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ABSTRACT

Context. The problem of synthesis, modeling, and analysis of automated control of complex technological processes of mining
production as a dynamic structure with distributed parameters.

Objective. On the example of the technological line of ore beneficiation, the general principles of formalization of control of
mining production processes as a dynamic system with distributed parameters are considered.

Method. The modeling of interactions between individual components of the control system is carried out using the methods of
coordinated distributed control. In accordance with this approach, the technological line is decomposed into a set of separate
subsystems (technological units, enrichment cycles). Under these circumstances, the solution to the global optimization problem is
also decomposed into a corresponding set of individual subproblems of optimizing the control of subsystems. To solve the global
problem, this formulation uses a two-level structure with coordinating variables that are fed to the input of local control systems for
technological units and cycles. At the lower level of control, sets of subtasks have independent solutions, coordinated by the
coordinating variables formed at the upper level.

Results. The paper proposes a method for forming control of a distributed system of technological units of an ore dressing line
based on the decomposition of the dynamics of the distributed system into time and space components. In the spatial domain, the
control synthesis problem is solved as a sequence of approximation problems of a set of spatial components of the dynamics of the
controlled system. In the time domain, the solution of the control synthesis problem is based on the methods of synthesizing control

systems with concentrated parameters.

Conclusions. The use of the proposed approach to the formation of technological process management at mining enterprises of
the Kryvyi Rih iron ore basin will improve the quality of iron ore concentrate supplied to metallurgical processing, increase the pro-

ductivity of technological units and reduce energy consumption.

KEYWORDS: mining, automation, ore dressing, distributed control, process, system.

ABBREVIATIONS

DCSs is a design and implementation of distributed
control systems;

ESRD is a system with Concentrated Input and
Distributed Output Variables with Extrapolator; CCD is a
system with Concentrated Input and Distributed Output
Variable.

NOMENCLATURE
0, is a productivity of stages for the finished
product;
Ql-3 is a set performance values;
B, is a content of a useful component in the product
of the stage;

min s a limits of useful component content by
stage;

B xp is alosses of useful component in the tailings
by stages and in general at the outlet of the enrichment
line;

B'T5] is a restrictions on tail losses;
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& 1is a specific gravity for each technological type in
ore;

Q is a current, minimum and maximum amount of
concentrate produced, respectively;

B is a current, minimum and maximum proportion of
total iron in the concentrate, respectively;

E is a mass of ore that can be processed by the
concentrator;

QO is a total volume of ore processing of all
technological types;

Bd(l,s) is an output variable of this system is

equivalent to the output variable of a system with
distributed input and distributed output;

Q(;) is a productivity of the ore dressing line of
finished product;

B(p)
finished product;

is a content of a useful component in the

p 1s a vector of coordinating parameters of the second

level of control, which form the conditions for solving the
tasks of the first level;
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©H,(¢;,k) is a distributed impulse function of the
system;

@)Hl-(ﬁ, (k+8)T ) is a distributed impulse response
transient function of a ESRD, consisting of a CCD and a
zero-order extrapolator unit Hi;

OH; (E i,t) is a partially distributed output variable in
the time domain at a point /;;

{‘Vi(k)}i,k is a sequences of input variables ESRD;

{@ HA(g ) k)} ~are the values of discrete distributed
PN ik

impulse response functions;
q is a discrete transition time CCD,;
QHR; (f,oo) is a constant values of the given transient

characteristics of the distributed parameters of the
technological line of beneficiation;

B,-d (¢;,00) are the approximation parameters;

B isa vector of optimal approximation;

(Bld)(f,k) is an approximation of the distributed

output variables of the identified object;
= ,-(f ,-,s) is an appropriate transfer functions;

K;(z) is a robust regulators;
QHR;(¢,0) is a constant values of the given transient

characteristics of the distributed parameters of the
technological line of beneficiation;

B I-d (f i oo) are the approximation parameters;

ﬁd:{ﬁid(zi,ooﬂi:l,_n} is a vector of optimal

approximation;

(Bld)(f,k) is an approximation of the distributed
output variables of the identified object.

INTRODUCTION

The technological processes of mining production,
namely the extraction and preparation of raw materials for
metallurgical processing, are distributed in space,
characterized by various dynamics, many interrelated
variables and disturbing factors. An example of a
corresponding diagram of the chain of devices built on the
basis of a typical technological line of an ore processing
plant with the indication of control points for the
characteristics of ore material at different stages of iron
ore processing is shown in Fig. 1.

A characteristic feature of technological complexes of
concentration plants as control objects is the multistage
nature of production processes implemented using many
units, equipment, and transport links between them
through a multi-circuit water-sludge circuit and/or belt
conveyors. At the same time, positive technological
feedback (re-cycle) is organized through the water-sludge
circuit, both within and between the beneficiation stages.

Synthesis, modeling, and optimizati on of the
management of such mining structures is still a
problematic issue.
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Figure 1 — Diagram of the chain of devices on the technological
line of the ore dressing plant

The object of study is processes of automated control
of the technological line of mining production in the con-
ditions of changing characteristics of raw materials and
the state of technological units/

The subject of study is the mathematical models, cri-
teria and methods of distributed optimal control of interre-
lated processes of mining production based on a dynamic
spatial and temporal structure

The purpose of the work of the research is to im-
prove the energy efficiency and quality of automated con-
trol of the technological line for the preparation of ore for
metallurgical processing, to increase the extraction of
useful components into concentrate during the processing
of iron ore by developing principles and approaches to
distributed optimal control of interrelated mining proc-
esses based on a dynamic space-time model.

1 PROBLEM STATEMENT
Multi-criteria control structures formed on the basis of
a complex indicator that includes the following goals are
widely used in the automated control systems of concen-
trating production: maximizing ore processing productiv-
ity, maximizing concentrate quality, and minimizing
losses of useful components in tailings [1].
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O — max;
J =1Bj — max; e

Bxg — min.

An expanded version of criterion (1), which
comprehensively takes into account the performance
indicators of individual stages of ore dressing, is proposed
in [2].

3\ gmi _gmi .
Oy —» max(Qy = 07 ); BI™ <Py <B™; BRE1 < B <BX5I;

3 i 3 i 2
J =102 > max(Qy > 03 ) BY™" <Py < B3 BNF> <PBugr < PG )
Ok — max(Qx — OF ) BR" <Bx <BF™:BYF <Bys <BYH .

In the existing automated process control systems in
the mining and metallurgical complex, one of the most
important indicators along with technological indicators is
the energy efficiency indicator [3-6]. Increasing the
energy efficiency of the control of the technological
process of beneficiation, as shown in [7], is achieved by
applying a comprehensive criterion

‘E—?’;*‘ —min;
Q <Q=<Qy; 3)

Br <B <Py
O/E — max.

This criterion ensures that the processed ore maintains
the optimal particle size distribution in terms of recovery
of the useful component, taking into account the mass
ratio of certain technological types, and that the
concentrate of a given quality is produced at the
maximum utilization rate of technological processing
equipment.

The analysis of control systems for the technological
process of iron ore beneficiation showed that the control
object should be represented as a distributed system [8, 9—
11] with a concentrated input and a distributed output. At
the same time, the output variable of this system is
equivalent to the output variable of a system with

distributed input and distributed output B (1, s) [12].

Based on the above results, it is advisable to use a
global optimization criterion when forming the control of
an ore dressing line as a dynamic system with distributed
parameters, which is generally described by the system

Q(p)—) max;

~ “4)
B < ﬁ(P)ﬁ B
2 REVIEW OF THE LITERATURE
The DCSs are associated with many challenging
problems, including network-induced delays, time-
varying topology or throughput, or increasing complexity
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[12]. The need to solve these problems has stimulated the
development of methods for modeling, analyzing, and
synthesizing RSCs [13, 14].

Paper [13] presents the proposed methodology for
modeling and analyzing distributed control systems, con-
sisting of three modules, each of which is divided into
several submodules. The methodology includes steps for
analyzing communication interfaces and computational
processes, and also presents a method for creating models
of DCSs components in the form of colored time Petri
nets and finite state machines. The result of the applied
methodology is the analysis of the DSC, such as predic-
tion of the throughput and response of the system to vari-
ous input factors.

Computational processes and communication net-
works in DCSs can be viewed as systems with discrete
events, which can be conveniently modeled using a num-
ber of approaches, including finite state machines and
Petri nets [15-17].

In [18], the study of distributed control systems is
considered from the perspective of “network manage-
ment”, providing a snapshot of five control issues: sam-
pling control, quantization control, network control,
event-driven control, and security control.

A DCSs is characterized by a multi-level architecture
consisting of numerous subsystems deployed in a distrib-
uted manner, where control functions are distributed
among many controllers, and individual control levels are
connected by different types of communication networks
[19].

In many cases, these subsystems have three funda-
mental characteristics [20]. The first characteristic is
autonomy. Subsystems are usually autonomous or semi-
autonomous and can often exist and operate independ-
ently. The second characteristic is homogeneity. Subsys-
tems regularly have similarities and play relatively equal
roles. The last and most important characteristic is inter-
activity. Subsystems must be connected to the system
topology collectively so that they can communicate by
exchanging information or substance and cooperate with
each other.

Paper [21] analyzes the functionality, requirements,
and cost of installation and operation of industrial DCSs
systems based on PLC logic controllers. Particular atten-
tion is paid to the distribution of individual system com-
ponents by the corresponding layers contained in their
structure.

Distributed control systems offer numerous advan-
tages over traditional centralized control systems. The
main advantages of DCSs usually include the following
properties [22]:

— increased reliability: by distributing control func-
tions among several controllers, the DCSs eliminates sin-
gle points of failure;

— scalability: DCSs makes it easy to expand control
systems as industrial operations grow;

— flexibility: The DCSs provides full integration with
other control systems, such as PLCs and SCADA sys-

tems;
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— reduced operating costs: By automating complex
processes, the DCSs can help industries reduce labor
costs, minimize human error, and optimize resource utili-
zation;

— security: cybersecurity and physical security of the
system are ensured at the operator and engineer levels.

But, like other advanced technologies, the implemen-
tation of DCSs also has certain problems and limitations
[22]:

— high initial investment: the implementation of a
DCSs may involve the purchase and installation of many
controllers, I/O modules, communication networks, and
human-machine interfaces;

— complexity: designing and configuring a DCSs re-
quires specialized knowledge and experience;

— maintenance and support: Like any complex system,
a DCSs requires regular maintenance and troubleshooting
to ensure optimal performance.

In the mining and ore processing industry, DCSs are
effectively used to automate technological operations for
reducing ore size [23-25], classifying grinding products
[26-28], underground ore mining [29, 30], etc. The appli-
cation of this approach is well coordinated with the sys-
tems of non-destructive non-contact control of the charac-
teristics of raw materials and processed products as a
means of information support for control processes [28,
31, 32].

The results of the analysis of studies on the use of dis-
tributed control systems for complex technological proc-
esses show that their use helps to increase production ef-
ficiency by providing centralized monitoring and control
of distributed processes, allowing operators to make
changes in real time to optimize performance [22]. In
addition, RSCs use advanced control algorithms and data
analytics to optimize processes, reduce energy consump-
tion, and minimize waste.

3 MATERIALS AND METHODS

The characteristics of iron ore raw materials in the
process of multistage processing are presented as spatial
and temporal variables distributed over an interval. The
function of the distribution of the content of the useful
component in the particle size classes of the ore material
being processed is taken as the initial distributed variable
[4].

After applying concentrated control actions to the sys-
tem input, we obtain the system output signal as a distrib-

uted variable B¢(f,z). An example of the realization of

the output signal of the control object is, in this case, the
output of size classes (Fig. 2a) and the iron content in size
classes (Fig. 2b), distributed over the technological opera-
tions of the ore dressing line.
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Figure 2 — Distributed along the technological line of
beneficiation:
a) yield of solid of the pulp phase;
b) indicator of iron content content in the industrial product

The relationship between output and input variables is
described by convolution [11].

d
BY (0.)=0;(¢,1)% ;1) &)
In the event that \v,-(t) is a single step function at the
output of the system, we obtain a distributed transition
function Qi(ﬁ,t). Similarly, we obtain the relationship

between the individual input variables {\V,-(t)| i =1,_n} and
the  corresponding  distributed  output

{Bf(ﬂ,tﬂi:l,—n}. The total distributed function of the

distribution of the content of the corrosive component by
size classes is described by the expression

variables

B (r.1)= .§1®i(€at)*\l’i(t)-
l:

(6)

To increase the accuracy of identification of model
parameters, it is advisable to measure the characteristics
of ore material at the outlet of technological aggregates,
which in the considered system correspond to points with
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coordinates  /q,...,{p, located near the points of

application of controlling influences \Ifl(t),...,\un(t),

which can be, in particular [3, 4]: ore and water
consumption in the mill, water consumption in the
classifier, technological sump, hydrocyclone, magnetic
separator, deslimer, etc. At these points, the output

variables are partially distributed B{Z (Z l,t),...,BZ (f n,t),
located on the respective surfaces of the distributed output
variables Bfl(ﬂ,t),...,BZ(f,t). Also, at the following
locations /y,...,¢, partial distributed impulse response

functions are determined on the surfaces of individual
distributed impulse response functions

®1(€1,t),. .0, (En,t) . Using the relation (5), we obtain

BY (¢1,6)=0;(¢,t) 4yl i=1n. ™)

Taking into account the discrete input variables and
the zero-order extrapolator {Hi} and the discrete outputs
of the model of the ore dressing technological line are
represented as a convolution

B (L +e))= OH, (1. (k +&)T) vy, (k7). ()

Let us assume T=1, &=0. Then, according to formula
(8), we obtain an expression for the function of the
distribution of the useful component by fineness classes at
the output of the ore dressing line

BY (0,k)=OH,(0,k)*y;(k), i=1n. 9)

Common distributed output variable Bd(f,k) of the

processing line as a control object with a concentrated

input and distributed output with  zero-order
extrapolatorsy {Hi} i» and will be written as
n
BY(4,k)= Y. OH, (£, k)xy; (k) (10)

i=1

For points /q,...,¢,, located around concentrated
input variables, partially distributed output variables can
be obtained Bfl(él,k),...,BZ(én,k) and consequently,
partially  distributed impulse transition functions
®H1(€1,k),...,®Hn(€n,k). In this case, the following
convolutions are correct

Bid(gi’k):®Hi(£iak)*\|fi(k)’ i=1ln. (11)

After applying the Laplace transform, moving to the
domains, we obtain

By (0.5)=5;(t.shy,(s) i=1n, (12)
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B (0,5)= 3= (05w s).

i=1

Bfl(éias)ZEi(f;,S)\vi(s), i=lLn.

In the case when the action of the elements of the

(13)
(14)

vector {\l!,'(t)|l'=1,_n} is added at points /y,...,¢, at the
outputs of the units EHI(IZI,S),...,EHn(IZn,s) Partially
distributed output formed
B{i(ﬂl,k),...,ﬁf,(fn,k). Distributed output variables of
blocks  EH,(,s).....ZH,(6,s): B (t.k).....Be(0.k)

move along these trajectories. Thus, the total output
variable of the technological line of ore dressing, as a
distributed object, is given by the ratio:

variables are

B (k) =3 B0 ). (15)
i=1

When a discrete representation is considered, the
discrete dynamics of the system is given by a set of
discrete  distributed impulse response  functions
{(E)Hi(ﬁ,k)ﬁzl,n}. The given characteristics on this set
are written as follows

{OHR(1,k)= OH,(1,k)/OH,(¢;,k)|i=T.n}.  (16)

This makes it possible to determine the output of the
distributed control system of the processing line as
follows

B (¢,k)=©H,(¢;,k)OHR; (£, k)*y,;(k), i=1n
i=lLn.

an

The dynamics of the technological line of ore
dressing, as a distributed object, is decomposed into a
time component that depends on the continuous (¢) or

discrete (k) time at fixed values of i, /ii:{®Hi(€i,t)}i k>

and the spatial component, which depends on a simple
variable /; at fixed values of , k: {@HRZ- (4, t)}l- k-

Steady state of the function of distribution of the
useful component by ore material size classes as
distributed along the technological line of beneficiation of
the initial Bd(f,w) variable, in accordance with the

theory proposed in [8, 12], can be described by means of
a stable value of the transition function,

{QHi(f, 00)| i =1,_n}, that is obtained after applying a single
stepwise impact 1(k) to each input {\|I,-(k)| k =1,_n}

When forming the control, we use the following
decomposition of the distributed dynamics of the system:
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time component {EHi(fi,s)U:l,n}, spatial component

lOHR(1,) i =1 n).

As a result of spatial discretization of the model with
discrete time of the ore dressing line, which has
concentrated  inputs  (adjustable = parameters  of
technological units and operations) and distributed output
(content of the useful component classes) at the points

ili= I,_m} is obtained in scalar form

{Bd(fiak):é(aHi(fjak)*%(k)} (18)

Joki

Expression (14) is written in vector form as follows

Bd(fi»k):Z®Hi(fj>k)*%(k)- (19)
i1

Considering that for a particular i, j,r > ¢ The
following ratio is true: ®Hl-(€ j,r)=0, where g —

discrete transition time CCD, expression (19) can be
written as

B (¢.k) , | ©H;(#1,0) OH(¢1,q) | wilk)
=2

. (20)
=l oH,(¢,,.0)

B (£n:k) OH; (L) | wilk - q)

In expression (16), the individual matrices correspond
to the distributed discrete impulse transition functions of
the considered distributed object of controlling the ore
dressing process, which is represented by different
mineralogical and technological varieties (Fig. 3): FDV —
formers of distributed variables, EECV - executive
elements of concentrated variables.

[0
J,wl(s) l.,u:(s)
‘ FDV 1 ‘ ’ FDV 2
l 1
‘ EECV1 ‘ ‘ EECV2 ‘

Ore dressing process

Distributed characteristics of ore material ﬁd (?5]

Figure 3 — Ore dressing process line as an object with
concentrated inputs and distributed outputs

Taking into account the above, the global criterion for
optimizing the control of the technological line of
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beneficiation as a dynamic object with concentrated
inputs and distributed outputs is written as follows

o[ p.v." ) > max
by < 2B )<y, -

The structure of a two-level coordinated distributed
control system for a technological line for the
beneficiation of iron ore raw materials as an object with
concentrated inputs and distributed outputs is shown in
Fig. 4.

At the upper level of system control (Fig. 4), the

formation of coordinating variables is carried out 1_7, that

affect the value of AB;j transformation of the function of

distribution of the useful component by particle size
classes of ore material at the i-th point, i.e., the load on
the i-th technological unit of the concentration line.

E Coordinater 1
: - Uper level of !
H it ﬁ r management !
H {} £ v A {eoordination) !
' Model of the SEA :
______ T i—
[] bl
' E Lower 1
' | Local 5AC1 Local SAC2 Local BAC N x
! management |
! level i
' 3
w BFow sl w i

Lovelg !
: techmological !
: SZR process :

Figure 4 — System of two-level coordinated separated control of
the technological line of enrichment

At the lower level of control, concentrated control
influences are formed by local automatic control systems
for individual technological units and cycles.

4 EXPERIMENTS

The control of a distributed system of technological
units of an ore dressing line is formed on the basis of
decomposition of the dynamics of a distributed system
into time and space components [4]. In the spatial
domain, the control synthesis problem is solved as a
sequence of approximation problems of a set of spatial
components of the dynamics of the controlled system. In
the time domain, the solution of the control synthesis
problem is based on the methods of synthesizing control
systems with concentrated parameters. Thus, in the
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structure of the control system, blocks of spatial and
temporal formation of control influences are distinguished

(Fig. 5).

{QHR (=)}, (=, (5.2 )}

|

B (%)

time formation ——

BY(f. k) Spatial formation

Figure 5 — Structure of the control system for the distributed ore
dressing process

To form spatial control, the corresponding component
{QHRi(f,oo)| i= l,n}, obtained as a result of

decomposition of the distributed dynamics of the
technological enrichment line. At the output of the spatial
formation unit, a vector of concentrated variables is

formed Ed(ﬂ), which is the basis for the temporal
formation of

is used

into account the

{EHi(éins)“:ln_”}

distributed dynamics of the control object. The output of
the time control formation unit is a vector of zoned

control  taking

corresponding component

control variables \_v(k) for local control systems of
individual technical units.

In this case, the control task is to form the following
sequence of control inputs \T!(k), which is in a steady
state k — oo, ensure minimal control error at the
quadratic norm

(e, 0) = “Bd (¢,00)—B (&ooj‘ —> min. (22)

The spatial control formation block (Fig. 5) solves the
optimization problem of approximation

—min.  (23)

n
Bd@,w)—zB,-d(e,.,oopHRiM
i=1

In [11], it was shown that the solution to the
approximation problem (23) is guaranteed as a unique
best approximation

24

B (1.o0)= 3B, (¢ o )R, (1,0)
i=1

The control vector B¢ is fed to the input of the time
shaping unit, which contains the corresponding number of
single-channel  control loops with  concentrated
parameters. Each of the control loops generates the
corresponding element of the vector of concentrated

control actions W(k) and consists of a regulator

{Ki(z)| i= I,_n} and a control object with a zero-order
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extrapolator {EH i(@ l-,z)| i= 1,_11} When forming the

control, the individual components of the vector

BY = {Bid(fi,oo)ﬁzl,_n} are inputs of separate control

circuits {Ki(z),EHi(éi,z)\ i= I,_n}

Thus, the synthesis of control of an open system is
carried out in two stages: temporal control — by forming
control loops with concentrated parameters; spatial
control — by solving the approximation problem.

Time components required for the formation of
control of the technological line of ore dressing

{EH A i,s)|i:1,_n} the distributed dynamics of the
control object are determined from the matrix of
distributed  discrete  impulse transition functions
{@H ,-(( j,k)| i= I,_n, j= I,_m} Multiple discrete reviews

{@H ,-(K j,k)} correspond to the set of approximations
{@H{(éj,k)U:l,_n, Jj :l,_m} So, we get

B (e.k)= 0 (1. k)r (k). i=Ln

b 0= Sereyvit @)

’

(B ) (0.0)= OFRi (2. k)0 (e )i k).

Since Bd (¢,k) defined as a linear combination of

elements of discrete distributional characteristics of the
dynamics of the system under consideration
{0H;(¢,k)},, — The accuracy of the models depends on

the accuracy of the approximation of these characteristics
and the physical constraints imposed on a particular
control variable y["®* . Therefore, to ensure the required
accuracy of the model, the differential properties of the

set of elements {\u,max®Hl~(f,k)}i « should be determined

using a set of discrete values {@H,V j,k)},j . These

i, ],k
discrete values are used to determine the discrete
continuity modulus, as well as the difference norms,
which are then generalized over the entire interval

l e[O,L] in the corresponding functional spaces. Select
the element that has the maximum value of the
differential properties and mark it as ™ @H ™, (/,k),

setting the approximation accuracy x = 5%, and defining
the norm || ||, the problem will take the form

b)) e

At the same time, it takes into account the limitations
imposed on the control variables.
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5 RESULTS

The main internal controlling influences in the
enrichment line, which is shown in Fig. 1, are water
consumption in technological units [4]. Figs. 6—11 show
examples of the obtained qualitative and quantitative
dependencies that characterize the influence of this
parameter on the course of the technological process.
The dependence of the mass fraction of the solid phase in
the iron ore pulp on the water flow to the technological
units distributed along the concentration line is shown in
Fig. 6. The dependence of iron content in the —0.044 mm
class and the yield of this class on water consumption is
shown in Figs. 7, 8. The dependence of the mass fraction
of iron in the by-product on the mass fraction of the solid
phase of the pulp distributed along the concentration line
is shown in Fig. 9. The dependence of the mass fraction
of iron in the industrial product and the iron content in the
—0.071 mm class is shown in Fig. 10. 11.

100 ~
80 |
60 |
40 |

20

Macosa vacTra Teepaoi asu, %

03
15

i i 1000 Water consumption, m3/h

Figure 6 — Mass fraction of the solid phase in iron ore pulp
depending on water flow to technological units:

---”” — distributed function; “- - -” — projections on coordinate
planes
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— Waber consumgtion, mam
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Figure 7 — Iron content in the class “~0.044 mm” depending on
the water flow to the technological units:
---” — distributed function; “- - -” — projections on coordinate
planes

13

amacy 0,044+0 wu, %

B

Figure 8 — The output of the size class “~0.044 mm” depending
on the water flow to the technological units:
---” — distributed function; “- - -” — projections on coordinate
planes
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Figure 9 — Mass fraction of iron in the industrial product as a
function of the mass fraction of the pulp solid phase:
“---” — distributed function; “- - -’ — projections on coordinate
planes

%
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L 0 1000 Water consumption, m3/h

Figure 10 — Mass fraction of iron in industrial products as a
function of water flow to technological units:
“---” — distributed function; “- - -”” — projections on coordinate
planes

6 DISCUSSION
Thus, the control of an ore dressing process line as an
object with concentrated inputs and distributed outputs
involves the synthesis of a spatially distributed control
influence, on the basis of which a vector of corresponding
time-dependent concentrated influences is formed.
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Figure 11 — Iron content in the —0.071 mm class depending
on the water flow to the process units:
---” — distributed function; “- - -” — projections on
coordinate planes

113

The steady-state values of partial distributed transient
characteristics are used to calculate the control system.
The steady-state values of the transient characteristics are
obtained on the basis of the finite value theorem [11, 12].

Hy(h,0) = lim s {2, (£,5) L} =
S—> 00

lim 2;({,s)=1lim zEH ({,z) = H;({,),

s> s>

L
H;(£,%) = 24;(0)2G; (0) [ (4, £ 0)T; (£)d.

@27
0
Then the following feedback was given
H;({,0) H;({,0
HR (t,0)= ) D) _ g 1), (a8

H;({,0) H((,0)

The results of calculating the constant values are
shown in Fig. 12.

66 — T T T ———

0
FeO.OSIE-FD.'DM’ o

Cantrol points

Figure 12 — Steady-state values of transient characteristics for
individual inputs according to the control points of Fig. 1.

The given responses are determined as follows: first,
the maximum functional values of the responses at the
points {/;};-111. Then the values at specific points {/;};-1 11
divided by this value. The results of the reduction are
shown in Fig. 13.

© Morkun V. S., Morkun N. V., Hryshchenko S. M., Shashkina A. A., Bobrov E. Y., 2024

DOI 10.15588/1607-3274-2024-4-20

218

Control points

Figure 13 — Steady-state transient characteristics for individual
inputs according to
to the control points of Fig. 1.

When forming a sequence of control actions ;(k)

robust regulators used K{(z). The optimal parameters of
the controllers were determined in accordance with the
results obtained in [4].

The results obtained allow us to conclude that it is
expedient to represent the technological line for the
beneficiation of iron ore raw materials as a structure with
concentrated inputs and distributed outputs and to use
appropriate approaches to form the control of the system
of technological units of mining production.

The testing of this approach in the formation of
automated control of technological enrichment lines at ore
dressing plants of the Kryvyi Rih iron ore basin shows
that its application allows to reduce by 2-5% the
fluctuations in the material composition of enrichment
products, that go to the metallurgical processing, increase
the content of useful component in the concentrate by
0.3-0.8%, maximize the productivity of technological
units in conditions of variaty of static and dynamic
characteristics of control objects and reduce by 0.2 —
0.9% of energy consumption.

CONCLUSIONS

The technological line of enrichment is decomposed
into a set of separate subsystems (technological units,
enrichment cycles). Under these -circumstances, the
solution of the global optimization problem is also
decomposed into a corresponding set of individual
subproblems of optimizing the control of subsystems.

The structure of the system of two-level coordinated
distributed control of the technological line of iron ore
beneficiation as an object with concentrated inputs and
distributed outputs is proposed.

The formation of control of the distributed system of
technological units of the ore dressing line is based on the
decomposition of the dynamics of the distributed system
into time and space components. In the spatial domain,
the control synthesis problem is solved as a sequence of
approximation problems on the set of spatial components
of the modeled system dynamics. In the time domain, the
solution of the control synthesis problem is based on the
methods of synthesizing control systems with
concentrated parameters.
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Using the proposed approach at mining enterprises in
the Kryvyi Rih iron ore basin will improve the quality of
iron ore concentrate supplied to metallurgical processing,
increase the productivity of technological units and
reduce energy consumption.

The scientific novelty. The paper proposes the struc-
ture of a two-level coordinated distributed control system
for a technological line for the beneficiation of iron ore
raw materials as an object with concentrated inputs and
distributed outputs. The formation of the control of a dis-
tributed system of technological units of the ore dressing
line is based on the decomposition of the dynamics of the
distributed system into time and space components. In the
spatial domain, the control synthesis problem is solved as
a sequences of approximation problems on the set of spa-
tial components of the dynamics of the controlled system.
In the time domain, the solution of the control synthesis
problem is based on the methods of synthesizing control
systems with concentrated parameters.

The practical significance. Using the proposed ap-
proach at mining enterprises of the Kryvyi Rih iron ore
basin will improve the quality of iron ore concentrate
supplied to metallurgical processing, increase the produc-
tivity of technological units and reduce energy consump-
tion

Prospects for further research. Prospects for further
research are to study the possibility of using the proposed

approach to solve a wide class of practical problems.
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AHOTAIIA

AxTyanbHicTh. [Ipo0nema cuHTe3y, MOIEIIOBAHHS Ta aHANII3y aBTOMATH30BAaHOTO YIIPABJIIHHS CKJIAJHUMU TEXHOJIOTIYHHMH
IIpOoLIeCaMK TIPHHYOT0 BUPOOHUIITBA SIK TMHAMIYHOI CTPYKTYPH 3 PO3NOAITIEHUMH apaMeTpaMH.

Merta po6oru. Ha npuxiazni TexHomoriqHol JiHil 30aradeHHs pyaud po3risIHYTH 3arajibHi MPUHIMNK GopMatizamil yrnpaBiiHHs
MPOLIECaMH TIPHUYOTO BUPOOHHULITBA K JIMHAMIYHOI CUCTEMH 3 PO3NOAIICHUMH apaMeTPaMH.

Metoa. MoeiioBaHHs B3a€MOJIIH MiXK OKPEMHMH KOMIIOHEHTAMU CHCTEMH KEpYBaHHs 3iHCHEHO 3 BUKOPHUCTaHHSAM METOIB
CKOOPIMHOBAHOTO PO3MOIIICHOTO KepyBaHHA. BiAMOBIIHO A0 IBOTO MiAXOAY TEXHOJIOTIYHA JIiHIS JEeKOMIO3Y€EThCS HA CYKYIHICTh
OKPEMUX IiZICUCTeM (TEXHOJIOTIYHMX arperaTis, IUKIIIB 30aradeHHs). 3a TAKUX yMOB PO3B’s3aHHS TII00aIbHOI onTHMI3aniiiHoOl 3a1a-
4l TaKOXK JEKOMIIO3YEThCS Ha BIANOBIIHY MHOXXHHY OKPEMHX Mif3amad ONTHMI3alii ynpaBimiHHSA migcucreMamiu. [ BUpIICHHS
ry100anbHOT 3aa4i B Liil MOCTaHOBII BUKOPHCTOBYETHCS IBOPIBHEBA CTPYKTYpa 3 KOOPIMHYIOUMMH 3MiHHUMH, SIKi MOAAIOTHCS HA
BXIJ] JIOKQJIBHUX CHCTEM YIPaBIiHHS TEXHOJIOTIYHUMHM arperataMu i nukiamu. Ha HYIDKHBOMY piBHI yNpaBIIiHHS MHOKMHH ITiJ3a1a4
MalOTh HE3aJICXKHI PO3B’I3KH, SKi KOOPIHHYIOTHCS KOOPAMHYIOUUMHU 3MiHHUMH, C(HOPMOBAaHUMH Ha BEPXHBOMY PiBHI.

PesyabraTn. Y crarTi 3amporoHOBaHO METOA (OPMYBAaHHs YIIPABIiHHSA PO3MOALICHOIO CHCTEMOIO TEXHOJIOTIYHHX arperariB
ripHIY0-30aradyBaibHOl JIiHII HA OCHOBI JEKOMIIO3WINI AWHAMIKH PO3MOMALIEHOI CHCTEMH Ha YacOBY Ta MPOCTOPOBY CKIIAIOBi.
Y mpocTopoBiit 00nacTi 3amada CHHTE3y KepyBaHHsS BHUPIIIYETHCS SK MOCTIIOBHICTD 3a/1a4 anpoOKCHMAIlii MHOXHHH HMPOCTOPOBUX
CKJIQIOBUX AWHAMIKH K€pPOBaHOI cHCTEeMH. Y 4acoBiif 001acTi po3B’si3aHHS 3a1adi CHHTE3y KepyBaHHS 0a3yeThcsl HA METO/IaX CHHTe-
3y CHCTEM KepyBaHHS i3 30CepePKCHUMH ITapaMeTpaMu.

BucHoBkn. BukoprcranHs 3anponoHOBaHOTO MiAX0oay 10 GOpMyBaHHS CHCTEMH yIPaBIiHHSI TEXHOJOTTYHUM IIPOLIECOM Ha Tip-
HUY0/100yBHUX MianpreMcTBax KprBopi3pKkoro 3aiizopyaHoro 06aceifHy J103BOJIMTH MiJABUIIUTH SKICTh 3a1i30pYJHOTO KOHIIEHTPATY,
1110 HA/IXOAUTb Ha METAITYPriiHy 1epepoOKy, 301IbIINTH IPOLYKTUBHICTh TEXHOJIOTTYHUX arperaTiB i 3HU3UTH €HEProCIIOKUBAHHS.

KJIFOYOBI CJIOBA: Bi100yTOK, aBTOMATH3aLLisI, 30araueHHs pyAd, PO3MOIiICHE YIPABIiHHS, IPOLIEC, CUCTEMA.
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