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Purpose. To justify the control of the jet grinding process by building a closed cycle model using Markov chains and acoustic
monitoring of the grinding operation zones.

Methodology. Modeling is carried out on the basis of system analysis using a cell model. To describe the grinding process,
acoustic signals from the operation mill zones are used. Theoretical calculations of changes in the grain-size composition are com-
pared with the results of experimental fireclay grinding.

Findings. The material particle size change in the mass flow of the jet mill and the classifier was considered regarding the char-
acteristic changes of the acoustic signals recorded in these parts of the grinding units. According to the results of continuous
monitoring of the operation zones of the grinding plant, a model of mass flow movement in a closed cycle and changes in the
particle size distribution of the initial material from the loading bunker to the unloading of the ready ground product was created.
Based on the model, the possibility of the grinding process control is shown. A functional scheme for controlling the mill operation
as a whole has been developed. The created hardware base for jet mill control was tested in experimental and industrial processes
of grinding various materials.

Originality. For the first time, a cell model of the material flow movement in all elements of a grinding plant using acoustic
signals recorded in them was created. The granulation kinetics in the mill, in the classifier and in the unloading bunker of the ready
material is described by matrices containing the acoustic signal characteristics of these zones. The number of matrices corresponds
to the number of installation functional elements, and they are combined into one common block matrix.

Practical value. The obtained results are used to build an automatic control system for the jet mill productivity according to its

loading control based on the acoustic monitoring results of operation areas.
Keywords: mass flow, grinding, modeling, control, automatic control system, jet mill

Introduction. Dry-grinding mills, in particular jet plants,
are characterized by high energy consumption that hinders
their widespread use. In usual operating conditions, the mill
modes are not optimal. In the industrial grinding process, the
operational parameters change depending on the raw material
type and insignificant permissible deviations of the techno-
logical parameters. These parameter changes sometimes lead
to the technological process violation, the specified mass flows
in the elements of the grinding plant become unstable, which
causes overload, stopping the mill. For improving the grinding
installation efficiency, the mass flow modeling and the current
control development of their operation modes are relevant.

Literature review. In Linch’s works, the operation features
of various grinding plants and the process modeling occurring
in them were considered. Open-cycle grinding plants provide
for material single loading, i. e. all the material from the grind-
ing zone passes a classifier where the entire material flow is
divided into the ready product (the required size class) and
larger than it, after that the grinding cycle is finished [1]. From
the beginning of grinding, small particles are formed, their
further presence in the flows leads to overgrinding and waste of
energy. Therefore, the process in closed grinding cycles is or-
ganized in such a way that in the mill the material is ground to
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a predominantly larger class, then after the classifier the fine
fraction is released into the ready material bunker, and the
large one feeds the mill again.

The main direct task of a grinding model constructing in a
closed cycle has been considered in many papers [2] and usu-
ally consists of determining the particle size distribution of the
grinding product according to a well-known scheme and pro-
cess characteristics in the grinding installation elements. Most
research is based on integro-differential equations using bal-
ance equations.

The grinding describing process is quite complex and this
is due to several reasons [3]. First of all, it is the random nature
of the process itself. The characteristics of the initial material,
the strength and shape of its particles vary in a wide range. The
particle movement in a two-phase flow in the installation ele-
ments also has a stochastic character. For its implementation,
stochastic models are more suitable, which, according to the
applied mathematical methods, practically do not differ from
the flow motion models or diffusion models of real processes.
This is due to the process similarity. Stochastic models are hy-
drodynamic models of the probability density evolution, while
the concentration is replaced by the probability density of
staying in the cell, and the diffusion coefficient and drift coef-
ficient are calculated according to certain curves with the char-
acteristics of the random effect spectrum on the system.
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Recently, stochastic models based on the theory of Mar-
kov chains [4] have been widely used. The basic structural unit
of such models is the transition probability matrix from one
layer (cell) to another, taking into account the mill shape and
the mass flow characteristics in it.

A new approach to the jet grinding optimization is consid-
ered in [5]. The authors proposed a methodological frame-
work for the fine grinding regime assessment based on the
acoustic monitoring results of grinding plant operation zones.
The recording method, analyzing acoustic signals and using
information methods for identifying modes and optimizing
them is discussed in [6].

