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ADAPTIVE CONTROL SYSTEM FOR THE 
MAGNETIC SEPARATION PROCESS

Introduction
An important component of Global Goals for Sustainable Development is a 

goal associated with industry and innovation. Minerals are raw materials essen-
tial for modern society. The mining and quarrying industry is very important to 
industrial, social, and technological progress.

One of the basic characteristics determining significance of raw materials for 
metallurgical enterprises is their permanent high recovered grade in the fed ore 
concentrate. It can be provided only when all processes of ore processing from 
mining to concentration and sintering are subject to continuous efficient control 
[1–4].

Automated control systems (ACS) of processes are widely used in mining 
and metallurgy. At magnetic and concentrating plants, their efficiency depends 
greatly on the choice of controlling algorithms and the capacity of systems to 
provide IT support them [5–7].

Thus, increasing efficiency of automated control over iron ore magnetic con-
centration is a research problem which is essential for Ukraine’s economy. Its 
solution allows improving the end product quality and reducing energy consump-
tion at current mining enterprises’ operating capacity [8–11]. 

Problem statement
The research is aimed at developing a system of adaptive control of magnetic 

separation of iron ores to reduce the period of searching for the extremum of ob-
jects dynamic characteristics under disturbances and noises in controlled signals.

Review of the literature
In [12; 13] and others, iron ore concentration controlled through improving 

operation of magnetic separators of iron ores of primary concentration is substan-
tiated. The choice of the control structure, application of some criteria in creating 
systems of automated optimization are determined by their software and algorith-
mic support, i.e. the possibility to receive online data on current parameters of 
concentration and their efficient application to controlling impacts.
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Magnetic separators of iron ores are basic concentrat-
ing machines in a technological line of iron ore magnetic 
and concentrating plants. In [12–16], a magnetic separa-
tor is regarded as a controlled object with a single input 
(feed) and two outputs (tailings and concentrate). Fig. 1 
shows basic parameters determining magnetic separation. 
It includes controlled variables: (the magnetic iron con-
tent in the middling product (βпп), the middling product 
yield (γпп); disturbing impacts (the magnetic iron content 
in the fed product (the magnetic separator feed) (α) and 
the recovered grade (ψ); controlling impacts (the classi-
fier drain density (ρсл), the auxiliary water consumption 
in the separator bath (QB ), the magnetic field strength of 
the separator (H0), the rotation rate of the separator drum 
(nб).

Fig. 1. Basic parameters of magnetic separation 
Рис. 1. Основные параметры процесса магнитной сепарации

As shown in [12; 17–18], the magnetic iron content α 
and the degree of mineral release in the classifier drain y 
are basic disturbing impacts in magnetic separation. The 
slurry density changed in case of classifier drain causes 
changes in the granularmetric composition of the solid 
phase slurry, thus altering ratios between its strongly-, fee-
bly- and non-magnetic fractions. The ρсл increased reduces 
the yield of released ore grains while that of strongly-mag-
netic fraction γпп increases because of the increased yield 
of strongly-magnetic aggregates. The strongly-magnetic 
fraction yield is proportional to the magnetic iron content 
α in the fed ore. The reduced density of the classifier drain 
makes the strongly-magnetic fraction yield be close to the 
output equal to α (the magnetic iron content).

In [18], there are suggested simple expressions de-
termining the yield of strongly-magnetic fraction γпп, the 
yield of released ore grains γрз and strongly-magnetic ore 
aggregates γрс:

1 0 7
т

K d ( , )= α+ ⋅ ⋅ −αγ ; 
3 0 7

рз
K d ( , )= α− ⋅ ⋅ −αγ ; 

( )1 3 0 7
рс

K K d ( , )+= ⋅ ⋅ −αγ , 
where  

2 сл вd K ( )= ρ −ρ  is the average size of solid par-
ticles in the slurry; K1 and K2 are coefficients depending 
on the size of ore impregnations; K3 is the coefficient de-
pending on physical and mechanical properties of the fed 
ore and grinding modes.

