY MiZCHCTEMH 3’€IHaHi SIK 32 JOIIOMO-
TOFO TIPSIMUX TaK 1 3BOPOTHHX 3B’s13KiB. Lle Haamo Mosieni BIacTHBICTh
000pOTHOCTI, TOOTO Oy/b-sIKa MIICHCTEMA MOXKE OYyTH K 00’€KTOM
30BHIIIHBOTO BIUIMBY, TaK 1 IPKEPENIOM JaHHX IIPo 3MiHY ITapaMeTpiB B
Yaci JuIs BiMOBITHOTO mepepizy 00°€kTa, 1o MojetoeThes. 1le omni-
€10 TIO3UTHBHOK PUCOI0 MOJICII € Te, IO HA PiBHI MiICHCTEM, SIK1 BIJIT-
BOPIOIOTH JIMHAMIKY TPOCTOPOBHX JUISTHOK PO3MOJIIICHOTO 00’€KTa,
MOJKHA 3aJ[aBaTH pi3HI (i3nuHi mapamerpy. Tofi Taka MOIENIb MOXe
BHKOPHCTOBYBATHCh Y BHIIQJIKY, KOJH MOJICIIOETHCS HEOMHOPITHUI
PpO3MoiieHHt 00’ €KT, B IKOMY Ha PI3HHX JUITHKAX (i3HYHI MapameT-
P¥ BiIPI3HSIOTHCS (HAPHUKIIA, TOBTHI Bajl 3 AUITHKAMU Pi3HOTO Hia-
METpY 49X BUTOTOBJICHUI 3 PI3HUX MarepianiB). OCKIIBKA (Qi3udHi Ma-
pameTpu 00’€KTa, IO MOJEIOETHCS, TIPUCYTHI B SIBHOMY BHUIJIIL Y
HiZICHCTEeMaX CTPYKTYPHOI KOMIT'FOTEPHOI MOJIEII, TO Lie HaJae MOX-
JIMBICTH 3a/IaBaTH MK HIMH HENiHiiHI 3aIeXKHOCTI. B poboTi ommcano
Ppe3yJIbTaTH IPOBEACHUX OOUHCITIOBATBHUX SKCIICPHMEHTIB [T BUIA-
JIKIB JIIHIIHOTO 1 HENiHIHHOTO 00’€KTIB 3 PO3NOAUICHIMH MapaMeTpa-
Mmu. EkcriepumeHtn miarBepmiid e(EeKTHBHICTD 3alPOIOHOBAHOTO
migxomy 10 MoOYIOBH 1 KOMIT FOTEPHOI peaitizarii Mozeneil HemiHii-
HHX 00’ €KTIB 3 pO3NOIIICHIMH NapaMeTpaMu.

Kawuosi cioBa: komn tomepna moodenn, 06 ’ekm 3 po3nodine-
HUMU NApamempamu, HeliHIuHu 06 'exm.

Beryn. Ilpu npoekTyBaHHI Cy4acHHX CKJIAIHHX AWHAMIYHHX CHCTEM,
HaIpUKJIaJl MEXaTPOHHHX, BUHUKAIOTh 33/1a4i YIOCKOHAJIEHHS TX OCHOBHHUX
XapaKTePUCTHK, IO MPU3BOIATH IO HEOOXITHOCTI BHUKOPHUCTAHHS O1NTBII
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aJIcKBaTHUX MAaTEMAaTHYHUX 1 KOMIT FOTEPHHMX MOJIEJIeH, sKi, 3a He0OXiqHOC-
Ti, BPaXOBYIOTh BIIACTHBICTH PO3MOJICHOCTI MapaMeTpiB B MPOCTOPI, a Ta-
KOXX HEJIHIMHI 3aJIe)KHOCTI, 10 PUTAaMaHHI OKPEMHM KOMIIOHEHTaM CHC-
Temu [1]. KpiM TOro, pO3BHUTOK MIKpPOIIPOIIECOPHOI €TIeMEHTHOI 0a3u Ta,
BI/INOBI/IHO, TIOSIBA BHUCOKOIPOAYKTUBHUX THYYKHX KOMIT IOTEPU30BaHUX
BOY/IOBaHMX CHCTEM AaBTOMATHYHOTO KEPYBAHHS YMOXKJIMBIIIM BHKOPHC-
TaHHS B aJITOPUTMax KepPyBaHHsI, JUIsl OUIBLI SKICHOTO PO3PaxXyHKY Kepyro-
YUX BIUIMBIB, KOMII IOTEPHUX MOJelell caMux 00’ €KTiB KepyBaHHs. Lle Ha-
KJIaJI0 Ha MOJIEJTi I0JJATKOBI BUMOTH II0JJ0 OOYHCITIOBAIILHOT CTIHKOCTI, ITpH
HasBHOCTI IIYMOBHX 3aBaJl Y BXiJIHMX JJaHUX, Ta 3a0€3Me4YEHHs] PO3PaXyHKIB
B peansHOMY 4daci. Komu 1 3agad mpoeKTyBaHHS MOXKYTh OyTH BUKOPHC-
TaHi ICHyI0U1 cepiifHi MakeTH KOMI I0TePHOT MaTeMAaTHKH, SIKi 0a3yroThCs Ha
BUKOPHCTaHHI CKiIHUCHHOCIEMEHTHHX PO3B’s13yBadiB [1, 2], um amapar inTe-
rpo-creneHeBux psniB Bonbreppu [3, 4, 7], To 1S 3a1a4 aBTOMaTH30BaHO-
TO KepYyBaHH:, KOHTPOJIO Ta JIarHOCTHKU MpoOieMa CTBOPEHHS 3a011a UTH-
BUX 1010 O0YHUCIIEHD i, B TOH e Jac, aJleKBaTHUX KOMIT IOTEPHUX MoJielier
JUTSL HENMHIMHUX 00’ €KTIB 3 PO3NOAUICHUMH MTapaMeTpaMu po3B’s3aHa Jajie-
KO He B MOBHiM Mipi. [lepcrieKTUBHUM HANpPSIMKOM CTBOPEHHS KOMIT FO-
TEPHUX MOJeNel HeTiHIMHNX 00’ €KTIB 3 PO3MOIIICHUMH apaMeTpaMu, SKi
0 BiANOBiNATM 3a3HAYEHMM BHMOTaM, € BUKOPHCTAHHS alpOKCHMAllifHNX
MaTeMaTUYHHUX OIKCIB MEPBUHHUX MOJEJEH 3 pO3paXyHKOM Ha e(heKTHBHY
KOMIT FOTEPHY pealTizallito.

3agaya cTBOpeHHS KOMII'IOTEPHOI MoJesi 00’€kTa 3 po3mojiie-
HUMH NapaMeTpaMH B JiHiiiHii mocTtanoBui. Po3ristreMo ogHOBUMIp-
HUH JMHAMIYHUH 00 €KT 3 PO3IOIUICHUMH MapaMeTpaMu, SIKUi OIHCY€ETh-
cs nudepeHIiabHUM PIBHAHHAM 3 YaCTHHHAMH ITOX1THAMUA

%u(x,t) ou(x,t) *u(x,t) _
L e St (G SN
(m, 11,k >0)
3 [PAaHUYHUMH YMOBaMH
u(xg, )=y ();  u(xg+L0Lt) =@ (t); (ty <t <T), @

u(x,ty)=wo(x); u(x,I)=yr(x); (xg<x<x,+10),

7 po(?), ¢i(0), yo(x), yr(x) — samani GyHKI.
BukopucroByroun MeTos npsiMux A0 piBHsHB (1)-(2), oTpuMaeMo cuc-
TeMy 3BUYaWHHX JIHIHHUX AU(epeHIiaIbHIX PIBHSHB APYroro Nopsaky [6]

i 0+ 1 (0= (0= 200 1, (0] = [0+ 00,

nex;=xo+ih, (i=0,1,2,..,n), h :L,xi(t) =u(t, x;).
n+l1
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3uextysapiun y (3) unenamu O(h?) Ta mosuauusimm uepes U(f) na-
OMbKeHi 3HaYeHHS PO3B’I3KY u(?, X) Ha NPSAMIH X = X; It IX BU3HAUEHHS,
OTPHUMAEMO CHCTEMY AU(PEPEHIIATEHUX PIBHSIHB

mU,; () + ;U (¢) _h_lz[UHl O-2U,0)+U,_ (D] = f:(0),

@i=12,..,n).
BukopucraBmy rpaHudHi yMOBH (2), OTpUMAaEMO 3aJIeKHOCTI JUIS
MePILOro i OCTAHHBOTO PIBHAHHS CHCTEMH:
Ug()=gy(t), (a<t<T);
Un+1 (t) =@ (t)’ (G! <t< T), (5)
U;(ty) =wo (%), U (M) =y (x;); ({=12,..,n).
Mogpeni Tumy cucteMu (4) MOKHA TaKOX OTPUMATH 0e3MOCePeIHbO
13 (hi3MYHMX 3aKOHIB, 5K IIe POOUTHCA Y poboTi [5].
s aucnoBoi peanizamii anpoxcumartiitnoi moxgedni (4)-(5) ctBopeHO
Simulink-mMozensp, 110 300pakeHa Ha puc. 1.

\'. Uk+ Uk#+1 l \" Uk+1 Uk+1 \ QO; Uk+1
Q‘-’b k1 K Uk-1 Uk P uk-1 Uk Uk-1 Uk Uk-1 Uk
fic -

—i {1 —Px
J1 subsys 1 h Subsys 2 R

“4)

. th
Subsys 3 Joa Subsys n-1 /1 Subsys n

Puc. 1. Cmpyxkmypna peanizayisa 6 Simulink mooeni (4)-(5)

Simulink-mMonens ckIagaeThes 3 12 OJIOKIB, KOJKEH 3 AKHX peali3ye Bil-
noBinHe qudepeniianpHe piBHAHHA cucteMu (4). OcoOnmuBiCcTIO i€l cucre-
MU PIBHSHbB € T€, IO KOXKHE 13 PIBHSHB MOB’s3aHe 3 JBOMA CYCIIHIMHU piB-
HSHHSIMU uepe3 QyHKUIT Uri1(?) Ta Uk—1(f), TOMY KOXeH OJIOK, 110 peanizye
k-Te piBHAHHS, Mae onuH Buxia U(f), Ta Ba BXOIH, HA SKi MOJAFOTHCSI, Bijl-
noBinHO, Us+1(¢) Ta U 1(?). Lle 3yMOBIIIO€ IPUCYTHICTD B MOJIEN TPSIMUX 1
3BOPOTHUX 3B’SI3KIiB, SIKi JAIOTh 3MOTY BCTAaHOBUTH IPUYMHHO-HACIIJIKOBI
3aJIC)KHOCTI BiJ TIEpIIoro OGJIOKY IO OCTAaHHBOTO 1 HaBMmakw, To0To Simulink-
MOJIEITh BHACIIIIOK IIHOTO BOJIOJIIE BIIACTUBICTIO OOOPOTHOCTI.

Crin 3ayBaXWTH, IO PIBHAHHA CHCTeMH (4) ONMUCYIOTH MOBEAIHKY
JTUCKPETHHX EJIEMEHTIB, Ha AKi p030MBa€ThCcA HEMEPEPBHUN MPOTHKHHUN
00’€KT 3 pO3MOAIICHUMH MapaMeTpaMu. Hanpukian, me Moxe OyTH mpo-
TSOKHUN 3a1I3HUYHAN COCTaB, KN CKIANAETHCA 3 PI3HUX 32 Maco0 Baro-
HIiB, a00 JOBIHI CTEP)KEHb 3 PI3HOIO IUIOIICIO MOMEPEYHOTO Mepepily To-
mwo. /it mpoTSHKHOTO OJHOPIAHOTO CTEpXKHS, SKUH 3a3Hae aedopmarii
PO3TATY-CTHCKY 1 OMUCYEThCsI Moeitio (1) ampokcuMartiiina Moeins (4),
(hakTHYHO, BiZOOpakae CHUCTEMY 7 30CEPEDKEHUX Mac, 3B’SI3aHHX MiXK
coboro npyxHUMH 3B’si3kamu. [Ipm mpomy ckianoBi mozeni (4) maroTh
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KOHKpETHUH (Di3WYHUIT 3MICT: MepuInid J01aHOK BigoOpa)kae Uiy iHepuii,
JPYTHH — CHITY OIIOpY PYXY, TPETiit — CUIly NMpYXHOCTI 1 T. 1. Tomy uist
HEOJHOPIMHUX 00’€KTIB MOXKHA 3MIHIOBAaTH NapaMeTpy OKPEMHX PiBHSIHB
MOJIETI, a TAaKOX Y KOXKHE i3 PIBHAHb BHOCHTH J0JIaTKOBO HENiHIIHI 3aje-
JKHOCTI, SIKI MOXKHA JIETKO pealli3yBaTH Yy BIANIOBIOHIA miJcHCTEMi
Simulink-moneni. Hanpuknan, sxmo cuiia onopy pyxy Aist k-Toro eneme-
HTY 3aJIKHThH BiJ KBagpaTy Horo mBUAKOCTi, TO B Simulink-mozmemni me

BiOOpaXaeThCs CHIBBIAHOIICHHIM, 1€ fk(t):é(Uk(t))z, & — nesika

mocTifiHa BenmuarHa. OTprMaHa KOMITIOTEPHA MOJIENb, 3aBISKH BIaCTHBO-
cTi 00OPOTHOCTI, Ja€ 3MOTY 3AIHCHIOBATH BXiJHI BIUIMBH Ta OTPUMYBAaTH
BIZTYKU B OYy/Ib-SIKUX TOYKAX JAUCKPETH3ALI] JIHIHHO MPOTSHKHOTO 00'€KTA.

3agaya cTBOpeHHSI KOMII'IOTEPHOI MoJesi 00’ekTa 3 po3mojiie-
HUMH apaMeTpaMu B HeJdiHiliHiii mocTtanoBmi. [IpoimocTpyemo e Ha
NPUKITaZl JTiHIHHO MPOTSHKHOTO PO3IOJIIEHOT0 00°€KTa, 0 CKIAIaeThCs 3
JIAHOK, sIKi B3a€EMOJIIOTH Yepe3 MEXaHiYHi 3’€THAHHS 13 30HOK HEUYTIIH-
BOCTI 24, SIKa OITUCY€ETHCS HACTYITHOIO CUCTEMOIO:

(xz2-a)Ar(x<Za), y=0,
x> a, y=x-a, (6)
x<-a, y=x+a.

Jis xoMIT'10TepHOi peamizamii HeNMiHIHOI JIAaHKH, M0 OMHCYETHCS
cucremoro (6), Bukoprcraemo B cepepoBuili Simulink 6ok Dead Zone.

st mobynoeu Simulink mincucremu, Mo peanizye okpemMe piBHSIHHS
cucremu (4) 3anumieMo ii B €KBIBaJCHTHOMY MNOAAHHI, CKOPHCTaBILIUCH
neperBopeHHsM Jlamaca i, 3aminuBmm U; Ha X;:

k.
mX,(p)p’ —h—;[X 1 (P)—2X:(p)+ X, (P)]+ 14X, (p)p = F(p),

(i=12,..,n),
ne Xi(p) — 300pakeHHs (hYHKINT 3MillleHHs [-ro Tepepidy, Fi(p) — 30-
OpakeHHs! QYHKIIT CHIIH, IPUKIIAIEHOT JI0 i-TO Iepepizy.
[IpoinTerpyBaBmu ABa pa3u cucremy (7), OTpUMaEMO:

k. 1
m; X;(p) —h—’z[Xm (p)—2X;(p)+ X, (P)]?"‘

()

1 1 ®)
+/ule(p)_:E(p)_9 (i=1,2,...,n).
p p
k; )
X,() =2 [ X, (9) = 2X, () + Xy () — 2 X, () +
m;h p-m p ©)

m;

1 1
+—F;.(p)—2, (i=12,..,n).
p
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st i-ro piBasiHHES (9) Simulink mizcucrema npencrasieHa Ha puc. 2.
SIkuio B i-ToMy mepepisi 00 €KTa 3HAXOJUTHCS €IEMEHT 13 30HOK HEedyT-
JUBOCTI, TO BignoBigHa Simulink migcuctema Oye MaTH TOJATKOBO OJIOK
Dead Zone y ¢parmenTi Mozeni e 0OOUUCIIOETBCS CHIIAa TIPYXKHOCTI, IO
BUKIIMKaHa JAedopMaliielo OiIAHKH 00’€KTa X =X;_; —2x; +X;,,. 300pa-
skerHa Simulink migcucremu 3 HeTiHIHHAM OJIOKOM MIPUBEACHO HA PHC. 3.

Xi+1

Puc. 2. Simulink niocucmema, wo peanizye okpeme pignsanua cucmemu (4)

Xi+1

Puc. 3. Simulink niocucmema, wo peanizye 3ony nHeuymaugocmi

Jlist komir’toTepHOI peattizaiii Mogeni HEOIHOPIJHOTO HETiHIHHOTO
00’€KTa 3 PO3MOAUICHHUMH TapaMeTpaMH CKOPUCTAEMOCS CTPYKTYPHOIO
MOJICJIUTI0, TPUBEACHO Bumie Ha puc. 1. [lpm ymoBi muckperusarii
00’€eKTa, MO MOAETIOEThCS, Ha 80 eleMeHTIB-TIiICHCTeM (pa3oM i3 ememe-
HTaM¥ TE€HEPYBAaHHS BXITHHWX CHTHAIIB 1 3aco0amu peecTparii pe3yibTa-
TiB) orpuMaemo Simulink Mozess, o npuBeaeHa Ha puc. 4.

OCKIJIBKH KOXKHA TiICHCTEMa MOJENI JOITyCKae BCTAHOBICHHS 1HAM-
BiIyaJbHUX TapaMeTpiB, TO MOJENb MO)Ke BimoOpa)kaTW HEOIHOPiTHUI
posnoxineHnii 00°€KT, a IPUCYTHICTh B MOJIET] HETIHIMHNAX €JIeMEHTIB Ja€e
3MOT'y BigoOpa)kaTh HENiHIHHI BIacTUBOCTI 00’ekTa. OTXKE, OTpHUMaHa
Simulink Mozens BimoOpakae Taki BIACTHBOCTI 00’ €KTa, K HETIHIHHICTb,
HEOTHOPIIHICTh, a TAKOX PO3MOAIICHICTh MapaMEeTPiB 3a OIHIEI MPOCTO-
POBOO KOOPIMHATOIO.
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Puc. 4. Simulink mooenv, wo peanizye cucmemy pienans (4)

IIpoBeneHHsT 00YHCIIOBATBLHOIO €KCIIEPUMEHTY JUISI BUTIAJKY JIi-
HIITHOT0 HEOXHOPiAHOro po3moxijieHoro 00’ekta. /s meperipku mpa-
IE37[aTHOCTI Ta JOCIIDKEHHS PO3POOJCHHUX MPOTPaMHUX 3aCO0iB MOje-
JIIOBAHHs HEJIHIMHUX HEOAHOPITHUX 00’€KTIB 3 PO3MOALICHUMH MapaMeT-
paMu TONTFHO TPOBECTH OOYHCITIOBANIEHI CKCIICPUMEHTH 3 MapaMeTPaMH,
OJIM3EKMMU 10 PEeabHUX MPaKTHYHKX 3a1a4. [ mepeBipKu mpaBUIIbHOC-
Ti OTPUMAHUX PE3yJbTATIB BUKOPHCTAEMO BUMAIKH, IS SKAX MOXKHA
OTpHUMAaTH aHATITHYHI PO3PaXyHKH.

Hexaif 06’ €T onucyeThesl piBHAHHAM 3 YACTHHHUMH NOXigHUMHE (1)
3 TakuMu napamerpamu: m = 82500; 1= 0; p=7990; E=2.1ell; [=14.5;

k= Em-_ 1.4954e + 11.

rl

BxinnuM curHanom € ¢yskuis, rpadik sikoi 300pakeHO Ha puc. 5.
AMIUTITYIa BXiTHOTO CHTHAIY 3aJa€ThCsl KOHCTAHTOO, SIKa MOJA€ThCS HA
OJIVH i3 BXO/IB OJIOKY MHOXEHHS. J[Js1 epioro eKCrepuMeHTY 3HaYCHHSI
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MHOXKHUKa 3a/1aBasiock piBHUM 8000, 110 1711 peabHOro 00’€KTa 03HaYae
I Ha omHy 3 ¥oro cropin cwioo 8000 H. Ha uermepriit cexyHmi mis
npunuHsiersest. KoedimieHT onopy pyxy 4 AOpPIBHIOE HYIIIO, OTXKE IpPHUBE-
JIeHI TTapaMeTpy MOKYTh ONKCYBATH CUTYallilo, KOJIM NPOTSHKHUA 00’ €KT
po3nineruii Ha 80 (parMeHTIB, KOKEH 3 SKUX Ma€e mMacy 82 T., TOBXKUHY
14,5 M, koeditieHT xopcTrocTi 1.4954¢ + 11.

3a JOTIOMOTOI0 KOMIT'IOTEpPHOI MOjeNi OOYHCITIOETHCS BEJIMYMHA
MIBUAKOCTI MPOTHIICKHOI CTOPOHU JiHIHHO TPOTsHKHOTO 00°ekTa. ['padik
3MiHM MIBUAKOCTI IPUBEJECHO Ha pHUC. 6.

8000 |
7000 |
6000 |
5000 |

£4000|

[T
3000 |
2000 |
1000

ol

0 1 2 3 4 5 6 7 8 9 10
t(c)

Puc. 5. I'paghix éxionozo cuenany
* 10-3

48] PR bbb bbb b b bbb bbb

!

0 1 2 3 4 5 6 7 8 9 10
tic)
Puc. 6. I'paghix 3minu weuoOKoCmi Ha RPOMUAEIHCHOMY KIHYT
pO3n00inernoeo 06’exma be3 8paxy8amHs Onopy pyxy
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INapameTpu Mozemi OJIM3bKI 10 BHIIAAKY, KOJH 00’ €KTOM MOJICTFOBAHHS
€ 3aT3HUYHMI cocTaB i3 80 BaroHiB, sIKi JKOPCTKO 3’€HaHI MDK cCoOO0 0e3
modty. CocTaB MOXKE PyXaTHCh IO TOPH3OHTAIIBHIH KOJIii Oe3 oropy pyxy.

Skmo 3amaTu mapaMeTp omnopy pyxy 4 = 1241.2, To B pe3ynbrari
oTpuMaeMo Trpadik MBUAKOCTI, IO 300pakeHNH Ha pHcC. 7.

%10

INENEENTRNN
! Aebebbobh b A A 4 L
he IAAAAMAL L&t 0 s oy
4 e " M ]

tc
Puc. 7. I'paghix 3minu weuoxocmi Ha NPOMUIEHCHOMY KiHYI
PO3n00iNeH020 06 ' ekma i3 6PAXY8AHHAM ONOPY PYXY

Jnst mepeBipkH a/IeKBaTHOCTI OTPUMAHOI KOMIT FOTEPHOI MOJEINI BHU-
KOPUCTAEMO PO3PaxXyHOK IIBUIKOCTI MPOTHIICKHOI BiJl TOYKH IPHUKIIAIaH-
HSl CHUIM CTOPOHHU PO3IOIIIEHOTO OAHOPIAHOIrO 00’ekTa. J[s Takoro BH-
naaky 3amaemo u#= 0, F= 8000 H, BXinHuil CUrHaJI y BUTIIAAI OTUHHYHO-
ro crpubka, momMHOXeHHH Ha F. OTpuMaeMo Tpadik MIBHIKOCTI, SIKHA
300paxkeHo Ha puc. 8.

0.2

01"

V(mic)

0 20 40 60 80 100 120 140 160
tic)
Puc. 8. I'paghix 3minu weuokocmi Ha NPOMUNEIHCHOMY KiHYi
PO3n00ineHo02o 06’ ekma 6e3 8paxysants ONopy pyxy
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OCKIJIbKH  3MIllIEHHS Ha MPOTHICKHOMY KIHI[l PO3MOALICHOIO
00’exTa BiOyBa€ThCS 13 3aMi3HEHHM, TO HOTO CIIiJl BpaxyBaTu MpH 004H-
CJICHHI 4acy, IPOTITOM SKOTO BiJI0yBaBcs piBHONPUCKOPEHHUH pyX. 3ari3-
HEeHHSI 00YNCIIIOEMO TEOMETPHUYHUM METOJIOM, BUKOPHCTOBYIOUH MacIlTa-
OoBanuii GpparmMeHT rpadika MBHIKOCTI, IKUH MonaHo Ha puc. 9. OTpumy-
€MO TaKi pe3ynbTaTh MOZIETIOBaHHs: Yac 3ami3HEHHS CHTHATY JOPiBHIOE
1,1 ¢, MaKkCHMaJIbHUI Yac MOZICIIOBAHHS CTAHOBUTHL 160 ¢, IIBUIKICTH HA
MIPOTHIICKHOMY KiHIII po3moaiieHoro 06’ exTa gopisaioe 0,1928 m/c.

55} {
5/ i
1
| |
45/ iy H
hu;,',‘f.wmﬂ
4. | i
i |
935 |
£ , :
=
3 i
I|III
L
25 |
|
2} |
|
15 |Jll|h"_—’l
0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3 1.4

t(c)
Puc. 9. @Ppacmenm epagixa 3minu wWEUOKOCI HA NPOMUNEHCHOMY
KiHYl po3nooineno2o 06 ’ekma i3 8paxy8anHam onopy pyxy

Jlms mepeBipKki OTpPUMAHUX Pe3yJIbTATIB CKOPUCTAEMCS TaKUM PO3-
paxyakoMm. IIporsrom 160—1,1=1589¢c Ha o00’ekT Macow
mx80 = 82500-80 = 6600000 xr. misura cuna F = 8000 H. Toxi po3paxys-
KOBa IIBUAKICTE Oyne craHoButH V=at, ge a=F/m. Orxe,
V'=28000-158.9/6600000 = 0,1926060 m/c. AOcomarOoTHa MOXHOKA CTaHO-
BuTh 0,0002 M/c. OCHOBHUM JKEpEOM MOXUOKH € MPUCYTHIH B 00YHC-

JIOBaJIbHUX cxemax s qudepeHmianpaux moeneit epext ['160ca.

IIpoBenenHsi 00YMCIIOBAIBLHOTO €KCNEPUMEHTY JIsl BUNAAKY
HeJIiHiliHOT0 HeoqHOPiAHOr0 po3noaijieHoro 06’ekra. s MonenoBaH-
HS HEJIHIHHUX HEOJHOPITHUX PO3MOAUIEHHX 00 €KTIB, SIKI MalOTh y CBOE-
My CKJIaJli €IEMEHTH 13 30HOI0 HEUYTIMBOCTI, BUKOPHUCTAEMO PO3POOJICHY
mijicucTeMy, sika IMpHBejieHa Ha puc. 3. BcraHoBMMO Taki mapameTpu Mo-
memi:  m=82500; wu=1241.2; p=7990; E=2.1lell; [=14.5;
k=1.4954¢+11; a=0.0001, e @ — 30Ha HEUYTIUBOCTI.

[Tpu momayi Ha BXiJ MOJIEN CUTHAITY y BUTJISIIII CTPUOKA aMILTITy 1010
8000 H, six y momepenHiX eKCIepUMEHTaX, OTPUMAHO Pe3yJIbTaTH MoJe-
JIOBAHHS, SKi IpUBeeHO Ha puc. 10.
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«10°°

Vim/c)
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Puc. 10. I'paghix sminu weuokocmi Ha NPOMUNEHCHOMY KiHYT PO3NOOLIEHO20
Heninilino2o 00 ekma 3 epaxysanusm onopy pyxy (F = 8000 H)
[opiBasBum rpadiku 9 1 10, ski BimoOpakaroTh HMOBEAIHKY CHCTEMH
TIPY OJJHAKOBUX (Di3MYHMX IMapaMeTpax, OKPIM HAasiBHOCTI B JIPYTiA cHCTEMi
30H HEUYTIHMBOCTI, MOKHA 3pOOMTH BUCHOBOK, III0 HABITh HE3HAYHI 3HAYECHHS
30HU HEUYTIHBOCTI B 0,1 MM. BUKIIMKAIOTh CYTTEBE 30LTBIICHHS Yacy 3aIli3He-
HHS cuTHaIy (mpubim3HO Ha 5,5 ¢). IIpranHOI0 Takoro eeKTy € MocTyroBa
BHOIpKa JFO(TY MK CKIIAZIOBUMH €JIEMEHTAMH JTIHIHO MPOTSHKHOTO 00’ €KTa.
ITpoBenemo e OJUH €KCIIEPUMEHT, 30IIBIIMBIIN Y B Pa3d aMIl-
nityny BximHoro curnany (F = 16000). Pe3ynbrar MoaetoBaHHs MpUBe-
JieHo Ha puc. 11.

" ]
- T —— —— ]

. e

V(m/c)

0 2 4 [ 8 10 12 14 16 18 20
t(c)

Puc. 11. I'pagpix 3minu wieuOKoCmi Ha NPOMULEHCHOMY KiHYT pO3NOOLIEHO20
HeniniliHo20 06 'exma 3 spaxysannam onopy pyxy (F = 16000 H)
I3 rpadixa BumHO, IO 3aTpUMKa CHTHAJLy CKOPOTHJIACh Maike B JBidi.
Lle NosICHIOETBCS THM, IIO OKpiM BHOIpKH JIFOPTY, B 00’€KTI i3 CKiIHUEHHOIO
MIBUJIKICTIO PO3MOBCIOKYIOTECSl CHTHAJIM B TPY)KHOMY CEpEINOBHIN 1 It
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MBHUAKICT HE 3AJISKUTH BiJl MIBUAKOCTI BUOIpKH opTy. Takok BBEACHHS B
MOJIeTIh OJIOKIB 13 30HOI0 HEUYTIIMBOCTI MiHIMI3yBaJIo mposB eekry ['i00ca.

BucnHoBok. OTxe, IpoBeieHI 0O0YHNCITIOBAIBHI €KCIIEPUMEHTH JIOBE-
JIM TIPale3/IaTHICTh Ta e()eKTUBHICTH 3alIPOIIOHOBAHOTO METOY NOOYI0BU
1 9rcIoBOI peamizamii anmpoKCUMAIIfHUX MOJAETeH OXHOBHMIPHHX HEIi-
HIHUX 00’ €KTIiB 3 pO3MOIIICHIMH TapaMETPAMHU.
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COMPUTER MODELLING OF THE DYNAMICS
OF ONE-DIMENSIONAL NON-LINEAR OBJECTS
WITH DISTRIBUTED PARAMETERS

The problem of computer simulation of one-dimensional non-linear
objects with distributed parameters is considered. The method of straight
lines for approximation transformation of the base model is used. Model is
presented in the form of a differential equation in partial derivatives. As a
result, a system of second-order ordinary differential equations is obtained.
For computer implementation in the Simulink/Matlab environment, differ-
ential equations are represented as algebraic dependencies of the Laplace
space. By equivalent algebraic transformations in the Laplace space, the
mathematical model is reduced to a form that is convenient for building the
Simulink model. The resulting structural model consists of subsystems that
implement ordinary differential equations of second order, and the subsys-
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tems are connected using both direct and inverse relations. This gave the
model the property of reversibility, that is, any subsystem can be both an
object of external influence and a source of data on the change of parame-
ters in time for the corresponding section of the modelled object. Another
positive feature of the model is that at the level of subsystems that repro-
duce the dynamics of spatial areas of a distributed object, you can set dif-
ferent physical parameters. Then such a model can be used in the case
when a non-uniform object is modelled in which physical parameters differ
in different areas (for example, a long shaft with areas of different diame-
ters or made of different materials). Since the physical parameters of the
simulated object are present in an explicit form in the subsystems of the
structural computer model, this makes it possible to specify non-linear de-
pendencies between them. The paper describes the results of the computa-
tional experiments performed for the cases of linear and nonlinear objects
with distributed parameters. The experiments confirmed the effectiveness
of the proposed approach to the construction and computer implementation
of models of nonlinear objects with distributed parameters.

Key words: computer model, object with distributed parameters, non-
linear object.
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Opnecckuii HAITMOHATBHBIN MOJUTEXHUYECKUI YHUBEpCHTET, T. Ojecca

OLIEHKA 3HAYUMOCTU NPU3HAKOB HA OCHOBE
HEWPOHHbLIX CETEN B 3A0AYAX AHAJIU3A
KAYECTBA AJUCTAHLUMOHHOIO OBYYEHUA

WndopmaTtrzamms coBpeMEHHOTO 00pa30BaHUs CIIOCOOCTBYET
CO3JJaHUIO HOBBIX METOMOB Pa3pabOTKH y4eOHBIX KypCOB, UTO Cy-
IIECTBEHHO CHIKAET Ka4ecTBO OOydeHHs CTyAeHTOB. B HacTos-
el paboTe NPe;IokKEH METOJ OLECHKH 3HAYMMOCTH HPH3HAKOB
Ipyu aHaJIU3€ Kadye€CTBa BHECAPCHHUA AUCTAaHLIHOHHOI'O 06yqu1/m B
BBICIINE YYEeOHBIC 3aBE/ICHUS C IPUMEHEHNEM HeHPOHHOH ceTu.

[IpencraBien alropuTM MPOBEAEHHS HCCICIOBAHUS 3HAYNMO-
CTH NIPU3HAKOB, COCTOSIINN U3 TPEX JTANOB: MOATOTOBKA JAHHBIX,
HEWpoceTeBOe MOJEIMPOBAHHE M aHANM3 M WHTEPIpETanus pe-
3yJIbTaTOB UCCIIEI0BAHMSI.

IMoaroToBka JaHHBIX — CaMblil TPyIOEMKHil mpouecc, Tpedy-
IOIMHA MaKCHMAaJIbHOTO COCPEJOTOUEHHUSI CO CTOPOHBI aHAIUTHKA.
B kauectBe 0Oyuaromieii BEIOOPKH HCIIOIBb30BAaHBI PealbHBIC JaH-
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Hble OOYYeHHS CTYAEHTOB YHHBEPCHTETA W3 CHUCTEMBI JUCTaHIH-
onHoro o0yuenust Moodle. JlanHas cucTeMa aKTHBHO HCIIONB3YeT-
csl B KaueCTBE MHCTPYMEHTa BeieHUs yueOHoro mponecca B Oxec-
CKOM HallMOHATBHOM MOTUTEXHUUECKOM YHUBEPCHUTETE.

HeiipoceTeBoe MoaenupoBaHue 3aKI04aeTCsl B UCCIEI0BaHUU
MHGOPMATUBHOCTH MPU3HAKOB IOCNe 00y4YeHHs HEHPOHHOH CceTH.
B kauecTBe BXOIOB HEHPOHOB HCIOJB30BAINCH JaHHBIC 00 ycrie-
BAaeMOCTH CTYJICHTOB KypCOB, B KQUeCTBE BBIXOIOB — HX Pe3yJIb-
THPYIOIIAst OLIEHKA 33 KypC.

HH}OopMaTHBHOCTE KaXKIOTO INPHU3HAKA ONpENeNseTcs C I0-
MOIIBI0 MaTPHIBI BECOB, KOTOPask (JOPMHUPYETCS TMOCie O0ydeHHUS
HENUpOHHOM ceTH. binaromaps MaTpuile BECOB MOYKHO ONPEACIUTD,
KaKoi M3 MPU3HAKOB Hanbojee HHGOpMATUBEH, T.¢. HanboIee 3Ha-
YUM U1 UCCIICAOBAHUA. 3HaueHust MaTpulbl BECOB BU3YaAJIU3UPO-
BaHbI C OMOIIBIO TPaMKOB U T'HCTOTPAMM M JTAIOT BO3MOXKHOCTh
NPOAHAIU3UPOBATh PE3yJIbTAThl MCCIEIOBAHUS M HArJISIHO HOA-
TBEPAUTH 3HAYUMOCTH NIPU3HAKOB.

Takum o6pa3oMm, pelreHa 3a7ada ONEeHKH 3HAYUMOCTH TIPH3Ha-
KOB IIPY aHAIM3€ JaHHBIX 00y4YEHHs CTyJICHTOB B CUCTEME AUCTaH-
uroHHoro odyuenuns Moodle. OnpesesnieHbl UccienyeMble Mpu3Ha-
ku. CoopmupoBana MmaTpuna BecoB Ipu3HaKoB. OOOCHOBaHO
IPEAIOIOKEHHE O TOM, YTO 3HAU€HHs BECOB INPH3HAKOB XapakKTe-
PH3YIOT YPOBEHb 3HAUMMOCTH KaXKIOT'O HCCIIEAYyEeMOro IpH3HAKa.
Brinenensr Hanbonee 3HaYMMBbIE NMPU3HAKH, KOTOPHIE BIMSIOT HA
Ka4eCTBO BHEAPEHHS AUCTAHIOHHOTO 00yJIeHHsI.

KuioueBble ¢JI0Ba: MHOCOCNOUHASL HEUPOHHASL Cemb, MHODICE-
CMB0 NPUSHAKOG, UHPOPMAMUBHOCb, OUCAHYUOHHOE 00YUeHUe.

Bgenenne. B ycnoBmsax mHMOpMaTH3aINA COBPEMEHHOTO 00Pa30BaHMs
TOSIBJISIETCST HEOOXOJUMOCTh CO3JaHMsI HAITyqIlINX YCIIOBUH BHEIPEHUS MH-
(hopMaIMOHHBIX ¥ TENEKOMMYHHUKAIIMOHHBIX TEXHOJOTHH B 00pa3oBaTellh-
HBIH TIporiecc y4eOHOTO 3aBeIeHHs. JTO B CBOIO OUEPE/Ib CIIOCOOCTBYET aKTy-
ATM3alIH BHEIPSHUS PA3IUYHBIX JUAAKTHICCKIX METOOB, IPUMEHIECMEIX B
pa3paboTKe U MPOESKTUPOBAHUU CUCTEM YIIPABJICHHUS 00yYEHHEM, CIIOCOOHBIX
o0ecnevYnTh MPOAYKTUBHOE TEUCHUE YIeOHOTO TIpoIiecca.

OmHAaKO HEBO3MOXKHO O0CCIICUHMTh MPOAYKTUBHOE BEACHHE YueOHOTO
Tporiecca, MCHOIB3Ys MPOTPECCHBHBIC METOMBI M TEXHOJIIOTHH OOYUYCHUS, HE
OTCJIeXKUBAs TIPU 3TOM Tporpecc pazButus oOyuenus. [loaTomy, akTyaabHON
SIBJISICTCS 3a7]a4a BBIIENCHUsI ()aKTOPOB (TIPH3HAKOR), BIMSIONINX HA KAYECTBO
JUCTaHIIMOHHOTO 00yYeHMs1, BHEAPSIEMOT0 B yUeOHBIN ITPOLIECC 3aBEICHUSL.

B Hacrosiiee BpeMs TP pEIICHUH 3a7ad aHan3a KauecTBa CHUCTEMBI
JucTanioHHoro o0y4enust (J10) BoIoHSAETCS UMb MPOIIEAypa HapalyBa-
HUSI KOJIMYECTBA MPU3HAKOB C alPUOPHON YCTAaHOBKOM BECOB MPU3HAKOB [1].

KauecTBeHHBIH COCTaB MPU3HAKOB M MX COYETAHHH B PAacCMOTpPEHHE,
Kak IMpaBmio, He Oepercs. B To ke Bpems, oOnmamast onepaTuBHOM MH(pOpMa-
IFell 0 3HAYMMOCTH MPHU3HAKOB B Tporiecce ucnonb3oBanusd 1O MOXHO cy-
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IIIECTBEHHO YCOBEPIIICHCTBOBATh JaHHBIA MeToa oOydueHus. B Hedopmas-
HBIX ITOCTAHOBKAX 33/1a4H OIpeNieNIcHNe HHPOPMATHBHBIX MPU3HAKOB CTABHUT
LEJTBIO OTPE/IeIEHNE TOT0, HACKOJIBKO XOPOIIH HCTIoNb3yeMble MeToIpl J1O.

Ienpro HacTosIIEH PabOTHI ABJISETCS MOBBIIICHUE KauecTBa JUCTaH-
IIHOHHOTO O0YYEHHUS ¢ TIOMOIIBIO BBIACICHUS MPU3HAKOB, XapaKTePH3YIO-
IIMX YPOBSHb €r0 BHEIPEHHUS B YUSOHBIH MPOIECC 3aBECHUS.

3agaueil paboTHI sBIsieTCsl pa3paboTka MeTo/a OLEHKH 3HAYHMOCTH
MPHU3HAKOB C UCTIOJIb30BaHUEeM HeliporHoit cetu (HC).

O030p auTepaTypsbl. Metoas! onenku kadecta JJO memsrcs Ha cra-
TAYCCKHUEC U BHYTPCHHHC. CTaTI/I‘ICCKI/IC METO/IbI OCHOBaHbl Ha M3YUYCHUU,
CONOCTaBJICHUH, CPABHEHHH MOJTYUEHHBIX IIM(POBBIX JaHHBIX MEXKIY COOO0M
W ¢ 00pa3iom, UX 000OIIEHHS, HCTOJIKOBAHNUS U (POPMHUPOBAHHS HAYYHBIX
Y TPaKTUYECKUX BBIBOJOB [2, c. 494]. JlocToMHCTBa Takoro mojaxoja 3a-
KITFOUAIOTCS B MOJYYCHHH PEaTbHON OLCHKH HCClienyeMor curyarun. He-
JIOCTaTKaMH TaKOTO MOAXOJa SBISIFOTCS HH3Kas CKOPOCTh 00pabOTKHU JaH-
HBIX ¥ OTHOCHTEIFHO BHICOKHH YPOBEHBb MOTPEITHOCTH. BHYTpeHHNE METO-
JTBI UCTIONB3YIOT HICH0 aHAN3a MMOMYYaeMbIX ITU(POBBIX NAaHHBIX, UCIIONb-
3ysl BCTPOCHHBIC (VUTH JIOTIONHHUTEIBHBIC) HHCTPYMEHTHI CHCTeMbl. Harpu-
Mep, cucreMa mauctanimonHoro o0y4denus (CO) Moodle nveer BCTpoeH-
HBI MHCTPYMEHT aHAJM3a Pe3y/IbTaTOB TECTHPOBAHUS CTYIEHTOB ITUCTaH-
IUOHHBIX KypcoB [3]. JlocTOMHCTBaMH TaKWX METOJOB SIBIISIETCSI BBICOKAs
CKOPOCTh 00pabOTKH MOJTy4aeMbIX JaHHBIX, BO3MOXKHOCTh BU3yaln3allii U
aHanM3a pe3ysbTaroB. HemocTaTkoM SIBISIOTCS OTCYTCTBHE MOAPOOHOTrO
aHajM3a — M0 YKEJAHUIO MPEoIaBaTelisi UIMECTCS BO3MOKHOCTh BHEAPHUTH
JIVIITH KPaTKUE CBEICHUS 110 KAXKIOMY U3 HCCIICTYEMBIX ITyHKTOB.

Panee perienue 3a1a4u ONEHKH 3HAYMMOCTH TPU3HAKOB, XapaKTEePH-
3YIOMIMX YpoBeHb BHeApeHus JIO B y4eOHBIH mpoliecc, MPOU3BOIUIOCH C
MOMOIIBI0 HMHCTPYMEHTAa KOTHHTHBHOTO MOJEIHPOBAHUS, WMEIOIINM
Ha3BaHWE KOTHUTUBHBIX KapT [4]. B maHHO# paboTe mpemmokeH MeTon
OIIEHKH 3HAYHMOCTH 3TUX MPU3HAKOB ¢ momotnksio HC.

OcnoBuasi 4yacTb. CojepkarenbHas IOCTaHOBKA 3aJayd OLEHKU
3HAYUMOCTH TPHU3HAKOB 3aKIIOYAETCSI B HEOOXOJIMMOCTH BBIAEIECHUS Ta-
KX M3MEpSEMBbIX IPH3HAKOB, KOTOPbIE B HaWOOJNBIIEH CTENCHN BIIHSIOT
Ha KadecTBO obOpazoBanus cpeacrtsamu J1O. Takum obpazom, HeoOXoanMO
OIIpE/ICNTUTh MPU3HAKK M MX COYETaHHWsS C HAHOOJBIIMMH BecaMH. Bec
K)XIOT0 MpU3HAKa XapaKTepH3yeT YPOBEHb €ro 3HAYNMOCTH TIPH OLICHKE
KadecTBa 00pa3OBaHMUS.

Habop npu3HakoB, paccMaTpuBaeMbIX B KadecTBE OOydJalomIel BBI-
OOpKH, MOYKHO Pa3AeNUTh Ha HECKOJIBKO KaTerOpHid:

1. Tpn3Haky, HEMOCPEACTBEHHO CBSI3aHHBIC C IMCTAHIIMOHHBIM KypCOM.

2. IlpusHakwy, cBsI3aHHBIE C 00OYYEHHEM CTYAEHTA Ha Kypce.

3. IlpusHaky, XapakTepU3yIOIINe BpeMsl, IPOBEICHHOE CTYJCHTOM B Ka-
YEeCTBE aBTOPU30BAHHOTO MOIH30BATEIS.
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B o0mem ciydae, anropuT™ BBIIEICHNS 3HAYUMbIX IPU3HAKOB Kaue-
CTBa JIUCTAHIIMOHHOTO OOYUYEHHMSI COCTOUT M3 CIIEITYIONIUX 3TAroB (puc. 1).

1. TloaroroBka JaHHBIX.
2. HetipocereBoe MoIeIHpPOBaHHE.
3. AHanu3 U MHTepIpeTanys pe3yabTaToB MOAEIUPOBAHUS.

[lepBbIit STanm pemeHns 3aJadll OLEHKH 3HAYMMOCTH IPU3HAKOB —
MOATOTOBKA TaHHBIX.

B coBpeMeHHBIX YCNIOBHMSX, KOTJa MPUXOAUTHCS paboTaTh ¢ 00Jb-
IIMMH MacCHBAaMH pPEabHBIX JAHHBIX, OATOTOBKA JAHHBIX CTAHOBUTHCS
CaMOCTOSITEIbHOM 3a/mayed, KOTOpOW OTBOAMTCS 3HAUMTENbHAs YacTb
BpeMeHH U pecypcoB. OOBIMHO Ha IPaKTHKE MaJIOE BPEMsI yAEIseTCs MOo-
TOTOBKE JIaHHBIX, B TO BpeMs Kak MMEHHO ITOT JTaIl SIBJISIETCS] BYKHBIM U
KPUTHUYHBIM IIaroM B HEHPOCETEBOM MOIEIUPOBAaHUU. OT TOTO HACKOJIBKO
XOPOILIO MMOJTrOTOBIICHBI ITaHHBIE, MOXKET 3aBUCETh Pe3yJIbTaT HCIIOIb30Ba-
HHS HEHPOHHOM CeTH.

Orar MoJAroToBKH JTAaHHBIX BKIIIOYAET TaKue 00s3aTeNIbHbIC IeHCTBHS
Kak cOop maHHBIX (miar 1), HopMHUpOBaHWE JaHHEIX (mar 2) u (opMHpOBa-
HHUe 00yJaroniel ¥ SK3aMeHAIIMOHHOHN BRIOOPOK (1miar 3).

OOyuaronyie BHIOOPKM MHOXKECTBA CIy4ailHBIM oOpa3oM (opMupy-
10T TpH NOAMHOXecTBa: oOy4aromiee MmHokecTBO (Train Set), cocraBnser
70% ot oOydaromeli BEIOOpKH; KOHTponbsHOe MHOXecTBO (Validation Set)
cocrarisger 15% ot oOyuaromieii BbIOOpKH; TecToBOoe MHOKecTBO (Test
Set) cocraBisier 15% oT oOydaromiei BEIOOpKH [5].

Bri6op HC (war 4) Tarxoke sBIseTCsS 3HAYHMBIM 3TAalloOM B Helpoce-
TEBOM MOZEIMPOBaHMH, TaK Kak OT Toro, kakoi turm HC Oyzner BeIOpaH, B
MEPBYIO ouepenb OyAeT 3aBUCETh, HACKOIBKO IIOJyYCHHBIE PE3YJIbTATHI
OynyT nmpuOIMKEeHBI K peanbHocTH, T.e. BbIOop HC B mepByro ouepens
XapaKTEepU3yeTCsl YPOBHEM TOYHOCTH 0OydeHus. [l Hambosee TOYHOTO
pelieHns] Ha IOJYYEHHBIX JaHHBIX TECTHPOBAINCH HECKOJBKO THIIOB
HEHpPOHHBIX ceTell (omHOCHONHAs W MHorocionHas; Ha 10, 20, 40,
60 HelipoHax). B pe3ynbpTare 3KCIEPUMEHTOB JUTS PEIICHUS TOCTABICHHON
3amaun OblIa BRIOpaHa ABYCIOiHAA HelipoHHAasA ceTh Ha 20 HEHpPOHOB, TaK
KaK pe3yJbTaT ee 00ydeHus MoKa3aja HauIy Yyl TOYHOCTb.

Bribpannas HC oOyugaercs (mmar 5), a mocie — moOABEpraeTcs mpo-
nenype sk3amena. Ooyuenne HC — ato mporece, B KOTOpOM HapaMeTpsl
HC nactpauBaroTcsi IOCPEICTBOM MOJEINUPOBAHUS CPEbI, B KOTOPYIO 3Ta
ceTh BcTpoeHa. B HacTosmed pabore ObIT UCTIONB30BaH alrOPUTM 00yde-
Hust HC ¢ yunTeneM, Tak Kak MMEHHO 3TOT alTOPUTM JaeT BO3MOKHOCTB
(dhopMHpOBaTh 1LIeNEBOW BEKTOP — BEKTOP BBIXOAHBIX MapaMeTpoB — C
KOTOPBIM cpaBHHBaeTcsa pabota HeripoHoB HC. Kaxnerii oOpasers meneso-
rO BEKTOpa MOAAETCsl Ha BXOJbI CETH, 3aTEM MPOXOIUT 00pabOTKy BHYTPH
cTpykTypsl HC, BBIUMCIISCTCS BBIXOJHOM CHUTHA CETH, KOTOPBIH CpaBHH-
BAeTCsl C COOTBETCTBYIOIIMM 3HAYE€HHEM IIEJICBOTO BEKTOPA, MPEICTABIA-
fom1ero co0oi TpeOyeMbli BBIXO/ CETH.
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¥ I
1
([) CHOP JIAHHBIX
2 STAM 1
HOPMKPOBAHVE JAHHBIX NOArOTOBKA
l OAHHDBIX
3 )®OPMMPOBAHHE OBYYAIOLLEA M
\ 3KIAMEHALLMOHH OF BbIEOPKK
V4
4 BLIEOP | MOGMOWHALIMA
HERPOHHOM CETH
l 3TAN 2
(? OBYYEHWE HERPOHHON CETH HEMPOCETEBOE
MOOENHWPOBAHHE
(? 3K3AMEH HEAPOHHOR CETK
1 </
.'/ 3K3AMEH HE 3K3AMEH
NPOA/EH NPOAIEH
PESYNBTAT IK3AMEHA
3TAN 3
7 ) BUSYANM3ALHA NONYYEHHBIX CEEUD RN LSS
AHHBIX MOJEANPOBAHHA
8 ) BbILENEHWE MHOOPMATHBHBIX
NPM3IHAKOB

o /

Puc. 1. Aneopumm oyenxu sHavumocmu npusHaxos kavecmea /[0
€ NOMOWbIO HEUPOHHOL cemu

Oo0yuupmuchk, HC mpoxoauT mporeaypy 3k3amena (mar 6). Ilox sk-
3aMEHOM MOHUMAETCSI OMNpPEAETICHUE YPOBHS TOUYHOCTH BBINOJHSAEMBIX BbI-
YUCIIEHUH U (opMUpPOBaHKE MATPHIIBI BECOB KaXKIOTO MMPU3HAKA, T.€., Ope-
nenenue ero uHopMatuBHOCTH. B naHHO#N paboTe 0OydeHHe TMPOBOIUTCS
Ha JJAHHBIX, KOTOpbIe HEe OBUTH 33AeHCTBOBAHEI B mporiecce o0yuenus HC.

B pesynbrate ooyuenus HC dopmupyercs matpuria BecoB W. UH-
(OpPMaTHBHOCTH Ka)K/IOTO MPU3HAKA OTPE/ENsIeTCs] Ha OCHOBE MaTpulbl W
10 BBIPAXKEHUIO:
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n
=13 (ki) M)

Wik=1
rae w— c(hopMHUpOBaHHAsT MaTpHlia BecOB MHOXecTBa mprHakoB HC, i —
TIOPSLIKOBBII HOMEP MPHU3HAKA, 71 — KOJIMYECTBO HEMPOHOB B niepeoM cioe HC.

Ecnu B pesynbTtare 00yueHuss HC HeoOXomumast TOYHOCTh HE JTOCTH-
raercs, npousBoauTcst MoaepHuzanus HC (mar 4): BeIOupaercst HHOH aj-
roputM obyuenus, ctpykrypa HC win npyroit tun HC.

OmnpenennB WHPOPMATHBHOCTH MPEICTABICHHBIX B MOATOTOBICHHOM
BBIOOPKE JTAaHHBIX, C TIOMOIIBIO HHCTPYMEHTOB BU3YyaIM3aIMy (1Iar 7) MOX-
HO BBIJIEINTH Hanbonee MHPOPMaTUBHBIE NIPU3HAKK (1Iar ), XapakTepusy-
IOIHE YPOBEHb 3HaYNMOCTH npuMeHeHus1 /1O B y4eOHBIX 3aBEICHUSX.

IIpennoskeHHast TEXHOJIOTHUS OLEHKH 3HAYMMOCTH MPHU3HAKOB B 3a7a-
Yyax aHaJn3a KauecTBa AWCTAHIIMOHHOTO 00y4eHHs anpoOHpOBaHa Ha JaH-
HbIX neiictByromeit CJ1O.

B kauecTBe MCTOYHMKA MPEACTABIAEMbIX MPU3HAKOB HCIIOIb30BaHA
6a3a gmanubix CJIO Moodle Omecckoro HallMOHATLHOTO TOJUTEXHUYECKO-
ro yausepcuteta (URL: http://dl.it-school.com.ua).

Habop mpu3HaKkoB, HCMONB3yeMBIX B HCCIEIOBAaHHWHM, pa3JelieH Ha
TPY KaTE€rOpHH:

1) KonMYeCTBEHHBIE MPU3HAKU: KOJIMYECTBO TECTOB, KOIMYECTBO HIIEK-
TPOHHBIX MaTEPHAJIOB, KOJTMYECTBO OLIEHUBAEMBIX 3aJJaHUIl;

2) omeHHMBaeMBIC TPW3HAKW: OIEHKA CTyIEHTa 3a TeCT, 3a OTACIBbHYIO
MOTBITKY TECTa, OLIEHKA 32 OLIEHUBAEMOE Ha Kypce 3aJlaHuE;

3) BpeMecHHBIC TIPU3HAKK: BpeMsI Hadala TECTHPOBAHUS KaXKIOTO CTYICH-
Ta, BpeMmsl, MOTpaueHHOE CTYJCHTOM Ha MPOXOKJIEHUE TeCTa.

JInst Kax10# KaTeropuyu MMeeTcs BO3MOKHOCTh IKCIOpTa MpHU3HA-
KOB HermocpeAcTBeHHO u3 0a3pl manHbX CJ1O, mcnombs3yemoi B y4ed-
HOM 3aBE/ICHUU.

C pemeHneMm 3a/1ad, OPEAIIECTBYIOMNX ONPEACICHUI0 HH()OPMATHB-
HBIX TIPU3HAKOB, CBSI3aHBI BOIPOCHI YIPOLICHUS PEAM3yeMON CUCTEMBI U
TIOBBIMICHNUS KaYeCTBa €€ paboThl M OBICTPOICHCTBHA.

Kaxk 0p110 ckazano panee, pabore ¢ HC mpeamecTByeT moaroToBka
JAHHBIX, KOTOpas B OOJBIIMHCTBE CIyYaeB BBIIOJHAETCS B PYYHOM pe-
xuMe. s onpeseneHus NpU3HAKOB MCIOIb30BAIACh BO3MOXKHOCTH JKC-
MOpTa JAaHHBIX OOYYEHHs CTYIAEHTOB Ha IHCTAHIMOHHBIX Kypcax Hero-
cpeactBerHo n3 CIIO Moodle. C moMoIIpi0 3KCIIOPTa MOYKHO TOJIYYHTh
peanbHBIE JaHHBIE O CIIeTYIONINX MPU3HaKax:

1. KommdgecTBO TEOpETHUSCKUX MATEPHAJIOB, IIPEACTABICHHBIX HA KypCe.

2. KommuecTtBo TecToB, Oiaromapsi KOTOPBIM MOXXHO TOJYYHTH JaHHBIE
00 ycrieBaeMOCTH CTyAEHTa Ha Kypce.

3. KonmdecTBO MpaKTHYECKHX 3aJaHU, KOTOPHIE JAlOT BO3MOXKHOCTh
OIICHUTH CaMOCTOSTEIBHOCTh CTYJICHTa ¥ TOTOBHOCTH €T0 K BBINOJTHE-
HUIO TIOCTABJICHHBIX 3a7a4.

107



MatematuyHe Ta KOMI'I'POTepHe MozentoBaHHA

4. WrtoroBas oIeHKA CTy/AEHTa 3a KOKABIH U3 MPEICTaBICHHBIX Ha Kypce
TECTOB.

5. OrueHka CTyJeHTa 3a KaxJ10e IPaKTHYECKOe 3aJaHue, IpeCcTaBIeHHOe
Ha Kypce.

6. OreHka 3a KaXIyI0 TOMBITKY CTYICHTa IPOWTH TecTUpoBaHHE (OT
TpexX A0 ISITH TONBITOK 33 TECT, KaKAas M3 KOTOPBIX CUUTAETCS OT-
JETBHBIM IPU3HAKOM).

Bcero uccnenopanocs 16 npu3HaKoB, COOTBETCTBEHHO BHIIIE MTPUBE-
JICHHOMY cIicKy. [locie skcnopra JaHHEIX O CTyAEHTax copMupoBaHa
CBOJHAs TabIHILA JAHHBIX KaXKJOTO CTYACHTA 0 KaKAOMY MPU3HAKY.

BwMmecre ¢ BXOAHBIMH JIaHHBIMH, XapaKTepU3YIOIIMMH O0yUeHHE CTY-
JICHTOB Ha AWMCTAHIIMOHHOM Kypce, c(hOpMHpOBaH LENEBOH BEKTOP BBI-
XOITHBIX 3HaUCHHWH (TIOKa3aHus y4urens). LleneBoll BEeKTOp IpeAcTaBiIsieT
co00it cyMMapHOe 3HaUeHHE BCEX OLIEHOK CTYJIeHTa Ha Kypce.

\f v

VPOBEMb BHIMMMOCTH NPHIHAKOE
)

/4 N

g = £
—
——
—
—
I——

it
il

MHOMECTEO NPHAHAKOE

a) 0)
Puc. 2. Pezynomam mooenuposanuss HC: a — suzyanuzayus HC,
60— OuaepaMMd OYEHKU 3HAYUMOCMU NPUSHAKO6

Buzyanu3zanust Hoy4eHHBIX pe3y/IbTaToB IIPEICTaBlIeHa Ha puUC.2, a, Te
TIOKa3aHbl CBS3U HCCIIEyeMbIX NPU3HAKOB M 00ydaromxcs: HeiipoHos. Oni-
HaKO OlICHKA 3HAaYMMOCTH MPH3HAKOB OJ1aroapsi TaKOW BU3yaIM3alliy CTaHO-
BUTCS MpoOJIeMaTHyHOH. VIMEHHO MO3TOMY aHaiIM3 pe3yJIbTaToB Yallle BCEro
MIPOBOAIMTCS C IOMOLIBIO JirarpaMM (prc.2, 6), 6iarogapst KOTOPbIM OTYETIIH-
BO HaOJIO1aeTCs yPOBEHB 3HAYNMOCTH K)KI0TO U3 TIPU3HAKOB.

BoiBoabl. [IpemioxkeH METOZ OILIEHKH YPOBHSI 3HAYMMOCTH ITPHU3HA-
KOB MNpPHU aHajHM3e KayecTBa AMCTAHIIMOHHOTO OOYUYEeHHsI C NMPUMEHEHHEM
JIByXCJIOMHOM HellpoHHON ceTu. bnarogaps pe3ynpraraM MOAEITHUPOBAHUS
HEWPOHHOM CeTH Ha OCHOBAaHWH JAHHBIX, MOJYYEHHBIX ITyTEM IKCIIOPTa U3
CHCTEMBI AUCTaHIIMOHHOTO 00yueHust Moodle, Obi onpeneneHsl Hanbo-
nee WHOOPMATHBHEIC MPU3HAKH (MMEIOMIME HAMOONBINNN BEC): KOIHYE-
CTBO BOIIPOCOB B TecTe (HanOOIbINasi 3HAYMMOCTE ), KOJIMYECTBO ITOTBITOK
MIPOXOX/ICHUS CTYJICHTOM TECTa, OLIEHKA 3a MEPBYIO MOMBITKY TECTa KOJH-
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YEeCTBO MPAKTHUCCKUX 3a/1ad. DTH MPHU3HAKH SIBIIIOTCS Hanbojee Xapak-
TCPHBIMH JII ONPECACICHUA BJIIUAHUA HCIOJIB30BAHUA AUCTAHIIMOHHOI'O
o0yueHwus Ha nporecc o0yueHus B BY 3e.
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EVALUATION OF THE FEATURES SIGNIFICANCE BASED
ON NEURAL NETWORKS IN TASKS OF THE ANALYSIS
OF THE DISTANCE LEARNING QUALITY

Informatization of modern education contributes to the creation of new
methods for the development of educational courses, which significantly
reduces the quality of students' education. In this paper, a method for as-
sessing the significance of features when analyzing the quality of the intro-
duction of distance learning in higher education institutions using a neural
network is proposed.

An algorithm for carrying out a study of significance of features is pre-
sented, consisting of three stages: data preparation, neural network model-
ing and analysis and interpretation of the results of the study.

As a training sample, the real data of the university students' training
from the Moodle distance learning system was used. This system is active-
ly used as a tool for conducting the educational process at the Odessa Na-
tional Polytechnic University.

Neural network modeling consists in investigating the informative
character of the traits after training the neural network. The inputs of neu-
rons were data on the progress of students in the courses, as outputs —
their resulting estimate for the course.

The values of the matrix of the weights are visualized with the help of
graphs and histograms and enable us to analyze the results of the study and
clearly confirm the significance of the signs.
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Thus, the task of assessing the significance of characteristics in the
analysis of student learning data in the Moodle distance learning system
was solved. The assumption that the weights of the features characterize
the level of significance of each investigated feature is substantiated. The
most significant features that affect the quality of the introduction of dis-
tance learning are highlighted.

Key words: multi-layer neural network, many features, informative,
distance learning.
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BUILDING USER INTERFACE AND DOMAIN MODELS
BASED ON THE USERS’ COGNITIVE CHARACTERISTICS
AND WORK PROCESS SPECIFICS

The principles of construction and management of the automated
systems’ Ul (responsible for a form of presenting information to the
user) and domain (responsible for a structure of presenting information
to the user) models are considered as components of the complex of
means for managing user’s informational interaction with the automat-
ed system management means, adapting this interaction to the user’s
individual characteristics and work process specifics.

Key words: informational interaction, adaptation, domain
model, user’s cognitive characteristics.

Introduction. User interaction with information in the automated
system is conducted through system generating an information flow [1—
3] that the user perceives and processes (fig. 1).

Environment 'managing decisions Perceiving and
/ ! processing of
(system) information flow—— iHn

A A 4

User

Knowledge
in LTM

Fig. 1. User-system informational interaction scheme
110 © 1. E. Furtat, Yu. O. Furtat, 2018
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Based on received information users make some decisions using their
own skills and knowledge in long-term memory (LTM), that are transmitted
via the user interface to the system, changing its state. Set of Ul management
elements is determined by the specific workflow tasks and user’s characteris-
tics. The flow of information from the system is formed with regard to the
user’s requests to the system, current workflow step and user interface’s out-
put elements through which data will be displayed for the perception and pro-
cessing of the user. Each of the participants and the elements of information
exchange has a number of features, by managing which the process can be
adapted to the specific user and the specific situation in the workflow.

Information flow parameters and adaptation. Information flow /
from the system can be described as a set of parameters:

1=(T,F,C,D), €))

T — pace of presentation, F'— data format, C — information complexity,
its connectivity to other blocks of data, D — transmitted data.

Pace of presentation is a qualitative characteristic that can be set to
T = <«low», «mediumy», «high»>. The pace of presenting information in
automated systems can be managed in non-critical situations by changing
the flow intensity depending on the acceptable level of information load.
The users’ optimal rate is determined by their ability to respond quickly to
data from the system, and the current level of fatigue and concentration.

Data format F can be «text», «graphic», «spreadsheet», «audioy,
«mixed». In general, data format is defined by the user interface’s output
elements, yet if there is a possibility of changing this set according to us-
ers’ needs and demands presentation format can also be adapted to the
users’ characteristics (their cognitive portraits).

The complexity of information — a complex value, which takes into
account the links between data blocks in the domain model, the data links
amount involved in presenting current portion of data, its overlapping with
the user’s knowledge model

KM = (K, (/) ).ij=Ln @)
K., i =1,n — domain data blocks, <c-’->' Ji=Ln, j=Ln, j#i — i" data

block’s connection vector.

Parameter D is a portion of data transferred to the user in the particu-
lar workflow episode. This portion may correspond to one domain data
block or it may consist of a set of blocks or a part of a single block, de-
pending on the user-system interaction script.

In most modern automated systems user-system interaction is defined
by the following algorithm (fig. 2).
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Forming .
. N Information flow from
information flow
system
from system

Fig. 2. User-system information interaction

To perform information exchange adaptation the algorithm in fig. 1
should be modified to allow consideration of specific users’ and work-
flows’ characteristics.

As adaptation criterion the users’ cognitive portraits are considered,
as adaptation object — data presentation form and pace (information flow
characteristics).

If the user-system informational interaction process’s adaptation and
personalization is considered as controlling parameters of an information
flow (1), we obtain a modified information exchange, shown in fig. 3.

Data presented on
user interface

Data perceiving and
processing by the user

Forming
information flow
from system

Structured file with data
from the system

Information flow
from the system

User’s
perception
characteristics
data

Data file lexical
analysis

A 4

Data output onto Domain

the corresponding characteristics
interface elements data

A

\ 4

User’s
qualification
data

Information on the Data displayed on

ada’ptatlon P! the user interface
system’s goals and

current state

Data perceiving and
processing by the user

Fig. 3. Adapted user-system information interaction
Information exchange adaptation and personalizing is performed at
the stage of information flow’s forming (managing parameters 7" and C of
model (1)) and at the stage of data output through user interface (managing
parameter F). Information flow’s parameter D depends on the specifics of
the overall workflow, and on the current users’ specific goals.

Managing data output through personalized user interface. User
interface in automated systems is considered as a set of elements

Ul = (Ei>, i= I,_n, each output element
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E, :<<x,y>;.i,7},c,»>,]':1,_ma €)

<x, y)l’ — output element’s corner coordinates; T; — i element’s output

type; c; — i element’s weight (importance) for the user.

The set of values of 7; in model (3) coincides with the set of values of
parameter F' in model (1), and it is the type of available output elements
which determines the preferred output data format on the information
flow’s formation stage.

Output element’s weight is defined by the workflow’s specifics. Critical
elements display information, loos of which to disruption of the workflow or
inability for the user to correctly process information from the system.

Managing output elements’ position and type allows creating person-
alized user interface for adapting the user-system information interaction.
Critical output elements output must be present in the user interface, re-
gardless of its adaptation.

Desired output element types are defined by the users’ cognitive por-
traits’ characteristics.

Cognitive portrait is a set of user characteristics.

CP = <<C0gni>,<PPj>,<lntk>>, i= l,_m, j= l,_n, k :G, 4)

Cogn; — cognitive users’ characteristics; PP; — physiological characteris-
tics; Int; — intellectual characteristics.

Cognitive portrait’s characteristics define optimal for on-screen data
presentation number, type and relative position of user interface output
elements.

Using domain knowledge model to manage information storage
form. To enable further flexible information interaction adaptation it is
advisable to manage not only presentation form, but the pace and intensity
of information flow. This requires the ability to manage blocks of infor-
mation, knowledge system organization, personalized learning programs.

Existing knowledge communications systems can be characterized by
four basic components: expert domain knowledge (domain model); user
model; expert knowledge of teaching method (interaction script); user-
system interface.

Knowledge model (2) performs a dual function. On the one hand it
is a source of domain knowledge that is provided to the user in portions,
on the other — it sets the desired standard for the users’ current
knowledge level evaluation. Domain model has an important place in the
process of scripting user interaction with the information and in the
management of information flow characteristics within decision-making
metascript in automated systems. In automated learning systems
knowledge models are connected to the discipline’s lesson plan, which
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provides both the knowledge blocks’ contents and the order in which the
users access these bloks.

User model is generally an incomplete modified model domain
knowledge model (2) and is designed mainly to anticipate users’ behavior
for its interpretation. The ideal user model must make accurate predictions
of the behavior of any user in any domain context. For example, a set of
possible responses to a block of data from the system.

With the user model’s concept a diagnostic process is often associat-
ed — adapting the user model based on the data obtained through user-
system dialog. In automated learning systems prior progress checks’ re-
sults for particular students can be used — providing information regard-
ing learning course segments work should be currently focused on.

Interaction script determines which piece of data and at what time will
be transmitted to the user. In the most general case the interaction script is
not hard coded and is derived based on the current situation and the deduc-
tion method, stored as a set of principles or rules. The adaptation is based on
predicting users’ responses, generated by user models, users’ real reaction
and relations between the workflow episodes stored in the domain model.

Interaction scripts may vary in relation to the degree of «freedom» given to
the user, and can range between two extremities: full control of all user actions
and guiding users through workflow episodes workflow — or complete freedom
of user’s navigational activity and giving requests-based recommendations.

Fig. 4 illustrates relationship between these four basic concepts of
knowledge communication.

FNext interaction episode identiﬁelﬁ

Domain model [ User model Interaction script

Interaction episode Expected behavior

Interaction episodegbgnte@im:al behavior

User

Fig. 4. Basic concepts of knowledge communication systems
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User system interaction’s script construction and modification takes
into account the interaction script, based on the users’ model and their
actual behavior when processing previous information blocks taken from
the domain model.

Conclusion. By using models of user interface, users’ cognitive por-
traits, domain and users’ knowledge is it possible to perform flexible adap-
tation and personalization of user-systems interface. Such adaptation in-
volves modifying not only data presentation, but also data storage and he
script of the interaction itself based on the workflow specifics and the us-
ers’ preferences. This results in fewer mistakes when perceiving and pro-
cessing information and lower stress levels for the users. When used in the
learning process, such adaptation and personalization allow to improve
both testing and studying efficiency for each particular student.
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NOBYAOBA KOPUCTYBALIbKOIO IHTEP®EUCY
I MOOENI NPEAMETHOI OBJIACTI 3 BPAXYBAHHSAM
KOrHITUBHUX XAPAKTEPUCTUK KOPUCTYBAYA
| OCOBITMBOCTEN POBOY0I'O NMPOLIECY

Jlnst aBTOMaTH30BaHUX CUCTEM PO3IJISIAIOTHCS MPUHLUIN MOOYAOBH i
yHpaBIiHHS KOPHCTYBallbKUM iHTepdeiicoMm (Binmosigae 3a ¢gopmy mpen-
CTaBJICHHS JIaHUX KOPHCTYBady) Ta MOZEJI MpeaMeTHol obnacTi (BiAmoBi-
Ja€ 3a CTPYKTYpy IpPEACTABICHHS JaHUX KOPHUCTYBady) SIK CKJIAJOBHX
KOMIIJIEKCY 3aC00iB yHpaBIIiHHS B3a€EMOJIEI0 KOPUCTYBada 3 aBTOMATH30-
BaHOIO CHCTEMOI0, afanTarii uiei B3aeMoil 10 MepcoOHaNBHUX XapaKTepH-
CTHK KOPHUCTyBaua Ta 0COOIUBOCTEH poOOYOro mporecy.

Kawuosi cnoBa: ingpopmayiiina 63acmodis, aoanmayis, mooenv npe-
OMEMHOI 0011aACi, KOHIMUGHI XAPAKEPUCUKY KOPUCIY8AYd.
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