Thus, an advanced approach is the combination of sto-
chastic entire chain modeling of technological closed scheme
elements with the use of the process acoustic monitoring re-
sults. The solution of this problem allows controlling grinding
modes and improving the jet grinding plant productivity as a
whole.

Unsolved aspects of the problem. Typically, the technologi-
cal installations of dry fine grinding materials include mills
(jet, vortex, planetary), a classifier, and bunkers for initial ma-
terial loading and the ready ground product unloading. In
each element, combined into a technological grinding unit,
the material granulometric composition is converted in mass
flows. Therefore, at the grinding process modeling, it is neces-
sary to consider the changing process of the fraction particle
size in the mass flows.

In the works by the authors [5, 6], connections were estab-
lished between technological parameters and characteristics of
acoustic signals (AS) recorded in the operation zones of the
mill and the classifier. On this basis, the possibility of describ-
ing a grinding process based on the acoustic monitoring results
of the operation mill zones is substantiated. However, the sim-
ulation of particle collisions was considered only in the opera-
tion area of the grinding chamber. For stable operation of the
entire grinding plant, the classification mode has a great im-
portance. A complete model of the grinding process in a closed
cycle should include a change description in mass flow in the
classifier, too. The studies have shown the predominant effect
of grinding chamber loading degree on the mill productivity as
a whole. Therefore, modeling the size reducing process in a
grinding plant for mill productivity control should take into
account the operation of the material loading bunker and the
ready product unloading one.

Results. The hardware scheme of acoustic monitoring was
developed and described in studies [5]; it includes a waveguide
connected to a piezoceramic sensor, then an analog-digital
converter that captures, stores and transmits signals to a com-
puter. Fig. 1 shows a general grinding plant scheme with the

Fig. 1. General scheme of a jet grinding unit with acoustic mon-
itoring and a controlled loading bunker

process acoustic monitoring. In Fig. 1 the following notation
are adopted: / — loading bunker; 2 — classifier; 3 — ready
ground product bunker; 4 — piezoceramic sensor; 5 — pro-
grammable logic controller (PLC); PC — personal computer,
ADC-analog digital convertor; 6 — power control unit; 7— so-
lenoid

In this work, the material flow modeling is realized in the
main operation areas of the grinding plant, which are of great
importance for monitoring and controlling of the technologi-
cal process efficiency: in the grinding chamber, classifier and
auxiliary areas — the loading unit and the unloading ready
product bunker. Thus, the grinding process in the grinding
plant operation areas is considered as a dynamic system, for
which the state is uniquely determined by the acoustic signal
aggregate at a given time. The grinding system change laws,
consisting in changing the initial state over time, are described
by a cell model based on the acoustic signal analysis using
Markov chains.

Mass flow modeling in the mill. We consider the whole mill
as an elementary volume for modeling the grinding process in
a mill that operates in a batch mode. To describe the material
size class transformation in the grinding chamber, the signal
characteristics recorded by the sensor through a waveguide in-
stalled in the grinding zone with constant acoustic monitoring
|5] are used. The mathematical model is based on the acoustic
signals (AS) amplitude analysis recorded at each discrete point
in time of the grinding process in a closed cycle.

To create a cell model, all recorded signals are divided into
sub-bands, signal groups with average amplitude sizes 4;, i =1,
2,...,mineach i cell, where i = 1 corresponds to 4,,,,. Thus, all
signals recorded during acoustic monitoring are divided into m
cells according to their amplitude size, starting with the maxi-
mum value.

The elementary cell state is described by the number of sig-
nals with amplitudes that correspond to a given cell. Then any
unit cell state can be described by a vector column with the
number of signals N = (n;), i = 1,..., m of this i cell. On the
other hand, the particular cell state can be characterized by the
occurrence probability of a given number of signals with cor-
responding amplitude A;. Therefore, the entire system state at
a given time can be represented as a set of signals with an am-
plitude value 4* = {4, }.

In the grinding process, each cell state changes, however,
any time period is represented as a sequence of infinitely small
gaps At, which are the transition time from one state to another.
Then the current time moment can be represented as the sum
of these transitions, i.e. #, = kAf where integer is the transition
number k=1, 2, .... The state of the material in the chamber at
this current moment is described by a vector N* by a set of sig-
nals, while the amplitudes of these signals, associated with the
particle size in the chamber, make the cell field corresponding
to the fractional material composition at the moment.