The changed textural and structural characteristics 
of the fed ore change coefficients K1 , K2  and K3  caus-
ing changes in the quality of separation products. Thus, 
coefficients K1, K2 and K3, determine the value of basic 
disturbing impacts in relation to magnetic separation. A. 
N. Mariuta received the ratio equation of the solid slurry 
density of the classifier drain ρÓ and the iron content α:
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where ρ'м is pure magnetite density; ρk is quarts density.
A detailed analysis and systematized criteria of im-

proving mineral concentration including technological, 
thermodynamic, kinetic, static, technical-economic, eco-
nomic ones, etc were proposed in [19]. It is indicated 
that technological criteria mathematically expressed as 
a combination of basic concentration parameters are no-
table for their efficiency, simplicity and visualization.

Analysis of technological criteria results in the Han-
cock criterion substantiated by Luiken, Birbauer, Din, 
Chechott, Verkhovskyi [19] and others.

This criterion can be expressed as follows
 ( )

1
Т

J
β−α
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γ
=
α

 

,                              (5)

where γ is the concentrate yield; α is the recovered grade 
in the feed product; β is the recovered grade in the con-
centrate; βТ is theoretically maximum recovered grade.

The popularity of this criterion is explained not only 
by its physical and geometrical interpretation, but also 
by the fact that it is simple, universal, contains all basic 
parameters (g, β, α) and is statistically efficient [19].

A.N. Mariuta indicates that it is reasonable to apply 
this criterion to evaluation of the magnetic separator ef-
ficiency [18]. Formula (5) reveals that maximum values 
of E for various values of α can be achieved only when 
there is a certain ratio between g and (β-a). The classifier 
drain increased makes the concentrate yield g greater and 
reduces the difference β-a. The reduced drain density 
produces the reverse effect.

In [18], Mariuta suggests a complex criterion of ef-
ficiency Е1, which partially reflects the course of the pro-
cess from both the technological and the economic view-
points

 1 EJ k max=β+ γ→ ,                       (6)
where kE is the coefficient characterizing weight ratios 
between variables β and g

The coefficient kE indicates how the Fe content can be 
reduced in the concentrate to increase its yield and vice 
versa. The values of kE depend on a and other properties 
of the fed ore. Formulae (5) and (6) allow controlling 
magnetic separation in the most efficient way.

Materials and methods
The mentioned above allows us to conclude that the 

classifier drain density is the basic controlling impact in 

(1)

(2)

(3)
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the “classifier-magnetic separator” system. Operation 
of the magnetic separator can be assessed on the basis 
of the data on the recovered grade (Fe) in its products 
or the solid slurry density considering (4). The model 
of magnetic separation should consider changed textual 
and structural characteristics of processed ores, grinding 
modes and equipment conditions. Overall quality indices 
of concentration are determined by the ore quantity fed 
to the mill.

The material-balance equation for the magnetic sepa-
rator looks like [19; 20]

 
k хв

dm M ( M М )dt = − − ,                          (7)

or considering that k kM Q=β , хв хвM Q= ϑ , М Q= α  ,
 

хв
dm
dt

V Q Q Q= α −β −ϑ ,                      (8)

where М, Мk, Mхв, Q, Qk, Qхв indicate weight and volume 
consumption of the fed material, concentrator and tail-
ings; V is the volume of the working area of the magnetic 
separator; m is the iron quantity in the slurry in the work-
ing area of the separator. 

Considering the fact that under the current mode, the 
Fe content in the working area of the separator is equal to 
that in the concentrator we obtain

 
1

p
eK

Tp
W( p )

−τβ
α +

= =  ,                        (9)

where V
Q

T = , устK β
α

= , устβ =β  with t →∞ , устβ   is the estab-
lished Fe content in the concentrator at the separator out-
put. 

Synthesize and study models of technological aggre-
gates and a concentration line as a whole were presented 
in [14; 15; 18; 20]. For instance, [20] provides a system 
of equations combining characteristics of the output 
product of the classifier with parameters of the middling 
product and tailings of the magnetic separator.

