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JUSTIFICATION OF THE CRITERION FOR OPTIMAL CONTROL
OF THE SELF-GRINDING PROCESS OF ORES IN DRUM MILLS

Purpose. Justification of the criterion for automatic optimization of the ore grinding process in self-grinding drum mills by
compiling and researching mathematical models of material movement inside the drum of a rotating mill.

Methodology. Methods of mathematical modeling of the internal mechanics of drum mills in combination with experimental
studies of the spectral density of the variable component of the active power consumed by the drive motor of the mills are used.

Findings. As a result of the simulation, it was established that the loose material placed on the inner surface of the rotating drum
undergoes periodic oscillations under certain conditions. The parameters of these oscillations depend on the radius of the drum,
the amount of material and the coefficient of friction. It is theoretically justified that in the case of load fluctuations, the work of
friction forces and, therefore, the process of material destruction intensifies. The theoretically obtained conclusions are confirmed
by the results of experimental studies of the active power signal spectrum of the drive motor of the mills in the characteristic low-
frequency range. It is found that the most intense fluctuations occur at a certain degree of filling of the drum of the mill in the
working range of fillings and their intensity correlates with the productivity of the mill according to the newly created finished class.

Originality. The mechanism of occurrence of fluctuations in the ore load of drum mills is revealed and the connection of this
phenomenon with indicators of the technological efficiency of the grinding process is substantiated.

Practical value. It is advisable to use the intensity of fluctuations of the ore load as a criterion for automatic control of mill load-
ing, since this parameter characterizes the technological efficiency of the mill and can be measured quickly. Using the intensity of

ore loading fluctuations as a control criterion allows implementing a search system for extreme control of mill loading.
Keywords: performance, drum mill, oscillations, ore load, self-crushing, optimization, mathematical model

Introduction. Optimization of the technological process is
always carried out in the sense of a certain criterion. The effect
obtained as a result of management optimization mainly depends
on how well the criterion is chosen [1]. To assess the efficiency of
production, it is most appropriate to use economic criteria, such
as the cost of production, the amount of profit per unit of time,
the profitability of production. The values of economic criteria
are determined by the listed technological indicators of this pro-
duction and external factors, such as the prices of raw materials,
energy, and finished products. In order to carry out automatic
control directly according to economic criteria, it is necessary to
establish a connection between them and controlling influences.

In addition to the economic criteria, there are technologi-
cal criteria: productivity of the finished product, its quality,
operational and capital costs [2]. For production (technologi-
cal process) management, a set of influences is also needed,
with the help of which operational influence (direct or indi-
rect) is realized on the value of criteria of all three types: auto-
matic control, technological and economic.

Automatic optimization criteria are used for operational
management tasks, which, in addition to an objective connec-
tion with technological or economic indicators, must satisfy
the conditions of promptness of obtaining information about
their value in automatic mode |3, 4]. This task turns out to be
very difficult for certain industries. These include preparatory
processes before beneficiation of ores.

Such features of ore preparation as multi-stage, the pres-
ence of technological feedbacks, the effect of obstacles make it
difficult to solve the problem of process optimization by classi-
cal methods and lead to the need to introduce a new ap-
proach [5, 6], which is based on an in-depth study of the inter-
nal mechanics of the mill.

The results of such studies are needed in practice, because
the control influences applied specifically to the crushing unit
have the greatest impact on the final indicators of production
functioning and, therefore, determine the relevance of opti-
mizing management of ore crushing before beneficiation [7, §].

Literature review. A large number of works by domestic
and foreign authors are devoted to solving the problems of in-
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creasing the efficiency of the grinding unit, both by improving
the structural elements of the mill and classifying devices, and
by optimizing the management process.

In most works, a traditional approach is proposed, which
is based on the use of the characteristics of the finished prod-
uct [9] and control of the degree of filling of the drum using
control means [10]. However, a mill with a classifier, as a con-
trol object, has significant inertia and is subject to non-sta-
tionary behavior, and is also subject to the action of uncon-
trolled disturbances in the form of transient properties of the
output power.

In such conditions, there is a problem of reducing the in-
ertia of management goals and additional control elements of
the grinding load. The solution of this problem is considered
in the works [11, 12].

The emergence of modern means of information processing
and management contributed to the development of the direc-
tion based on the use of adaptive systems [13, 14]. Such systems
are able to ensure the necessary quality of stabilization of regula-
tory parameters. Thus, in works [15, 16], the degree of filling of
the mill drum is used as a parameter. But qualitative stabilization
ofthe degree of filling does not solve the problem of determining
the optimal operating mode of the mill, because it is not known
at which stage this parameter should be stabilized [17]. In works
[18, 19] the movement of the ore load of the mill was studied.
But in these works, the research results are not aimed at solving
the problem of optimal management of the ore grinding process.

Thus, we have a very urgent question of determining just
such an inertial parameter of the mill which would directly
characterize the process of material grinding in the mill drum
[20, 21], and was also subject to operational automatic control
and could be used to optimize the ore grinding process.

The purpose of research. It is assumed that, under certain
conditions, the ore loading in the drums of the rotating mills
carries out periodic low-frequency oscillations, which inten-
sify the abrasion of the material [22]. To confirm this hypoth-
esis, during the research, mathematical modeling methods
were combined with methods of spectral analysis of random
oscillatory processes in the drive system of industrial mills.

The research purpose is the substantiation of the criterion
for automatic optimization of the ore grinding process in self-
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grinding drum mills for the intensification of material destruc-
tion inside the drum.

The object of the research is the processes occurring inside
the drum of a working ore self-grinding mill.

The subject of the research is a loose material placed on the
inner surface of a rotating drum which, under certain condi-
tions, performs periodic oscillations. The parameters of these
oscillations depend on the radius of the drum, the amount of
material and the coefficient of friction.

To achieve the goal, the following fasks must be solved:

- to compile and investigate mathematical models of mate-
rial movement processes in the drum of a rotating mill;

- to conduct experimental studies to confirm theoretical
conclusions;

- on the basis of mathematical models, to determine effec-
tive operating modes of internal mill loading from the point of
view of the intensity of destruction of the material;

- to determine the structural diagram of the control system
of the self-grinding mill.

Research materials and methods. If we consider the task of
automatic optimization of the operation of a separate unit, in
our study it is a drum mill for self-crushing ore, it is necessary
to establish the following connections: a criterion for automat-
ic optimization of the drum mill — technological indicators of
mill operation — characteristics of final products — economic
indicators of production functioning.

In order to determine the criterion of automatic optimization
of the drum mill, which would directly characterize the material
grinding process, we will combine the methods of mathematical
modeling and the methods of spectral analysis of random oscil-
latory processes in the drive system of industrial drum mills.

Mathematical model of the problem. Let a flat body of small
mass m be placed on the inner surface of the drum radius R,
rotating with angular velocity Q, Fig. 1. 0 is the angle of devia-
tion of the center of gravity of the body from the vertical axis.

This problem is analogous to the classic problem of the
movement of Froude’s pendulum, discussed in the classical
literature.

Since the dimensions of the body can be neglected under
the condition of the task, the equation of moments will be re-
placed by the equation of forces

f(Fy +Foy)—F.=mbR, (1)

where Fy = mg cos0 is a normal component of gravity; F, =
=mgsin 0 — a tangential component; Fy=m6*R — centrifugal
force; f'— the coefficient of friction between the body and the
inner surface of the drum.

Transforming (1), we get

éff92+% 1+ f2sin(f—arctg f)=0. )

v
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Fig. 1. The problem of the movement of a flat body on the inner
surface of a rotating drum

As follows from (2), the nature of the movement of the body
does not depend on its mass, but is determined by the radius of
the drum, the coefficient of friction and the initial conditions.

A characteristic difference of equation (2) compared to the
known linear equations of the second order is the constancy of
the sign of the function of the first derivative f0? (more pre-
cisely, its independence on the sign of the first derivative 0).
In the general case, the sign of the function f0* changes at
Q < 0, which will be discussed below.

Analysis of equation (2) shows that at f— const the system
described by expression (2) is conservative and its phase trajec-
tories have the form of closed curves (Fig. 2, a). .

Amplitude of angle oscillations 0 and its derivative 0 is de-
termined by the initial conditions. Point 0 is a special point of
the center type and has coordinates (arctg f; 0). If the body is at
point 0, then it means that it is at rest and sliding relative to the
drum with a speed Q, deviating from the vertical by an angle 0
= arctg f. (The analysis of the movement of the body in the
“small”, that is, for small deviations of the working point on
the phase plane from a special point is given here and further).

When the body moves along one of the closed phase tra-
jectories, the sign of the function f0 half the period is op-

posite in sign 8, and the other half coincides with it.

This fact has a deep physical meaning and reveals the me-
chanics of energy transfer from a rotating drum to a body oscil-
lating on its surface [23]. The frequency of body oscillations
can be roughly estimated by the formula

w=4/gR 1+ 2.

In real conditions, the coefficient of friction /' depends on
the relative speed of the touching surfaces, and this depen-
dence has a rather complex form.
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Fig. 2. Dependence of the phase trajectory on the type of func-
tion f, f,(é):

a — fluctuations converge to a stable focus, b — oscillation turns into
an unstable focus, ¢ — oscillations settled on the square phase plane
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On the other hand, at body velocities 0 greater than the
speed of rotation of the drum Q friction force f(Fy + Fcy)
changes sign. In view of this, equation (2) can be written more
strictly as follows

B— f62sign(Q1—0)+ %sine —%cose -sign(Q-0)=0. (3)

Depending on the type of function f=/f(Q-6) angle
fluctuations can be either decreasing or increasing (divergent).

If the characteristic f = f(Q—9) increases, which is possible

with small differences Q—0 and small specific loads, the os-
cillations converge to a stable focus (Fig. 2, a).
At high specific pressures that occur in mills, the characteris-

tic f=/(Q-0) decreases over almost the entire range of the
argument change and the phase trajectories diverge from the vi-
cinity of the point o, which turns into an unstable focus (Fig. 2, b).

Increasing fluctuations of the angle 6 and its derivative 0
limited from above by the speed of rotation of the drum Q due
to the function sign(Q2—0) in equation (3).

Thus, in this case, steady-state oscillations will be observed on
the phase plane (trajectory A in Fig. 2, ¢) with an amplitude of Q.

Now suppose that there is a certain amount of bulk mate-
rial in the rotating drum (Fig. 3).

The equation of motion for this case can be written by
analogy (1)

My +Mqy—M =Jb, (4)

where My, My, M, are moments from the action of normal,
centrifugal and tangential forces; J — the moment of inertia.
After double integration over the radius R, and at the corner 3
(Fig. 4), we get

R o
O+arccos| —-cos—
R 2

sinpdp = %yRﬁ sin? %sin 0; (5)

M, =y lj RdR

R cos? O-arccos ﬁcosg
2 R 2

R a
O+arccos| —-cos—
R 2

R
My=fyR | RiR |

R cosZ 0-arccos| ﬁcosE
2 R 2

cosPdp =
(6)
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Fig. 3. The problem of the movement of a segment of bulk mate-
rial along the inner surface of a rotating drum:

o — the central angle corresponding to the segment of the materi-
al,0 — the center of gravity, Q — the angular speed of rotation of the
drum, [ — the coefficient of friction between the material and the
drum, © — the angular coordinate of the center of gravity of the
segment, y — the weight of the material per unit area of the segment

®, rad/sec
3,0+
=1.0
- 5 £=0.8
2,57
2,14

1,0 2,0 30 o, rad
Fig. 4. Dependence of the frequency of oscillations o on the size
of the segment
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Taking into account (5—8), after transformations, equa-
tion (4) will be written as follows

6—(A6% + Bcos)- sign(Q—6)+C -sinf =0, 9)
where
1 I 1+sing
o——sina——cos®*—=-In
2 2 o
4 cos—
A=f-— ;
s 3 1. .0 . ;0
o——sinoasin?— —sina.cos? =
3 2 2
o 1 l+sin®
sin———cos’>—=-1In
2 2 2 cos &
B=4/gR" 2_ |,
L. ., ,0
o——sinasin?— —sina.cos?—
3 2 2
3 sin3 &
C=—gR
3 1. ., . , 0
a—gsm(xsm 5 —sinacos’ >

In principle, the equation of the movement of the center of
gravity of the material segment (9) is no different from the pre-
viously considered equation (3), although it has the peculiarity
that its coefficients depend on the angular dimensions of the
segment o.

This means that the frequency of natural oscillations will
also depend on o and in the first approximation will be deter-
mined by the formula

l+sin® 2
+sm5 64

cos—
0=YB2+C2= " 2

. Lo X
R | oo—=sina-sin® —~—sino.-cos” —
3 2 2

6O
+—sin® =

5|16 f2g* sin%—cos271n

. (10)
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Fig. 4 shows the dependence of the oscillation frequency ®
on the magnitude o according to expression (10) with the giv-
en R, and f.

Analyzing it, it can be concluded that in the working range
of fillings, the frequency of oscillations is weakly dependent on
the level of filling and can vary by up to 10 %.

Conducting an experimental study to confirm theoretical
conclusions. Oscillations of the ore load that occur during the
rotation of the mill drum, whose mechanism is described
above, cause oscillations in the electromechanical drive sys-
tem of the mill at the corresponding frequency.

Fig. 5 presents characteristic graphs of the normalized
spectral density of the active power signal consumed by the
drive motor of the SGM 40 x 75 type drum mill.

In the studied low-frequency range of the spectrum, three
components stand out: at the frequency of drum rotation f,,,
and its second harmonic, as well as the harmonic component
caused by fluctuations of the ore load with frequency f;.

Thus, measuring after filtering the dispersion of the com-
ponent on the frequency f;, it is possible to quickly assess the
intensity of ore load fluctuations (Fig. 6, a) with a measuring
device 4 (mA).

As a result of experimental research in the conditions of
Lebedynskyi, Pivnichnyi, Inhuletskyi mining and concentra-
tion plants, it was established that:

- the intensity of ore load fluctuations A significantly de-
pends on the degree of drum filling o¢,,,, %;

- with a certain degree of filling, the intensity of oscilla-
tions increases;

- at the same degree of filling, the productivity of the mill
increases according to the newly created finished class.

These conclusions illustrate the experimentally obtained
dependencies presented in Fig. 6.

Determination of the effective mode of operation of internal
mill loading from the point of view of the intensity of destruction
of the material. The experimentally obtained results are ex-
plained by the intensification of the work of frictional forces
during the increase of fluctuations of the internal mill load.

To confirm this fact theoretically, it is necessary to estab-
lish a relationship between the work of friction forces during
the oscillation period and its amplitude. For this, we will use
the model of single-body oscillations (1) and assume that the
oscillations are harmonic. Elementary work of dissipative
forces on the way is equal to

dA = FpdS, (11)
where, respectively (1)
Fup = f(Fy + Foy) = f(mgcos®+md?R);

dS = Rd|wt - 6(7)]. (12)

Here Q is the angular speed of rotation of the drum; R —
the turning radius; 6 — the angle of deviation of the body from
the vertical axis.

S(f), units

0 o1 02 frot 04 fp 2f, f£Hz

Fig. 5. Characteristic graphs normalized spectral density of the
active power signal consumed by the drive motor of SGM
40 x 75 type drum mill
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Fig. 6. Dependencies of fluctuation intensity of ore load (a) and
productivity according to the newly created finished class
(b) on the filling of the WSGM 70 x 23 drum mill

For equation (1) as a special point on the phase plane

(6;0) thereisa point with coordinates (arctg f; 0). Therefore,
we will assume that there is a change in angle in the system 0
by law

0(7) = arctg f+ a sinwt, (13)

where a is the amplitude of oscillations relative to the equilib-
rium position; w — frequency of oscillations.
Then

é(t):awcoswt. (14)

Now it is necessary to substitute (12) in (11) and calcu-
late the work of friction forces during the oscillation period
T=2n/w

T:Zn/w
A= J’ fin(gcosd+ 02 R)Rd(Qr —0).
0

In the last expression, respectively (13), (14) we present 0
and O as a function of time and perform the calculation

21'[/w
A, = I JfmR|gcos(arctg f +asinwt) + Ra>w>Cos>wt]x
0 x(Q—awcoswt)dt =
2n/w 2n/w
= finR J. gQ(arctg f +asinwt)dt + I QRa*w? cos® wrdt —

0 0
2w 2n/w
- j gawcoswt -cos(arctg f +asinwr)dt — J. Ra*w? cos® wdt |.
0 0

In the assumption that a — is not enough, let us perform the
decomposition of the function cos leaving two members, i.e.

cos(arctg f+ a sinwf) ~ 1 — 0.5 - (arctg f+ a sinwf)>.

Then, calculating the integrals, we get

64 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, N° 4



2w 1 2 -1
Ay = fmR| gQt 0 —EgQarctg (f)t+gQaw" -arctg f x

2 i 2
XCOSWt n/w—lgﬁazw’1 wi _sin2wi n/W+QRa2><
0 2 2 4 0
wt  sin2wt 27t/ w . 2n/ w1l .
X W 7+T —gasiwt 0 +Egasmwt><

2 in2wt |2
x arctg(f) n({w+ga2arctg2(f)%w n({w

2 in? 2
n/w—Ra3w2 sinwr S0 w/w =
0 3 0

S sindwr
+gad——
3

= fRmQnw™! [2g —g-arctg f —%ga2 + Razwzj.

If there are no fluctuations, that is a = 0, then the work of
friction forces will be equal to

Ags(a=0)= fRmQnw ' (2g — garctg f),
and an increase in the work of frictional forces due to oscilla-

tions is

A=A, ~Ay(a=0)= JRmQna*w™! [sz —gj

Since, w= \/%, finally we get

M, :% JRmQma*[Rg. (15)

The last expression shows that the increase in the work of
friction forces due to the vibrations of the internal layers of the
mill load is proportional to the square of the amplitude of
these vibrations.

The resulting expression (15) explains the experimentally
established phenomenon of increasing the productivity of the
mill according to the newly formed finished class when the
fluctuations of the internal mill load are intensified.

Development of the structural diagram of the control system.
An important point is that the intensity of load fluctuations
depends not only on the degree of filling of the drum, but also
on other factors (properties of the crushed material, wear of
the lining), the influence of which causes the drift of the extre-
mum of the characteristic A(@,,.)-

Therefore, to maintain an effective mode of operation with
the maximum intensity of load fluctuations, it is advisable to
use a step system of extreme regulation, the structural diagram
of which is shown in Fig. 7.

That is, the goal of managing the process of grinding ores
in drum mills is formulated as follows — it is necessary to
maintain the maximum fluctuations of the internal mill load
Ay, by adjusting the flow of raw material to the drum mill Q.

Discussion. In this work, the main task was solved — the
substantiation of the criterion for optimal control of the loading
of drum mills for self-crushing of ores based on the simulation
of the material movement processes inside the drum. In order
to solve this problem, it was necessary to formulate the equation
of movement of bulk material inside the drum (9), find the con-
ditions for the occurrence of oscillations (Fig. 2) and their pa-
rameters (10), establish theoretically (15) and experimentally
(Fig. 6) the relationship between the intensity fluctuations and
the technological efficiency of the grinding process, and make a
structural diagram of the search system of the control of the
drum mill (Fig. 7). The mathematical model of material move-
ment in the mill drum is essentially a differential equation (9).

The presence of a non-linear term in it 4(0)? is a distinc-
tive feature of this suit from the known linear equations and is
the main cause of the load fluctuations that occur when the
drum rotates.

U Q A
— EM Wi ? EX — W —
Wi
AP B ﬂ
LI p1 Control A

Fig. 7. Structural diagram extreme regulation systems:

W, W,, W5 — linear operators (transmission functions) of the control
object (mill along the “material flow” channel Q — degree of filling p),
load fluctuation intensity meter — A, filling degree meter, respectively;
EM — executive mechanism regulating the flow of material into the
mill; EX — extreme static characteristic A(p); Control — the control-
ling part that forms the filling task P,,, based on an analysis of its cur-
rent measured value P and a signal characterizing the intensity of load
Suctuations Ag; PI — regulator that stabilizes the set value in the main
circuit Py, through the in fluence of U on the executive mechanism

The experimentally obtained dependences (Fig. 6) show that
the fluctuations of the ore load A4 increase with a certain degree of
filling of the drum ¢,,,, %(Fig. 6, a) and with the same fillings,
the maximum productivity of the mill for the finished product
0Qo.044(Fig. 6, b). This effect is explained by the intensification of
the work of frictional forces during the oscillations that occur.
This conclusion is confirmed by relation (15), which establishes
a direct relationship between the work of friction forces and the
parameters (in particular, the amplitude) of loading fluctuations.

Thus, it is advisable to use the intensity of oscillations as a
criterion for controlling the loading of drum mills, as this pa-
rameter is informative from the point of view of the techno-
logical efficiency of the grinding process; it can be relatively
simply measured and allows the implementation of an appro-
priate automatic control system (Fig. 7). A similar approach to
controlling the modes of operation of drum mills is funda-
mentally different from known methods [1], which offer the
use of information about the characteristics of flows at the en-
trance and exit of the control object. The fundamental differ-
ence of the proposed solution is that it is based on studying
directly the processes that take place in the working zone of
grinding, inside the drum of the mill. This makes it possible to
use as an optimization criterion a parameter that is directly re-
sponsible for the intensity of material grinding and to reduce
the inertia of information channels in the control loop.

It is important to note that the fluctuation of the ore load
intensifies in a narrow range of drum filling. Therefore, the
implementation of the proposed method is possible with the
mandatory presence of an effective system of control, evalua-
tion and stabilization of the degree of filling of the drum of the
mill, which will be a limiting factor.

Conclusions and prospects for further development. So, the
following is done in this research paper:

- a mathematical model of the movement of material in a
rotating drum was developed, revealing the mechanism of pe-
riodic fluctuations of ore loading of self-crushing mills;

- as a result of experimental studies in industrial conditions,
it was established that at a certain degree of filling of the drum,
fluctuations of ore loading intensify. This effect is accompanied
by an increase in the productivity of the mill based on the newly
formed finished product, and this result is explained by the in-
tensification of the work of friction forces, which is directly pro-
portional to the amplitude of the load fluctuations;

- using the intensity of loading fluctuations as a criterion
for controlling the filling of grinding mills allows implement-
ing an extreme search system that ensures the optimal mode of
operation of the mills in the sense of productivity for the new-
ly created finished product.
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The following points should be attributed to the shortcom-
ings of the conducted research:

- mathematical modelling of the internal mechanics of
mills was considered as a “flat” problem and not a spatial
one;

- the influence of other (except drum filling) technological
factors on the process of ore load fluctuations was not used.

In the future, it is proposed to carry out a study of the in-
fluence of such parameters as the coarseness of the source ma-
terial, the characteristics of the circulating flows on the inten-
sity of fluctuations in the loading of the drum mill.
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OOrpyHTyBaHHSI KpUTEpisi ONTUMAJILHOTO
KepyBaHHS MPOLECOM CaMONoApiOHeHHs Py
y 0apabaHHMX MJIMHAX

1.B. Hosuuywvxuii, 10.0. lllesuenxo™
HauioHaabHuii TeXHIYHUI yHiBepcUTeT «/IHIiMpoBCbKa T0-
JiTexHika», M. JIHinpo, YkpaiHa
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Meta. OOrpyHTYBaHHS KPUTEPisl aBTOMATUUYHOT ONTUMi-
3allii mpoliecy MoApiOHeHHs pyau B 6apabaHHMX MJIMHAX ca-
MOTIOIPIOHEHHS IIIJISIXOM CKJIATaHHS i TOCIIIKeHHST MaTe-
MaTUYHUX MOJEJel pyXy Marepiansy BcepeauHi OapabGaHa
MJIMHA, 1110 00ePTAETHCSI.

Meroauka. BukopucraHi MeToan MaTeMaTUYHOIO MOJIE-
JIIOBAHHSI BHYTPIlLIHBOT MeXaHiku 0apabaHHUX MJIMHIB y MO-
€IHAaHHI 3 EeKCIMEePUMEHTAJbHUMHU AOCTIIKEHHSIMU CIIeK-
TPAJIbHOI LIIIBHOCTI 3MiHHOI CKJIaAOBOI aKTMBHOI MOTYX-
HOCTI CIIOXKMBAHOI MTPUBOIHUM IBUTYHOM MJIMHA.

Pe3yabraTu. Y pe3ysibTaTi MOIETIOBAaHHSI BCTAHOBJICHO, 110
CUIYYMI1 MaTepiall, MOMILEHUI Ha BHYTPILIHIO ITOBEPXHIO 0a-
pabaHa, 1110 00epPTaETHCS, 3a IEBHUX YMOB 3/1iliCHIOE TTepioany-
Hi KosmBaHHs. [TapameTpu LIMX KOJIMBaHb 3aj1€3KaTh Bill pajiy-
cy bapabaHa, KiJIbKOCTi Matepiay i KoediuieHta tepts. Teo-
PETMYHO OOTPYHTOBAHO, IO Y pa3i KOJMBaHb HaBAaHTaKEHHS
iHTeHCUDIKYeTbCS POOOTA CUIT TEPTS i, OTXKE, MPOLEC PYHY-
BaHHS Martepiany. TeopeTHyHO onepkaHi BUCHOBKM TMiITBEp-
JDKYIOTBCSI  pe3yJibTaTaMu  eKCIIePUMEHTAIbHUX JTOCTIIKeHb
CIIEKTpa CUTHAJIY aKTUBHOI MOTYKHOCTi TPUBOIHOTO JBUTYHA
MJIMHIB y XapaKTepHOMY HU3bKOYAaCTOTHOMY Jiarna3oHi. Bera-
HOBJICHO, 1110 HAiHTEHCHBHIllli KOJIMBAaHHSI BUHUKAIOTh NP
MEeBHOMY CTYIIEHi 3allOBHEHHsI OapabaHa MJIMHA B pOOOUYOMY
Jiara3oHi 3aMOBHEHD i 1X IHTEHCUBHICTb KOPEJIIOE i3 MPOIYK-
TUBHICTIO MJIMHA 10 HOBOCTBOPEHOMY FTOTOBOMY KJIacy.

Haykosa HoBu3Ha. PO3KprTO MeXaHi3M BUHMKHEHHS KO-
JINBAaHb PYJHOTO HaBaHTaXeHHs O0apabaHHUX MJIMHIB i 00-
IPYHTOBAHO 3B’SI30K 1IbOTO SIBUILIA 3 TOKA3HUKAMM TEXHOJIO-
riyHOi e(heKTUBHOCTI MpoLEeCcy MOAPiIOHEHHS.

IIpakTiyna 3HaYMMicTh. |HTEHCMBHICTH KOJMBaHb PYI-
HOTO HAaBaHTaXXEHHS JIOLIBHO BUKOPUCTOBYBATH SIK KPUTE-
pili aBTOMATUYHOTO YMPaBJIiHHS 3aBaHTaXXCHHSIM MJIMHA,
OCKIJTbKM 1Iell IMapaMeTp XapaKTepu3ye TeXHOJIOTiuHy edheK-
TUBHICTb POOOTH MJIMHA i MOXe OyTH OMepaTUBHO BUMIpsi-
Huii. BUKopuctaHHsI iHTEHCUBHOCTI KOJIMBaHb PYJIHOIO Ha-
BaHTAXXEHHS, SIK KPUTEPisl ypaBJliHHS, JO3BOJISIE peaslizyBa-
TH TTOLITYKOBY CHCTEMY €KCTPEeMaJbHOTO YIPaBJIiHHSI 3aBaH-
TaXXEHHSIM MJIMHIB.

Kurouosi cioBa: npodyxmuenicme, 6apabannuii MAuH, Ko-
AUBAHHS, PYOHe HABAHMAICEHHS, CAMONOOPIOHEHHS, ONMUMI3A-
yis, mamemamu4ra mooensb
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