The change in the recorded signal amplitude during grind-
ing per time step At is calculated, as is customary in the con-
structing cell model theory, from matrix equality 4, , | = GA*,
where G is the grinding matrix with g; elements, whose values
can be interpreted as the transition probabilities to other cells.
These coefficients form a triangular matrix.

&, 0 - 0 1-S,At 0 0
G: g2] g22 O 0 _ SleIAt I—SzAt s 0
g1 & 8 1| |Sb, A SboAf ]

where S and b are auxiliary functions related to the acoustic
signal characteristics in the mill operation area. The grinding
rate is described by a function S(4;), and in our case, it de-
scribes the reduction rate per unit time of the signal number
with an amplitude from the A4; subband. Signals with a reduced
amplitude level set in the neighboring blocks, where signals
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with a smaller magnitude are located. The probability of signal
transition from the j cell to the 7 cell is described by the func-
tion B = {b, ;}. The technological grinding process in terms of
the characteristics of the acoustic monitoring signals can be
shown as reducing the signal amplitude of the grinding zone,
i.e. to increasing in the number of currently recorded signals
placed on sub-bands with smaller amplitudes.

The particle destruction, when signals with amplitude 4;
appear, occurs at a specific power of signals P;. The elements
P; represent the value of the signal specific power in each i cell
(i.e., signal sub-band with amplitude A4;) at the j step

P(A) %Zn,Af.
i=1

The expression for the auxiliary acoustic function defini-
tion is
1-P P

S = Ly B=—"——.
S,At

Thus, with periodic mill loading, the process can be de-
scribed by auxiliary acoustic functions from the recorded sig-
nal amplitudes of the process acoustic monitoring. This fact is
used to control the grinding modes.

Mass flow in the classification area. In the classification
zone, the mass flow of the ground material from the mill sepa-
rates into two streams, the solid phase of which differs in par-
ticle size relative to the control size x, of the ready product. One
two-phase stream with a predominant content of fine particles
is sent to the bunker of the ready product. Another stream is a
circulating load of the grinding plant and contains an unac-
ceptable (according to the technological quality requirements
of the grinding product) particle number sized larger than the
control size. This stream is sent for regrinding. To build the
classification process model, a classification matrix is usually
used, constructed using the classifier separation curve C(x), the
elements of which reflect the probability of selected size parti-
cles appearance into a thin product [7]. In this paper, the clas-
sification process is also described with the characteristics of
acoustic signals recorded in the classification zone.

During acoustic monitoring of material different fraction
transportation in a flow, different acoustic signals are record-
ed, having their own characteristic frequency and amplitude
|8]. Therefore, in the cell model based on the AS, the classifier
can be described by the matrix C

¢, 0 - 0

o |0 o 0 0

0o 0 0 - C,

Each element of the matrix corresponds to the signal pro-
portion characteristic to the fraction sent to the ready product.
For two product classifications, which mainly occur in indus-
trial classifiers, the material is divided into two fractions: large
C, and small C,. Then the modeling task is simplified. In this
case, the classification matrix is expressed

c- {C 0 }
0 Cy

In the ready product bunker, the material accumulates, no
longer participates in the grinding. In a stable operating mode,
ready material accumulation and its periodic unloading occur.
Therefore, in the entire stable process matrix, it is possible to
designate the operation of the ready product bunker with the
conventional zero matrix.

On a continuous material feeding of the closed system,
there are states A°, FA°, F2A°, ..., etc. The full vector describing

the material state in the flows of the grinding plant as a whole,
after a finite number of transitions (k time intervals) is

AT =0+ FA+ PPA + .+ F* A =
=(U+F+F+ ...+ F)A.

This expression is the sum of the matrix geometric pro-
gression with the matrix denominator F. This progression is
decreasing because in the zone of the unloading ready product
bunker, the sum of probabilities over columns is less than one
(equal to zero), and by analogy with a normal progression, its
sum can be calculated as

Aoo:(I_F)—lAOZ_E—lAO;

I I-C 0
FE=|G -I 0| (1)
0 c -

where G is the matrix describing the mill signal change; C is
the matrix describing the signal change in the classification
zone, the symbol ! means the matrix inversion.

So, the grinding process in the jet installation with acoustic
monitoring of the operation zones can be described by matrices
containing the characteristics of the acoustic signals of these
zones. Moreover, the matrices number corresponds to the
number of installation functional elements, and they are com-
bined into one common block matrix. On its main diagonal
there are single matrices with a minus sign. Each column of the
combined matrix corresponds to the installation element, and
its matrix is placed in the row with the element number where
the material is sent from it. The steady-state process parame-
ters with the AS amplitude are calculated from (1).

Calculation of the kinetics of the process. For the numerical
jet grinding process representation, a material was chosen — a
slag fraction (1.0 + 0.63), the grinding kinetics of which in the
ITM National Academy of Sciences of Ukraine and the State
Space Agency of Ukraine (ITM) experimental grinding plant
is shown in Fig. 2. Fig. 2, a shows the particle size changing of
the selected fraction in a closed grinding cycle, and Fig. 2, b —
grinding process measurement without taking into account the
accumulation in the bunker of the ready product.

The grinding process of the specified fireclay fraction was
described by the created cell model. The initial matrix A° of the
loading process signals was recorded when the fraction was
ground at an experimental mill. In this case, the change in the
material particle size distribution during grinding was taken
into account; the established links between the acoustic signal
amplitudes in the grinding zone and the material size were
used [8]. For blast furnace slag, the established dependence
was: lgd = 0.51gA4 + 1.3. As a result of the calculations, the
grinding matrix was determined and the process was simulated
in the grinding zone. Fig. 3 shows the result of the grinding
process simulation.

The results of experimental studies. The results of theoreti-
cal studies were verified by the acoustic monitoring results of
the grinding process of blast furnace slag at the ITM labora-
tory jet mill with a capacity of 20 kg/h. The hardware complex
for the automatic control system of the grinding process is
shown in Fig. 4.

Signals were recorded at a frequency of 200 kHz. Process
technological parameters are: energy carrier (air) pressure P =
= 0.3 MPa, classification mode — classifier rotor speed n =
=1000 ¢!, time of one grinding cycle without additional mate-
rial feed #= 10 min. Fig. 5 shows the acoustic process monitor-
ing signal recording.

Comparing the results of numerical simulation (Fig. 3)
and recording acoustic signals of the working area during the
experimental fireclay grinding (Fig. 5) at the jet set USI-20,
one can note a satisfactory coincidence. Fig. 6 shows the signal
record sections of the calculated and experimental data in the
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Fig. 2. Kinetics of fraction (1.0 + 0.63) of fireclay in the experi-
mental grinding

Fig. 3. Modeling the process of grinding slag by acoustic signals

steady-state reduction mode, and the modeled signals of mode
1 indicate the need for additional loading, i.e. to make a signal
to open the loading bunker, which corresponds to the time 74,
in Fig. 6.

According to the acoustic monitoring of the slag grind-
ing process under the specified technological conditions, a
steady state was established from 4 to 8 minutes of grinding.

Fig. 4. Research control complex of jet grinding mill USI-20

Fig. 5. Signal recording of blast-furnace slag grinding process at

the USI-20
0,02 4V
4
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Fig. 6. Comparison of signal records obtained in the simulation
(1, 2) and the experimental fireclay grinding (3, 4)

For one-time loading after the specified interval, the grind-
ing operates in the non-optimal mode and there is under-
loading of the working zone, which reduces the process ef-
ficiency. With constant continuous material loading into the
mill, the jets may be overload with the material and the
grinding mode may be interrupted. It has been established
that the signals of the operating mode and the overload or
underload of the grinding chamber are significantly different
|5]. Moreover, the mass flows depend on the classification
mode, which forms recycling in the grinding plant.

For each required ready product size, its own grinding and
classification mode and, accordingly, its range of acoustic sig-
nal characteristics for an optimal grinding mode (in the sense
of achieving maximum productivity) are established. This is
the basis for controlling the mass flow in the mill based on the
results of acoustic monitoring.

Grinding process control. The grinding process control sys-
tem is based on the physical model of the process and the re-
sults of its acoustic monitoring. As a regulated parameter of
the control system, the change in the mass flow concentration
in the grinding zone was used. The main disturbing effect dur-
ing grinding is the change in the jet filling with material.
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Fig. 7. Functional scheme of ACS for jet mill

While developing the control system, it is necessary to take
into account the circulating load presence (material return flow
after the classifier) and delay of the initial material passage
through the supply channels. The task signal is formed on the
basis of mass flow modeling taking into account technological
conditions (energy carrier parameters, classifying mode),
properties and size of the initial material, as well as the results
of an acoustic signal analysis of the operation zones of the
grinding plant [9]. In particular, for slag grinding, it was found
that the optimal operation of the grinding plant is achieved at
the signal level from the acoustic sensor A = 1.2 V, which cor-
responds to 4,,;; = 0.075 V in the amplitude-frequency repre-
sentation of the signals (Fig. 5). The lower limit of the permis-
sible signal range in the implementation of grinding is 4,,;; =
0.0003 V, with these signals (the state of the empty chamber at
time 7 = #,,,), the grinding does not occur. Proceeding from
this, the task signal is formed at the ACS input. In Fig. 7 a
functional diagram of the automated jet mill control system is
shown, where C is a controller, PC is a power converter, ED is
electric bunker drive, B is a loading bunker, GCh-grinding
chamber, K is a classifier, 4,,;, is signal processing and filtering.

The function of the power converter in the presented cir-
cuit is the conversion of the control signal into the correspond-
ing voltage for the solenoid. This converter is presented in the
form of aperiodic link of the 1st order. A solenoid with an op-
erating current in a steady state of 5 A and a voltage of 12 V,
with a return spring, which activates (lowers) the shutter in the
form, revives and closes the loading bunker in case of power
supply failure (Fig. 1).

After processing all the data, the control signal comes from
the PLC TM3DQ8U expansion module to the solenoid con-
trol unit, which is assembled on the basis of the STP100N6F7
field-effect transistor with an operating voltage of 60 V and a
maximum current of up to 100 A. (Fig. 4). The control signal
is transmitted to the opening or closing of the loading bunker
valve. To describe the change in the material output from the
bunker with a change in the area of the outlet bunker opening
a model of the bunker [10] was compiled.

This grinding process control system has been tested at a
jet grinding unit USI-20, an industrial test is being prepared
under the conditions of the Vilnohirsk Mining and Metallur-
gical Plan.

Conclusions.

1. A model has been developed for changing the mass flows in
a closed grinding cycle. On the basis of the Markov chain theory,
models of continuous grinding and classification have been devel-
oped, which are reduced down to constructing a block grinding
matrix, which consists of grinding unit element matrices and de-
scribes the transformation of the material fractional composition
with the help of the acoustic signal kinetics of operation zones.

2. The mass flows stability loss in a jet grinding unit, lead-
ing to a decrease in the efficiency of its operation, depends on
the mode of loading jets with material, and the loading level
for each classification mode forming a cycle in a grinding unit,
has its own characteristics.

3. A mill loading control system has been developed
through a controlled bunker based on the results of continuous
acoustic monitoring of the grinding process.
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KepyBaHHs MaconoToKaMu CTPyMHHHOTO
MJIMHA HA OCHOBi AKYCTMYHOTO MOHITOPHMHTY
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Merta. Hagatu oOIpyHTYBaHHSI YIpaBJliHHS MPOLIECOM
CTPYMUHHOTIO MOAPIOHEHHS LUISIXOM MOOYI0BU MOJEi 3a-
MKHYTOTO LIMKJTY 32 ITOTIOMOTOIO JIAHITIOTiB MapkoBa i pe-
3yJIbTaTiB aKyCTUYHOTO MOHITOPUHIY POOOYMX 30H MOAPi0-
HIOBAJIbHOI YCTAHOBKU.

MeTtoauka. MoneatoBaHHs 3MiliCHIOETbCST Ha 0asi cuc-
TEMHOTO aHaJli3y i3 3aCTOCyBaHHSIM OCEpPEIKOBOI MOEJi.
751 onucy mpoiiecy noAapiOHeHHsI BAKOPHUCTOBYIOThCS aKycC-
TUYHI CUTHAJIM pOOOYMX 30H MJIMHA. TeopeTuuHi po3paxyH-
KU1 3MiHU IPaHYJIOMETPUYHOTIO CKJIany EpBUHHOTO MaTtepia-
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JIy TIOPiBHIOIOTBCSI 3 pe3yjibTaTaMU EKCIePUMEHTaTIbHOTO
noapiOHEeHHST Ha MPUKJIA/i IaMoTy.

PesyabraT. 3MiHa KpyMHOCTI MaTepiaay B MaCOMOTOKaXx
y CTPYMUHHOMY MJIMHI, KJIacu®ikaTopi po3rIsiHyTi 3 MO3M-
i1 3MiHM XapaKTepUCTUK aKyCTUUYHUX CUTHAJIB, 1O 3aIy-
CYIOTBCS B LIMX YaCTHMHaX MOJIPiOHIOBAJIbHOI YCTAHOBKU. 3a
pe3yJabTaTaMu Oe3MepepBHOTO MOHITOPUHTY pOOOYMX 30H
MOJIPiOHIOBAJIbHOI YCTAHOBKY CTBOpPEHA MOJIE/b PyXy Maco-
MTOTOKIB Y 3aMKHYTOMY ITMKJIi Ta 3MiHW TPaHyJIOMETPUYHOTO
CKJIay BXiZHOIO MaTepiajly BiJl 3aBaHTaXKyBaJIbHOTO OYHKEpY
0 BUBAHTaXXEHHS TOTOBOTO TPOAYKTY TonpiOHeHHs. Ha
OCHOBI MOJIeJIi ITOKa3aHa MOKJIMBICTb yIIpaBJIiHHSI IPOLIECOM
noapiOHeHHs. Po3pobieHa dyHKIiOHaTbHA cXeMma yIpaB-
JIiHHS poOoTO0 MiMHA B 1ijomMy. CTBOopeHa araparHa 0a3a
IUISL YIIPABJIiHHS CTPYMMHHMM MJIMHOM BUIIpOOyBaHa IpU
eKCINEePUMEHTAJIbHUX i TTPOMUCIIOBUX Tpoliecax MoapiOHEeH-
H$I Pi3HUX MaTepiaiB.

HaykoBa HoBH3HA. Yriepllle CTBOpEHa OcepeakoBa MO-
JleJib pyXy MOTOKIB MaTepiajly B YCiX eJeMeHTaxX MoapiOHIo-
BaJIbHOI YCTAaHOBKM 3 BUKOPUCTAHHSIM aKyCTUUYHUX CUTHa-
JTiB, 3armMcaHux y HuX. KiHeTnKa rpaHyJIOMeTpUYHOTO CKJIa-
Iy 'y MJIMHI, KJacupikaTopi Ta OyHKEpi TOTOBOIO MaTepialy
OIKcaHa MATPULISIMM, IO MICTSITh XapaKTepPUCTHKHU aKycC-
TUYHUX CUTHaIIB UMX 30H. YKclIo LUX MaTpullb Bilnosigae
yuciy (PyHKUIOHAJIBHUX €JeMEHTIB YCTaHOBKM, i BOHU
00’€IHYIOThCSI B OJIHY 3arajbHy OJIOUHY MaTPUIIIO.

IpakTnyna 3aagumicts. OTpUMaHi pe3yTbTaTH BUKOPUC-
TOBYIOTbCSI /IS TOOYIOBU aBTOMAaTUYHOI CUCTEMU YITPaBIiH-
HSI TIPOAYKTUBHICTIO CTPYMUHHOI YCTAHOBKM Ha OCHOBIi
YIIpaBJIiHHS 11 3aBAHTAXKEHHSIM 3a pe3yJibTaTaMu aKyCTUUHO-
TO MOHITOPUHTY POOOUYMX 30H.

KirouoBi ciioBa: maconomoku, nodpionenHs, Mooeao8anHs,
KOHMPOAb, CUCmeMa asmomMamu4Ho20 YRPAaeAiHHs, CIMPYMUHHA
YCMAaHo8Ka
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Ieab. Jlath oOOCHOBaHME YMNPABICHUSI MPOLIECCOM
CTPYHHOTO M3MEJIPYEHMS TTyTeM TOCTPOCHUSI MOACIU 3aM-
KHYTOTO 1IMKJIa ¢ MTOMOIIbIO 1ieneid MapKoBa U pe3yIbTaToB
aKyCTUYECKOTO MOHUTOPUHTA PabOYMX 30H U3MEIbUNTETb-
HOW YCTAaHOBKU

Metoauka. MojaenupoBaHue OCYILIECTBISIETCS Ha 0Oase
CUCTEMHOTO aHajlu3a ¢ MPUMEHEHUEM SYeeyHOUl Mojesu.
Jlns1 omrcaHMs poliecca M3MeJbYeHUs UCTIOb3YIOTCS aKy-
CTUYECKUE CUTHAJIbl pabouMX 30H MeJibHUIIbL. TeopeTnye-
CKHe pacyeTbl M3MEHEHHS T'PaHyJIOMETPUYECKOrO COCTaBa
CPaBHUBAIOTCS C pe3yJbTaTaMU 3KCIEPUMEHTAJIbHOIO W3-
MeJIbYeHHsI Ha MpUMepe I1amMoTa.

Pesyabratsl. MI3MeHeHUe KPYITHOCTUA MaTepuaia B Macco-
MOTOKAaX B CTPYMHOM MeJIbHUIIE, KJIaCCU(UKATOPE paCCMOTpEe-
HbI C TO3ULIMIA UBMEHEHUS XapaKTePUCTUK aKyCTUYECKUX CUT-
HaJIOB, 3aMMMCHIBAEMbIX B 3THX YaCTSIX U3MEJIbUUTEILHOM ycTa-
HoBKU. [lo pe3ynbraraM HenmpepbIBHOIO MOHUTOPUHTA pado-
YUX 30H M3MEJIbYMTEIbHON YCTAHOBKM CO3aHa MOJENb ABU-
JKEHUSI MACCOTIOTOKOB B 3aMKHYTOM ITMKJIE M U3MEHEHUSI Tpa-
HYJIOMETPUYECKOTO COCTaBa MCXOAHOTO MaTepuaya OT 3arpy-
30YHOTO OYHKEpa A0 BLITPY3KU TOTOBOTO TTPOAYKTA U3MEIThUe-
Hus. Ha ocHOBe Moziein mokaszaHa BO3MOXKHOCTb YIIPaBICHUS
MporeccoM M3MeNbueHUs. Pa3paboTaHa (QyHKIIMOHaIbHAS
cxeMa yripaBjieHus padboToil MeabHMILbI B LiejoM. Co3gaHHast
anmnaparHasg 0a3a Uid YOpaBieHUs CTPYWHOU MeJbHULIEH
ONpoOOBaHa MPU SKCIEPUMEHTAIbHbBIX U TPOMBIILIEHHbIX UC-
MBITAHUSIX TTPOLIeCCa U3METbUCHUS Pa3IMIHbIX MAaTEPUAJIOB.

Hayunasa noBu3na. BriepBble co3naHa siueeyHasi MOZAEb
IIBVDKEHUS TTOTOKOB MaTepualia BO BCeX DJIEMEHTaX U3MeJlb-
YUTEJIbHON YCTAHOBKM C MCIIOJIb30BAHUEM aKyCTHUUYECKHUX
CHUTHAJIOB, 3alTMCaHHBIX B HUX. KHeTnKa rpaHyioMeTpude-
CKOro cocTaBa B MeJIbHMIIE, KilaccudukaTope U B OyHKepe
BBITPY3KH TOTOBOTO MaTepHasia OmMcaHa MaTpuIlaMu, COIep-
KaIlMMU  XapaKTePUCTUKU aKyCTUYECKUMX CUTHAJIOB 3THUX
30H. YN0 3TUX MATPUIL COOTBETCTBYET YUCTY (PYHKIIMO-
HaJIbHBIX 2JIEMEHTOB YCTAHOBKM, U OHU OOBEIMHSIOTCS B
OJIHY OOIILYIO OJIOUHYIO MAaTPUILY.

IIpakTiyeckas 3HaYuMOCTb. [lojydeHHbIE peE3yJabTaThl
WCTIONB3YIOTCST JUTSI TIOCTPOEGHUS aBTOMATHUYECKON CHCTEMbI
yIpaBjieHUsT MPOU3BOAUTEIbHOCTbIO CTPYWHON YCTAaHOBKU
Ha OCHOBE YIpaBJICHUs €€ 3arpy3Koil Mo pe3yJbTaTaM aKy-
CTUYECKOTO MOHUTOPUHTA paboUyrX 30H.

KiroueBble ciioBa: macconomoku, usmenvierue, mooeaupo-
6aHuUe, KOHMPOAb, CUCMEMd A8MOMAMU4ecKoe0 YNpasaeHus,
CMpYUHas yCMaHoeKa
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