5 0 53 2щ
d
dt

, ( t )ϑ +ζ = ζ − ; 
20 695 0 893 0 712щ щ, , ,′β = − ζ + ζ + ;  

9 32щ% %< ζ < ; 

5 2d
dt

( t )β +β =β − , 

where ùζ  is the slurry density at the classifier drain; β 
and ζ indicate the Fe content in the middling product and 
tailings.

As is shown, the magnetic separator represents a se-
quence of two links – non-linear static and output linear 
ones. To consider dynamic properties of the input part of the 
magnetic separator, the given model should be supplement-
ed with input dynamic links along each control channel.

Taking into account the the fed material Q balance 
equation, the concentrate C and tailings T for the mag-
netic separator it can be written as follows [19; 21]

Fig. 2. The structural scheme of the magnetic separator model 
Рис. 2. Структурная схема модели магнитного сепаратора

( )Q C Q Cα = β+ − ϑ ; 
( )Q Q T Tα = − β+ ϑ , 

where Q, С, T indicate the mass of the feed material, con-
centrate and tailings; , ,α β ϑ  are the Fe content in the 
feed material, concentrate and tailings.

Then the concentrate yield is determined by the ex-
pression

 100 100C %k Q
α−ϑγ = ⋅ = ⋅
β−ϑ  

.                  (15)

Thus, (5) results in
 ( )( )

( )1 1

( )
E

( )
T т

α−ϑ β−αγ β−α
= =

α αα − α − β−ϑ
β β

 
 
   

.             (16)

It follows from (16) that the Hancock criterion can be 
calculated either on the basis of measurements of the Fe 
content in the feed material, concentrate and tailings or 
measurements of the feed material and concentrate mass 
and the Fe content in these products. In the latter case, 
the values of Q and C can be measured by one of the 
known methods, e.g. the ultrasonic one.

In this case, the object equation looks like
 x J( f , ); y x= β+ α = + κ,         (17)

where f(t) is the external disturbance applied to the ob-
ject input with the controlling parameter; k(t) is the dis-
turbance accompanying the measurement of the object x 
output; y(t) is the measured variable (the result of the х 
measurement).

Functions f(t) and х(t) are random processes with 
unknown laws of distribution. Yet, it is known that they 
have zero mathematical expectation and limited disper-
sion. One should find the algorithm of searching for the 
extremum under which the mathematical expectation of 
the output M{J(β+f), α)+k} reaches the minimum value 
[22–27].

To simplify the solution of the problem, let us con-
sider f=0 and then the equation (17) will look like

x = J(β, α); y = x + κ.                     (18)

(10)

(11)

(12)

(13)
(14)
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According to the stochastic approximation method, 
every measured condition of an object should be used to 
measure the controlling impact so that the condition is 
observed at the limit [32]

M{J(β, α)+k} = min.                 (19)
Let us measure the controlling impact according to 

the algorithm
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(20)

Here, the measurement results are used

( ) ( ) 1' ( )
k k kJ ( kT ) , J ( kT ) ,β + ∆β α = β + ∆β α + κ ;  

( ) ( ) 2' ( )
k k kJ ( kT ) , J ( kT ) ,β − ∆β α = β − ∆β α + κ , 

where  1 2( ) ( )
k k,κ κ  are random values realizing measure-

ment disturbances in the interval [(k‑1)Т, kT], while 
 1 2( ) ( )

k kκ ≠ κ  as they are measured at different time periods 
within the given interval. It should be noted that unlike 
(20), the value ∆βk of testing steps is not constant and 
measured with k = 0, 1, 2, ... .

The stochastic approximation method allows finding 
parameters of the working and testing steps bh, Dβk (k = 
0, 1, 2, …), under which the algorithm (20) provides the 
extremum J ' (fulfillment of condition (19) under distur-
bances. They are known to have zero mathematical ex-
pectation and limited dispersion.

Let us determine parameters of the working and test-
ing steps. To achieve the search algorithm convergence 
(20) the parameters of the working and testing steps 
should satisfy the condition

1
0 0 1 2k kk k

lim a , k , , , ...; a
∞

→∞ =

= = = ∞∑ ; 
2
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k

k k

a∞

=

 
< ∞ ∆β 

∑ . 

      (23)      

(24)

The given conditions are observed if
1 1k ka / k ; / k ;ρ µ= ∆β =   

2(ρ – µ) > 1,   
where 0 ≤ ρ ≤ 1;  µ > 0.  

Considering (21) and (22), let us write down the algo-
rithm (20) as follows
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As the testing steps are quite small (fk=rk,) and con-
sidering М{ ( i )

kκ } = 0, i=1, 2, we calculate the mathemati-
cal expectation of the k-th step efficiency:
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Proceeding to the condition (24), we calculate the 
mathematical expectation and dispersion of the working 
step p ( kT )∆ β . It is evident that
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where 2
ikσ  (i=1, 2) – are dispersions of random values 

1 2( ) ( )
k k,κ κ .

It is evident that the sum of dispersions of the arbi-
trary large number of working steps taken during the 
search should be limited

2 2
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22 2
1 12

k k
k k
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.      (27)

Hence follows a condition (24) indicating that the val-
ue of the testing step ∆βk should go to zero more slowly 
than ak, as otherwise dispersion values of the working 
steps will become intolerably large according to (27). 

Let us consider the search for the extremum of multi-
parameter objects under disturbances

 1 2 1 2x J( , , , ); y x= β β α α = + κ.          (28)
In this case, adaptation algorithms will be written as:
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where the measurement results are

(21)

(22)

(29)

(30)

(25)
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where ∆βk is a testing step taken as the same for both 
controlling impacts; i

kκ , i=1, 2, 3, 4, indicate realization 
of the random process x(t) with four measurements of the 
object output at the interval [(k–1)T, kT].

For determining the search convergence, parameters 
of the working and testing steps should satisfy conditions 
(23) and (24) for a single-parameter object as well. The 
condition (24) looks like

 2

2
1

N
k

k k

a→∞

=

< ∞
∆β∑ ,                        (31)

and indicates that the increased k should make the testing 
step greater and exceed the working step parameter. It 
should be noted that the stochastic approximation meth-
od suggests that

0kk
lim
→∞

∆β = . 
                         (32)

Besides, the method imposes an auxiliary condition 
on the function J as in the area of its extremum an in-
equality should be observed

( ) ( )1 1 2 2
1 2

0* *J J∂ ∂β −β + β −β >
∂β ∂β

,           (33)

and the rate of increase of J should not exceed that of the 
square parabola when leaving the target.

To optimize the system dynamic characteristics deter-
mined by the initial linear part of the controlled object, a 
method determining the constant value of z(∞) of the ini-
tial signal z of the object, i.e. the object’s initial signal on 
the basis of the initial part of the transfer process caused 
by the changed input signal at the step Dχ is applied. The 
value z(∞) can be calculated for a small time period and 
the time lag Dt between steps can be insignificant, which 
reduces the search time of the extremum greatly.

With complete compensation of dynamics and time 
delays in the object, the search for the extremum would 
be based on the object’s static characteristics. In this 
case, the actuator’s reversion is determined by the fol-
lowing inequality

( ) ( )1 0n nf x f x −− + δ ≤ , 
 
            (34)

where d is the optimizer’s insensibility area.
The change of the object’s output signal as a result of 

the n-th step of the actuator is determined by
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For f(xn) and f(xn-1) recurrent formulae look like
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According to the mentioned results, the control is 
formed in compliance with this expression

( ) ( ) ( )1 1
1 1 1 1n n n nU z z q A z z q A− −
− −= ∆ − ∆ − ∆ τ − ∆ τ   .  (36)

Thus, to calculate the operator U, two recent changes 
of the object’s output coordinate are measured in the time 
period D t between the actuator’s steps D zn and D zn-1, as 
well as two recent changes of the output z during the pure 
time delay τ read from the actuator’s step moment.

Experiments
Fig. 3 presents an experimental dependency between 

the Fe content increment in the concentrate of the pri-
mary magnetic separators and the classifier drain density, 
while Fig. 4 depicts dependency of the concentrate yield 
on this parameter.

The given dependencies were obtained at the concen-
tration plant of the PJSC “ArcelorMittal Kryvyi Rih”. 
The research suggested that with formed constant levels 
of the section capacity and the identical initial raw mate-
rials, the classifier drain density and the size of the mate-
rial fed for the primary separation changed. Changes in 
the Fe content of the middling product and tailings were 
traced as well as the yield of these products. Besides, the 
influence of the changed capacity of the feed ore section 
on the magnetic separator operation characteristics was 
determined when the classifier drain density was main-
tained at a given level by changing the auxiliary water 
fed to its bath. Fluctuations of the magnetic iron content 
in the feed ore were insignificant and as a result of ob-
tained data, while calculating the weight-average content 
for each density, they were in the limits of an admissible 
error. During the whole set of experiments, feed density, 
strength and working parameters of the separators re-
mained constant.

Fig. 5 shows experimental dependencies of the Fe 
content in the middling product of primary concentra-
tion. Fig. 6 depicts dependencies of the middling product 
yield of primary concentration on the initial feed at the 
following formed levels of the classifier drain slurry den-
sity: 1 – 1700 g/l; 2 – 1800 g/l; 3 – 1900 g/l; 4 – 2000 g/l; 
5 – 2100 g/l; 6 – 2200 g/l.

The dependencies in Fig. 3 and 4 reveal that the in-
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creased classifier drain density increases the middling 
product yield, while the Fe increment in the middling 
product reduces. Thus, controlling the classifier drain 
density, one can achieve an optimal ratio between quan-
tity and quality of the primary middling product.

Analysis of dependencies in Fig. 3 and 4 shows that 
although their overall view remains the same for differ-
ent levels of the classifier drain density, the impact of 
the feed ore section capacity on operation of the mag-
netic separator is notable for significant ambiguity and 
depends on particular maintained density.

The increased classifier drain density and the ore 
section capacity increase this ambiguity caused by the 
classifier’s unstable mode under conditions changing the 

granulometric composition of the 
magnetic separator feed.

Results
With the improved search, test-

ing and working disturbances within 
controls u1 and u2 are formed so that 
corresponding transients should at-
tenuate in a minimum of time in the 
object’s input linear parts. All nec-
essary limitations as to controls u1, 
u2 and phase coordinates х1, х2 are 
observed. At the same time formed 
disturbances are used to change in-
crements of the value z to indentify 
static characteristics of the object’s 
non-linear part for each control 
channel.

Fig. 7 provides a model of the 
developed system of adaptive con-
trol of iron ore magnetic separation, 
which is synthesized in the sub-
system Simulink 4 of Matlab 6.01 
[28–31].

The static characteristics of the 
non-linear controlled object is set 
in block Fcn4 as function f(u).

Inertial properties of the non-
linear controlled object are simu-
lated by means of transfer function 
blocks (aperiodic links) Transfer 
Fcn2 and Transfer Fcn3. To form 
transport delay for the object’s 
input and output, blocks of fixed 
signal delay (Transport Delay) are 
used. Input dynamic links are unit-
ed into the block Subsystem, the 
output ones – into the block Sub-
system 1. As in real control sys-
tems there are some disturbances, 
the model includes blocks imitat-
ing them: Dead Zone, Backlash и 
Band-Limited White Noise.

Functions of the extreme regulator are simulated by 
means of signum-reley Sign1. The object’s static char-
acteristics are pre-computed in the block Subsystem 5 
(Fig. 7). The control adaptation algorithm is realized in 
the block Subsystem 2. Parameters of separate elements 
of the ACS are optimized by means of the block Nonlin-
ear Control Design (NCD).

Fig. 8 provides the flowchart of the system of adap-
tive control over magnetic separation on the basis of ul-
trasonic control in the Hancock criterion variant.

The system of adaptive control over magnetic separa-
tion functions according to the above mentioned algo-
rithm.

The behavior of the ASAC (Automated System of 

Fig. 4. Dependencies between the classifier drain density and the concentrate yield 
The capacity of the initial feed section: 1 – 230 t/h; 2 – 205 t/h

Рис. 4. Зависимость между плотностью слива классификатора и выходом обогащен-
ного продукта, производительность секции по исходному питанию:

1 – 230 т/ч; 2 – 205 т/ч

Fig. 3. Experimental dependencies between the Fe content increment in the concen-
trate of the primary magnetic separators and the classifier drain density, the capac-

ity of the initial feed section of 230 t/h: 1 – β–α; 2 – β–αΜ
Рис. 3. Экспериментальная зависимость между приращением содержания железа в обо-
гащенном продукте магнитных сепараторов I стадии и плотностью слива классифика-
тора, производительность секции по исходному питанию 230 т/час: 1 – β–α; 2 – β–αΜ
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changes of the object’s static and 
dynamic characteristics, the best 
parameters of the search, the tra-
jectory of which does not change, 
are achieved if these characteris-
tics change within ± 25% thus fully 
meeting the technological require-
ments.

There are formulated condi-
tions and specified regularities of 
the search for the objective function 
extremum in the discrete system 
of automated optimization of iron 
ore magnetic separation. It is deter-
mined that with changing physical-
mechanical and chemical-mineral-
ogical characteristics of processed 
ores, the minimum search period 
can be provided if the controlling 
impact is formed on the basis of 
differences of not less than two si-
multaneously changed values of the 
controlled object’s input coordinate 
between the actuator’s steps dur-
ing the pure time delay. The latter is 
determined considering the current 
position of the controlled coordi-
nate regarding the extremum point 
in the form of piecewise constant 
functions with limited values of ac-
ceptable controls, the parameters of 
which are conditioned by the ob-
ject’s input dynamic characteristics.

There are determined regularities 
of forming the extreme control over 
inertial objects with time delays and 
changing static and dynamic charac-
teristics ensuring the minimum time 
of transients in the system of control 
over magnetic separation based on 
measured values of the controlled 
coordinate at intervals between the 
actuator’s steps formed according 
to the object’s current static and 
dynamic characteristics, which are 

determined under intensive disturbances in the form of 
unclear sets, the membership of which is set by ratio 
predicates.

There are determined conditions and parameters of 
the stable search for the extremum in the system of auto-
mated control over iron ore magnetic separation, which 
realizes suggested search principles under intensive dis-
turbing impacts on the object in controlled signals.

Conclusions
The developed adaptive system controlling magnetic 

separation allows reducing time of searching for the ob-

Fig. 5. Experimental dependencies of the Fe content in the middling product of 
primary concentration on the capacity of the initial feed section, the classifier drain 

density: 1 – 1700 g/l; 2 – 1800 g/l; 3 – 1900 g/l; 4 – 2000 g/l;  
5 – 2100 g/l; 6 – 2200 g/l

Рис. 5. Экспериментальные зависимости содержания железа в промпродукте 
I стадии обогащения от производительности секции по исходному питанию. 

Плотность пульпы на сливе классификатора: 1 – 1700 г/л; 2 – 1800 г/л; 3 – 1900 г/л; 
4 – 2000 г/л; 5 – 2100 г/л; 6 – 2200 г/л

Adaptive Control) with changed static and dynamic char-
acteristics of the object, parameters of disturbing impacts 
and noises are studied. Fig. 9 shows results of the search 
for the objective function extremum in the adaptive sys-
tem of extreme control with noises in the controlled signal.

Discussion
Conducted investigations indicate that the period of 

searching for the extremum in the ASAC is stable if the 
static characteristic drifts within ±50% of the rated value, 
the dynamic link parameters change within ±70% and 
noise power from 0 to 0.12. In case of arbitrary and short 

Fig. 6. Dependencies of the middling product yield of primary concentration on 
the initial feed section capacity, the classifier drain density: 1 – 1700 g/l; 

2 – 1800 g/l; 3 – 1900 g/l; 4 – 2000 g/l; 5 – 2100 g/l; 6 – 2200 g/l
Рис. 6. Зависимости выхода промпродукта I стадии обогащения от производи-

тельности секции по исходному питанию, плотность пульпы на сливе классификато-
ра: 1 –1700 г/л; 2 – 1800 г/л; 3 – 1900 г/л; 4 – 2000 г/л; 5 – 2100 г/л; 6 – 2200 г/л



552

УСТОЙЧИВОЕ РАЗВИТИЕ ГОРНЫХ ТЕРРИТОРИЙ

Т.10. №4(38), 2018 г.

Fig. 7. The flowchart of the model of the system of the adaptive control over iron ore magnetic separation
Рис. 7. Блок-схема модели адаптивной системы управления процессом магнитной сепарации железных руд

Fig. 8. The flowchart of the system of adaptive control over magnetic separation: 1 – mill; 2 – classifier; 3 – magnetic 
separator; 4 – feeder-conveyor; 5 – bin; 6 – actuating motor; 7 – controlled valve of water consumption; 8, 10 – Fe-content 

sensors; 9, 11 – flowmeters; 12 – input signal former; 13 – optimizer; 14 – controlling impact former; 15 – system controlling 
water feed into the mill; 16 – system controlling water consumption in the classifier

Рис. 8. Блок-схема адаптивной системы управления процессом магнитной сепарации: 1 – мельница; 2 – классификатор; 3 – 
магнитный сепаратор; 4 – конвейер-питатель; 5 – бункер; 6 – приводной двигатель; 7 – регулируемый клапан расхода воды в клас-
сификатор; 8, 10 – датчики содержания железа; 9, 11 – расходомеры; 12 – формирователь входного сигнала; 13 – оптимизатор; 
14 – формирователь управляющих воздействий; 15 – система управления подачей руды в мельницу; 16 – система управления рас-

ходом воды в классификатор
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Fig. 9. Results of the search for the objective function extremum in the control system: 1 – y=f(x), d = 0,1; 2 – y=1,33f(x), 
T1

*=1,3T1, τ1
*=1,2τ1, T3

*=1,4T3, τ3
* =0,7τ3, d = 0,05

Рис. 9. Результаты поиска экстремума целевой функции в системе управления: 1 – y=f(x), d = 0,1; 2 – y=1,33f(x), T1
*=1,3T1, 

τ1
*=1,2τ1, T3

*=1,4T3, τ3
* =0,7τ3, d = 0,05

jective control function, maintaining the optimal ratio 
of the concentrate yield and the grade contained under 
conditions of changing quality of initial ores and equip-
ment. There are determined conditions and the best pa-
rameters of searching for the extremum in the system of 
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be achieved when deviations of the object’s static and 
dynamic characteristics from rated ones do not exceed 
±25%.

CONTRIBUTION / Долевое участие авторов

CONFLICT OF INTEREST / Конфликт интересов



554

УСТОЙЧИВОЕ РАЗВИТИЕ ГОРНЫХ ТЕРРИТОРИЙ

Т.10. №4(38), 2018 г.

ЛИТЕРАТУРА:

1. Piven V. A. Economic efficiency of quality increase of 
mining and metallurgical raw materials. Gornyi zhurnal, 2003, 
no. 9, pp. 57–58 (in Russian).

2. Golik V. I., Hasheva Z. M., Galachieva S. V. Diversi-
fication of the economic foundations of depressive mining 
region. The Social Sciences (Pakistan), 2015, vol. 10, iss. 6, 
pp. 746–749.

3. Evdokimov S. I., I Trotsenko I. G., Meshkov E. I., 
Maksimov R. N. Small mining enterprises as a factor of sus-
tainable development of territories. Sustainable development 
of mountain territories, 2017, vol. 9, no. 4(34), pp. 387–397. 
(in Russian).

4. Azaryan A. A., Kolosov V. A., Lomovtsev L. A., Uchitel 
A. D. Quality of mineral materials. 2001. Kryvoy Rig, Mineral 
(in Russian). 

5. Kupin A., Muzyka I., Kuznetsov D., Kumchenko Y. 
Stochastic optimization method in computer decision support 
system. Advances in Intelligent Systems and Computing, 2019, 
vol. 754, pp. 349–358.

6. Morkun V., Morkun N., Pikilnyak A. Ultrasonic phased 
array parameters determination for the gas bubble size distri-
bution control formation in the iron ore flotation. Metallurgical 
and Mining Industry, 2014, No. 3, pp. 28–31. 

7. Golik V. I., Razorenov Y. I., Polukhin O. N. Metal ex-
traction from ore benefication codas by means of lixiviation in 
a dis-integrator. International Journal of Applied Engineering 
Research, 2015, v. 10, no 17, pp. 38105–38109.

8. Mykhailov O. M., Temchenko A. H., Kovalevskyi V. O. 
Resource-saving and low-waste technology. 2003, Kryvyi Rih, 
Mineral (in Ukrainian). 

9. Morkun V., Morkun N., Tron V. Formalization and fre-
quency analysis of robust control of ore beneficiation techno-
logical processes under parametric uncertainty. Metallurgical 
and Mining Industry, 2015, no. 5, pp. 7–11. 

10. Minnitt R. The costs of sampling errors and bias to the 
mining industry. Journal of the Southern African Institute of 
Mining and Metallurgy. 2018, vol. 118, iss. 8, pp. 787–798.

11. Inanloo Arabi Shad H., Sereshki F., Ataei M., Kar-
amoozian M. Effect of magnetite content on Bond work in-
dex and preconditioning: Case study on Chadormalu iron ore 
mine. Journal of Central South University, 2018, vol. 25, iss. 
4, pp. 795–804.

12. Osipova N. V. The use of Kalman filter in automatic 
control of indicators of iron ores magnetic concentration. Iz-
vestiya Vysshikh Uchebnykh Zavedenij. Chernaya Metallur-
giya, 2018, vol. 61, iss. 5, pp. 372–377.

13. Maryuta A. N., Kachan Yu. G., Bunko V. A. Automat-
ed control of processes at concentration plants. Moscow, Ne-
dra,1983. (in Russian). 

14. Dechevsky L. T., Sziebig G., Korondi, P. Optimizing 
the automation of an iron ore production line – A case study, 
part II: Optimal automated quality control. Proceedings. 2016. 
IEEE International Power Electronics and Motion Control 
Conference, PEMC, 2016, pp. 753–762. 

15. Tikhonov O. N. Solving problems of automation in 
concentration and metallurgy. Moscow-Leningrad, Nedra, 
1969. (in Russian). 

16. Alekseyev M. A. Alhori, F. S. R. Automatic control of 
magnetic separator productivity based on spectral signal con-
verter of electric motor active power, Naukovyi Visnyk Nat-
sionalnoho Hirnychoho Universytetu, 2014, iss. 1, pp. 56–61.

17. Stener J. F., Carlson J. E., Pålsson B. I., Sand, A. Direct 
measurement of internal material flow in a bench scale wet 
low-intensity magnetic separator. Minerals Engineering, 2016, 
vol. 91, pp. 55–65.

18. Maryuta A. N. Automated optimization of ore con-
centration at magnetic-concentration plants. Moscow, Nedra, 
1975. (in Russian). 

19. Barskyi L. A., Kozin V. Z. System-based analysis in 
mineral concentration. Moscow: Nedra. 1978. (in Russian). 

20. Nesterov G. S., Nesterova N. A., Batanov A. I. Process 
control at concentration plants. Moscow, Nedra, 1966. (in Rus-
sian). 

21. Khan G. A. Testing and control of concentration pro-
cesses. Moscow, Nedra, 1979. (in Russian). 

22. Chinayev P. I. (Ed) Self-adjusting systems. Kyiv, Nau-
kova dumka, 1969. (in Russian). 

23. Bellman R., Dreyfus S. Applied tasks of dynamic pro-
gramming. Moscow, