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PRESENTATION OF CRUSHING AND GRINDING COMPLEX AS SYSTEM WITH
DISTRIBUTED PARAMETERS FOR ADAPTIVE CONTROL
OF ORE DRESSING PROCESSES

Abstract. The article proposes representation of crushing and grinding complex in form of a system with
distributed parameters of the reducing function of the processed raw materials size in order to increase the
energy efficiency of entire ore preparation process. Despite the fact that many different automated control
systems for domestic and foreign production technological process are now used in the ore preparation
processes, there is still a need to solve the problems of optimal control of such objects in order to both reduce
energy costs and improve the quality of the final product.

In terms of energy consumption, grinding processes are superior to crushing processes, so it is necessary to
consider the crushing and grinding complex as a whole to increase the whole process energy efficiency. Since
the processes of crushing, grinding and classification are purely random and at any time are characterized by
transient probabilities, and the crushing and grinding complex occupies a large area and is geographically
distributed in space, it should be considered as a system with distributed parameters of raw material size
reduction, recyclable. Redistribution of loads between the individual components of this complex in
accordance with the current characteristics of processed ore and the state of process equipment allows to
reduce the load on the final stage - it is grinding, which in turn contributes to the overall reduction of energy

consumption.

The peculiarity of this approach is the need for the formation of spatial-temporal controls on basis of
spatially distributed control of the object, the use of appropriate feedback signals and regulators with spatially

distributed control effects.
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Introduction. Up to 70% of the electricity
consumed by the mining and processing plant is
used for the operation of crushing and grinding ore.
Its consumers are crushing and grinding complexes,
which include several stages of crushing and grinding,
which carry out consistent reduction in size of the
ore in order to fully disclose the useful component.
The desire to reduce these costs leads to new modern
solutions, in particular, to the use of adaptive systems
of coordinated management of technological stages
of reducing the size of the ore. It should be noted that
important in economic terms is not only the optimal
performance of the crusher in the processing of ore,
but also the rate of stable operation with the smallest
size of the final crushed product. Since the energy
costs of grinding cycles significantly exceed the costs
of crushing, and the efficiency of mills significantly
depends on the product homogeneity, so obtaining a

homogeneous composition of incoming ore becomes
a priority.

Related work. Many works are devoted to the
issue of optimal management of ore preparation
processes. Thus, in [1] a method of controlling the
crushing and grinding complex is given, according
to which the change of crusher productivity on the
source ore is carried out by measuring the power
consumed by the crusher motor and changing the
material supply to the crusher by the deviation of
the measured value cone. The disadvantage of this
method is the low control efficiency, because the
level of measured power consumed by the crusher
engine depends on the physicochemical properties of
the source ore and contains in its spectrum perturbing
effects that distort the actual load characteristics and
crusher performance. Also, changing the frequency of
oscillations of the cone leads to faster wear. Work [2]
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illustrates the method of control of the crushing and
grinding complex, according to which the loading
of ball mills with ore implements the principle of
stabilization of ore flow, supplied by the operator
or by signals from automatic control systems of the
processing line. The disadvantage of this method
is the low control efficiency, because the level of
loading of the mill is constantly changing and does
not provide maximum performance of the mill on the
finished size class at its output. The simplest and most
common is a method of estimating the flow of sands
using measurements of active current or power of the
drive motor of the spirals of the hydraulic classifier
[3]. However, its error is more than 30% in the range
of performance due to the presence of disturbances,
which does not allow to recommend it for widespread
use. The most appropriate is a method of controlling
the crushing and grinding complex, which includes its
presentation in the form of amodel of series-connected
crushing and grinding units [4]. The disadvantage of
this method is the use for mathematical description
of the particle size distribution of ore using the Rosin
- Rammler equation in General, as this equation has
a fundamental disadvantage - it does not meet the
boundary conditions.

The purpose of this article is to present the
crushing and grinding complex in structure with
distributed parameters form, the formation of a
coordinated adaptive control of the multi-stage
process of reducing ore size, providing with minimal
energy consumption formation and maintenance
of optimal characteristics of the control object that
change significantly over time.

Presentation of the main research material.
The most effective control effect for changing the
product size in cone crushers is to change the width
of the unloading slit. As shown in a number of works
with increasing width of the unloading gap, the
productivity of the cone crusher increases (Fig. 1),
power consumption at a given consumption of output
power decreases significantly (Fig. 2), and the size of
the crushed product increases (Fig. 3) [5,6].
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From the above it follows that if you maintain
a constant power consumption and the width of the
unloading slit, with more power the product is larger.
At the same time there is a big increase in circulating
loading [7,8]. This means that the consumption
of feed ore must be significantly reduced to avoid
overloading the cycle. To optimize the crushing
process for the new technological situation, it is
necessary to redistribute the load between the stages
of crushing [9]. The latter approach is very important
for the redistribution of the load from one stage
of crushing to another in the implementation of a
coordinated management of the multi-stage process
of reducing the size of the ore.
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Figure 3 — Dependence of the size of the crushed
product of the cone crusher on the width of the
discharge slot

Since the processes of ore preparation are
random and at any time are characterized by
transient probabilities, and the crushing complex is
territorially distributed in space and there is a change
in the particle size distribution of ore, it can be argued
that the size parameter is distributed over the object
"ore that is being processed 7, and the complex itself
should be considered as a structure with distributed
parameters [10]. The processed ore consists of
particles of certain size classes, and taking into
account the uneven ore flow in different technological
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areas with simultaneous movement of ore mass
from stage to stage, the behavior of the system is
described by differential equations, each of which
describes a separate class and stage of processed ore.
and by particle size distribution [11]. We introduce
additional notation: Qicx — is productivity of the
original product; Qp — is productivity in unloading
the unit; Qtr — is conveyor belt productivity; Fi (x,
t) is the function of ore size distribution in the i-th
class, k1-k4 are the coefficients that characterize the
particle size distribution of the size classes.

0Q, x0)/0t=k, QP (xD-Q, xB)+k,
Q) D-Q, )+, (Q, (xD-Q,) xD), 1)

(aQij (x0)/0t=k, (Qi+1,j (X’t)-Qij x9)+k, (Q,
1,1') (X't)-Qij xD)+k, (Ql,j X't)'Qljj) (x,1), 2)

(0Q,, (x0)/9t=k, (Q, (xD-Q, (%) +k; Q.
(xD-Q, (1) 3)

(OF,, (x,0))/3t=k (F,, (x0)-F,, (x0)+k, (Q,)
(x0)-Q, (D) F, (x), 1

(0F, (x1)/0t=k(F,,) (x-F, (x0))+k(F,
. @DF, (xD), ' 5)

(0F, (x1)/0t=k (F, ) (xD)-F, (x1).  6)

The algorithm for such system developing is
shown in Fig.4.

Figure 4 — Algorithm for developing systems with
different parameters

The peculiarity of the algorithm is that it contains,
in addition to the time cycle (beginning of the cycle
block 2) and the size class (beginning of the cycle
- block 6) another nested cycle by stage number
(beginning of the cycle and its verification blocks
12,16). The cycles are nested in each other, due to
which the distribution of the calculated parameters
is achieved. Differential equations describing the
system are in blocks 8,9,10 and are nested in cycles
by size class and stage number. That is, on each cycle
it is necessary to calculate separately changes not
only characteristics on a size class of processed ore,
but also on each stage.

To solve the problem of optimization of large
dynamic systems, characterized by interactions
between their components, used decomposition-
coordination approach, which involves the
transformation ofthe system structure by decomposing
the global system and control tasks into many
separate subsystems and individual subtasks [12]. To
solve a global problem, two- or multi-level structures
with coordinating variables are used, which reduces
the complexity of their solution by reducing the main
problem to a number of subtasks, each of which is
smaller and easier to solve. The proposed procedure
for the synthesis of decentralized management in
the form of a structure with distributed parameters
is based on the work [13-15]. Thus, for the synthesis
of optimal control of the complex it is necessary
to form subsystems of the lower level of control of
each stage of the technological process as a structure
with distributed parameters and control of the upper
level, which realizes the achievement of the general
criterion of optimality. This approach involves the
decomposition of the control problem (CS) into
temporal (TS) and spatial (SS) synthesis in a closed
loop control system with distributed parameters (Fig.
5). In such a system, the loops in the TS block can be
configured as normal closed control loops, in which
the transfer functions describe the dynamics between
the input and output sequences [15].
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Figure 5 — Closing the control loop with different
parameters
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Figure 6 — Influence of the static transfer coefficient
of the control object model on the quality of the
transient process: K1 = KH; K2 =2KH; K3 =
0,5KH; K4 =0,1KH

Fig. 5 uses the following notation: K — sample

shaper, — perturbation, - distributed adjustable
variable, — selective distributed adjustable
variable, — parameters of approximation of the

adjustable variable, — impact of the task, -
parameters of approximation of the impact of the
task, — management error, — concentrated variable
controllers, — concentrated control variables.

Analysis of the results of synthesis of the optimal
linear-quadratic controller in the closed control loop
TS shows high qualitative characteristics, the control
synthesis is performed by solving a spatial problem
based on approximation of the distributed objective
control function and time - by optimizing the closed
control loops SISO with concentrated parameters.
Fig. 6 shows the influence of variations in the
static transmission coefficient of the control object
model on the quality of the transition process in a
closed control loop TS at different values of K. For
coordinated control separating stages the complex,
method is optimization of nonlinear dynamical
systems with a decentralized control structure is
used, which applies the principle of minimizing
generalized work [14,15] and the decomposition-
coordination approach proposed in [16]. In which
controllers of local subsystems receive current
information about their subsystem and information
about the trajectories of reference models of all
other subsystems. Such a scheme is classified as an
adaptive decentralized control scheme with model
coordination and guarantees not only the stability of a
closed system, but also asymptotic tracking of given
reference trajectories with zero error in the presence
of uncertainties in subsystems and relationships.

In which controllers of local subsystems receive
current information about their subsystem and
information about the trajectories of reference models
of all other subsystems. Such a scheme is classified
as an adaptive decentralized control scheme with
model coordination and guarantees not only the

stability of a closed system [20], but also asymptotic
tracking of given reference trajectories with zero
error in the presence of uncertainties in subsystems
and relationships.

For coordinated control of individual stages
of the complex, the method of optimization of
nonlinear dynamical systems with a decentralized
control structure is used, which applies the principle
of minimizing generalized work [14] and the
decomposition-coordination approach  proposed
in [15] in which controllers of local subsystems
receive current information about their subsystem
and information about the trajectories of reference
models of all other subsystems. Figures 7—8 show for
example the coordinating and resulting actions under

this control law.
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Figure 8 — The resulting control actions u(t)

The use of the considered approach for solving
optimization problems of decentralized control of the
crushing and grinding complex made it possible to
make iterative procedures for synthesizing algorithms
more efficient and obtain better convergence rates
compared to traditional ones [13,17].

Model coordination of local subsystems
allows, on the one hand, to reduce the complexity
of calculating optimal controls, and on the other,
provides the system with additional robustness
properties in the presence of various uncertainties
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in the system model, while remaining within the
optimality for the nominal system model [18,19].

In Fig. 9 is a functional diagram of the ore
preparation process control system based on a model
with distributed parameters, which consists of a
distributed regulator 1, which receives correction
information from

Basic algorithm

(6]
(7]
[®]

Figure 9 — Functional block diagram of the ore
preparation process control system

the second unit 2 of calculations of the ratio of
parameters of the consumed active power from the
active power sensors of the ball mill drive motors
3 and the magnetic separator 4 respectively, and
the output of the distributed regulator is connected
in series to the unit 5 of the implementation of the
coordinated control of ore performance regulators
6, 7, 8, which, controlling the speed of feeders 9,
10 11 corresponding stages 12, 13, 14, change the
productivity of the technological line for ore in such a
way as to provide an optimal mode of processing raw
materials, subsystems for collecting information from
technological sensors 15, which receives information
about the level of filling and productivity of the
corresponding stages of crushing, connected in series
with the unit 16 of transformation and rationing, the
output of which is connected to the input of the unit
17 calculation of parameters of the ore distribution
function by size, the second Block 18 calculation of
parameters of the ore distribution function by size to
the input of which the sensor 19 of the content of class
74 microns is connected in the drain of the classifying
device, the outputs of two blocks of calculation of
parameters of the ore distribution function by size
are connected to the input of the block 20 calculation
of the ratios of granulometric characteristics, one of
the outputs of which is connected to the regulator 21
the control position of the water supply valve 22 in

the classifying device of the first stage of grinding
23, and the second output together with the outputs
of the units of calculation of parameters of the ore
distribution function by size is connected to the adder
24, which is connected to the second input of the
distributed regulator.

The main part of the algorithm works as
follows [18]. Information about the state of the
technological process coming from subsystem 15
collecting information from sensors of productivity
and filling level at the first 12, second 13 and third
14 stages of crushing passes primary processing
and transformation into a convenient form for
further operations in the block 16 transformation
and rationing, after which it falls into the first
Block 17 calculations of parameters of the function
of distribution by size of raw materials that are
processed.

Since for effective control it is advisable to
consider the crushing and grinding complex as a
single whole, so the device contains the second Block
18 calculations of parameters of the ore distribution
function by the size of the first stage of grinding,
the input of which receives information from the
sensor 19 of the content of the class 74 microns in
the drain of the classifying device, and the output is
connected to the block 20 calculations of the ratio of
granulometric characteristics, to which the first block
17 calculations of parameters of the ore distribution
function by the size of all stages of crushing. Using
the data of the calculation blocks 17 and 18 in the
block 20 for calculating the ratio of granulometric
characteristics, the optimal control characteristic of
the regulator 21 connected to its output controlling
the position of the water supply valve 22 in the
classifying device of the first stage of grinding 23
is calculated, which further maintains the calculated
ratio. The output of the block 20 is also connected
to the adder 24 to which the outputs of blocks 17,
18 are connected for calculating the parameters of
the ore distribution function by size of all stages of
crushing and grinding, respectively, and the output
of the adder 24 is connected to a distributed regulator
1, which performs coordinated control of the
distributed process. Correction of the parameters of
the distributed regulator 1 is carried out by the second
unit 2 calculation of the ratios of the parameters of the
active power consumed 3 consumed by the ball mill
drive motor and the active power sensor 4 consumed
by the magnetic separator drive motor, which acts as
a natural indicator of the quality of the technological
process. Moreover, the maximum value of the active
power consumed by the drive electric motor of the
magnetic separator corresponds to the maximum
productivity of the complex of extracted magnetic
iron and is determined by the optimal values of the
degree of filling of the mill with ore, balls, pulp density
in the mill, and the drain density of the classifying
device. The output of the distributed regulator 1 is
connected to the control unit 5 of the ore productivity
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regulators, which, using an integral criterion, forms
a coordinated control of the multi-stage process of
reducing the ore size by a crushing and grinding
complex, taking into account the speed of formation
of certain ore size fractions, productivity and unit
costs for the production of a unit of the initial product
of each stage. The control signals of the unit 5 are
sent to the regulators 6, 7, 8 of the ore productivities
of the corresponding stages, which control the speed
of feeders 9, 10 and 11, changing the productivity
of the technological ore treatment line in such a way
as to ensure with minimal energy consumption the
formation and maintenance of optimal productivity
and granulometric composition of the initial products

Conclusion. Method for controlling a crushing
and grinding complex, which includes presenting it
as a model of series-connected crushing and grinding
units, as well as managing their productivity based
on the formed model, which differs in that the model
is crushing - the crushing complex is represented as
a multi-stage structure with distributed parameters of
the ore size reduction function, each stage of which
is characterized by an area of optimal productivity,
specific energy consumption and resource intensity,
and the lowest energy consumption per unit of the
initial product of the crushing and grinding complex
is achieved by controlling its productivity and the
degree of reduction of the size of each stage.

of interconnected crushing and grinding units.

Mapunuu U.A.', Ceparok O.10.!, Pyoan C.A.!, Makapenko A.1O.
'KpuBopoxckuit yaTThIK YHHBEpcuTeTi, Kpusoit Por, Ykpanna
?Jlonenk uHCTUTYTHI, KpuBoit Por, Ykpanna

PYIAFBI JAUBIHJIAJTY ITIPOIIECCTEPIH BEMIMJIEII BACKAPY YIITH BOJIHTEH
HAPAMETPJIEPIMEH K¥PbLIBIC TYPIHJAE YHJIAY-¥CATY KEHHIEHIHIH ¥CbBIHBIChI

AHHoTanus. Makasaza OyKij KeH/Ii JaibIHay TPOLECIHIH SHEPrus THIMAUIITIH apTThIpy MaKCaThIH/Ia
KEH KOJIeMiH KilIpeHTy (QYyHKIHMSICHIHIA TapaliFfaH mapamerpiiepi 0ap Kyile TypiHme ycaTy — yHTaKray
KEIICHIH YChIHY YChIHbUIFaH. Ka3ipri ke3/ae KeH i JaibiHay MPOLeCiH/Ie OTaHAbIK KOHE IETEIIIIK OHAIPICTIH
TEXHOJIOTHSUIBIK MPOIIECiH OacKapyIblH dPTYPJIi aBTOMATTAaHABIPLUIFAH XKYienepi KOJIIaHbUIbII KaTKaHbIHA
KapaMacTaH, SHEPI sl WIbIFbIH/IAPbIH azalTy YmiH e, ecipy YIIIiH Je M¥Hllal71 o0BbeKTiIep Il OHTAIIIBI OacKapy
MOcCeJIeNIepiH Menry KaKEeTTiIiri 6ap COHFbI OHIM CAlachIHbIH THIMJILIITI. 3Hepms[ TYTBIHY TYPFBICHIHAH
YHTaKTay HpoueCTepl ycakray npoueCTeleeH JKOFapbl, COHIBIKTaH OYKUI NMPOLECTIH dHEPTUsl THIMALIITIH
apTTHIPY YIIIH YCaKTay j)KOHE YHTAKTay KEIICHIH TYTaC KapacThIpy KaXKeT.

¥cakray, YHTaKTay >KOHE XKIKTEy MpOoIecTepi TeK Ke3IeHCOK OOJIFaHJIbIKTAH JKOHE Ke3-KEeJTeH COTTe
aybICy BIKTHMAJIJIBIFBl MEH CHUIIATTANIAIbI, &)l yCaTy JKOHE YHTAKTay KEeIlIeH] ajKeH ayMaKThl allblll, KEHICTIKTE
reorpadusUIBbIK TapajiFaH, OH TapaliFaH napaMeTpiiepi 0ap skyie peTinie KapacTipyra 00a s, OChl KEIICHHIH
JKEKeJIeTeH KOMITOHEHTTEP1 apachIHaFbl )KYKTeMeJIep/Ie OHJICNITeH KeHHIH aFbIMJIaFbl cCUTIaTTaMasiapblHa JKOHE
TEXHOJIOTUSUIBIK JKa0JIbIKTBIH KYHiHE COKeC KaiiTa 0y COHFBI CaThlIaFbl — YHTAKTAy Ke3iHJIer1 )KYKTeMeH1
azafTyra MyMKIHIIK Oepei, Oyl 63 Ke3eriH e SHEPTHsl MIbIFbIHAAPbIHBIH KaJIllbl TOMEH/ICYIHE bIKIIA STE/I .

By rtocimmiH epekmieniri — OOBEKTiHI KEHICTIKTIK YJECTIpUIreH OacKapy HeETi3iHJe KEeHICTIKTIK —
YaKbITTBIK Oackapy 3JI€MEHTTEPiH KaJIbINTACTBIPY, Kepi OaiijlaHbIC CHTHAJIAPBIMEH KCHICTIKTIK OOJIHICH
Oackapy opekerTepi 6ap KOHTPOIUIEPICPAl KONIaHy KaKSTTUIIr.

Tyiiin ce3mep: ajanTuBHI OakbLIay, ycaTy »KOHE YHTAaKTay KeIICHI, YJICCTIpUIreH mapamerpiiep, KeH
MeJIIepiH a3apTy QyHKIHSCHI.
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HNPEJACTABJIEHUE JPOBUJIBHO-UBMEJIBYMUTEJBHOI'O KOMIIJVIEKCA B BUJIE
CTPYKTYPbI C PACIIPEJAEJIEHHBIMU TAPAMETPAMMU JJIS1 AJJAIITUBHOI'O
YIIPABJIEHUS ITPOLECCAMMU PYJIOIIOATIOTOBKHA

AHHoTanmMsa. B crarbe mnpemmaraercsa mpencTaBiIeHHE APOOMIBHO-M3MENBIUTEIHFHOI0 KOMILIEKCa
B BHJIE CUCTEMBI C PaCTpeleICHHBIMH MapaMeTpaMi B (DyHKIIMHM COKpAIIEHUs KPYIHOCTH PYAbI C IENbIO
MOBBIIICHHS HEProdPPEKTUBHOCTH BCETO TMpoIiecca PyJONOAroTOBKH. HecMOTpst Ha TO, 4TO B HACTOSIICE
BpeMsl B PYAOIIOAIOTOBUTEIBHBIX MPOLIECCAX UCIIONIB3YETCS MHOKECTBO Pa3jIMYHbBIX aBTOMATU3UPOBAHHBIX
CHCTEM YIPAaBJIEHUs] TEXHOJOIMYECKUM IIPOLECCOM OTEYECTBEHHOIO U 3apyOeKHOI0 IPOMU3BOJICTBA, IIO-
MIPEeKHEMY CYIIECTBYEeT HEOOXOIMMOCTh PEIIEHH 3a/1ad ONTHMAJIBHOTO YIIPaBIEHUS TAKUMUA OOBEKTaMH C
LEJIBI0 KaK CHMYKEHUSI 3aTpar dHEPIUH, TaK U MOBBIMICHUS dY()PEKTUBHOCTH KaueCTBA KOHEYHOTO MPOIYKTA.
C TOUKH 3peHus SHEPrONOTPEOICHUS POIIECCHl H3MENBICHHS ITPEBOCXOIAT MPOLECCHI APOOICHNS, TTOITOMY
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HEOOXOOMMO paccMaTpUBaTh JAPOOMIBHO-U3MENBUUTEIbHBI KOMIUIEKC B II€JIOM, YTOOBI IOBBICHTH
9Heprod(PEeKTUBHOCTD BCETO MpoLecca.

[TockonbKy mpoueccsl ApOOJIeHHUs, M3MENBUCHHS U KJIACCH(DUKALMM SIBISIOTCS YUCTO CIy4YalHBIMH
U B JII0OOOH MOMEHT XapaKTepU3YIOTCSl MEPEXOAHBIMH BEPOSTHOCTSMH, a APOOHIBLHO-M3MENBUUTEIbHBIN
KOMIUIEKC 3aHUMaeT OOJBUIYIO IJIOMafb M reorpaduyeckd pacrlpenesieH B MPOCTPAHCTBE, €ro MOXKHO
paccMarpuBaTh Kak CHCTEMY C PaclpeAe]ICHHBIMU NapaMeTpaMy B (YHKIIMH COKPAILCHHUSI KPYTTHOCTH PYAbI.
[lepepacnpenenenue Harpy30K MEXIy OTAEIbHBIMH KOMIIOHEHTaMH STOrO KOMIUIEKCA B COOTBETCTBUH C
TEKYLIMMHU XapaKTepUCTUKaMU TepepadaTbiBaeMOl pyIbl M COCTOSHUEM TEXHOJIOTHYECKOTO 000PYIOBaHMS
MO3BOJISIET CHU3UTh HArPY3KY Ha 3aBEPILAIOILYIO CTaIUIO - U3MENIFICHHUE, YTO B CBOIO OUYepeb CIIOCOOCTBYET
00I1IeMy CHIKEHHUIO SHEpro3arpar.

OCO0EHHOCTBIO JAaHHOTO MOAXOAA SBISICTCS HEOOXOAMMOCTh (POPMHUPOBAHUS MPOCTPAHCTBEHHO-
BPEMEHHBIX 2JIEMEHTOB YIIPABJICHHUS Ha OCHOBE ITPOCTPAHCTBEHHO-PACTIPEACIICHHOTO YIPABICHHUSI OOBEKTOM,
WCTIOJIb30BAHUSI COOTBETCTBYIOIIMX CHTHAJIOB OOpPATHOW CBSI3M M PETYISATOPOB C NPOCTPAHCTBEHHO-
pacrpeneneHHbBIMU YIPaBISIOIMMU BO3ACHCTBUSIMH.

KroueBblie ci10Ba: ajanTuBHOE ypaBiieHHE, APOOHITLHO-U3METBUUTEIbHbIN KOMIUIEKC, pacTipe/ielIeHHbIE
napameTpsl, QyHKINS COKPALICHUS! KPYITHOCTH PY/IBL.

Information about authors:

Marynych Ivan, candidate of technical sciences, associate professor, Kryvyi Rih National University,
associate professor of the Department of Automation, Computer Science and Technology; Kryvyi Rih,
Ukraine; ORCID: https://orcid.org/0000-0002-9036-8532; e mail: marynych@knu.edu.ua

Serdiuk Olga, candidate of technical sciences, Kryvyi Rih National University, senior lecturer of the
Department of Automation, Computer Science and Technology; Kryvyi Rih, Ukraine; ORCID: http://orcid.
org/0000-0003-0505-0800; e mail: olgajs28@knu.edu.ua

Ruban Sergij, candidate of technical sciences, associate professor, Kryvyi Rih National University,
associate professor of the Department of Automation, Computer Science and Technology; Kryvyi Rih,
Ukraine; ORCID: https://orcid.org/0000-0002-4495-6667; ¢ mail: serhii.ruban@knu.edu.ua

Makarenko Olexandr, doctor of law science, associate professor, Donetsk Law Institute, professor of the
Department of Law Enforcement and Police; Kryvyi Rih, Ukraine; ORCID: https://orcid.org/0000-0002-
3020-0658; e mail: a.y.makarenko@gmail.com

REFERENCES

[1] Rybalko B., Babec E. Method for automatic control of crusher performance (1982). Ne 1052262, P.5.
(1982)

[2] Gvozdik V., Kupin A. Implementation of coordinated control of grinding mills based on the use of a
fuzzy controller(2005).Development of ore deposits, Volume 88, PP.148-152.

[3] Kochura E. Development of scientific foundations of automation of magnetic enrichment processes
for the purpose of energy saving (1996).Dnipro, P.39.

[4] Fursikov A. Optimal control of distributed systems. Theory and applications. Novosibirsk: Scientific
book, 1999, P.176.

[5] Pekka Itavuo. Dynamic Modeling of a rock crushing process (2009). Master of Science Thesis,
Tampere University of Technology, P.102.

[6] Morkun V., Morkun N., Pikilnyak A. (2014). The adaptive control for intensity of ultrasonic influence
on iron ore pulp. Metallurgical and Mining Industry, Volume 6, Number 6, PP.8—11.

[7] Lynch A. J. Crushing and grinding cycles. Moskow, 1981, P.342.

[8] Baranov V. Review of world achievements and ore preparation projects of the newest foreign factories
(2008). Beneficiation of ores, Number1,PP.8-12.

[9] Morkun V., Morkun N. (2018). Estimation of the crushed ore particles density in the pulp flow based
on the dynamic effects of high-energy ultrasound. Archives of Acoustics, Volume 43, Number 1, PP. 61-67.

[10] Rapoport E. Structural modeling of objects and control systems with distributed parameters. Moskow,
2003, P. 299.

[11] Marynych I. Mathematical description of the crushing and grinding complex of a mining and
processing plant in the form of a structure with distributed parameters (2011). Journal of KNU, Number 29,
PP.250-256.

[12] Pershin 1. Synthesis of systems with distributed parameters.Pyatigorsk,2020, P.212.

[13] Munack A. Thoma M. Coordination Methods to Parameter Identification Problems in Interconnected
Distributed Parameter Systems (1986). Automatica, Volume 22, Number 1, PP. 163 —171.

[14] Mirkin B. Decentralized adaptive control with model coordination for large-scale time-delay systems
(1995). Proceedings of 3-rd European Control Conference. Roma, Italy, Volume 4, PP. 2946-2949.

110




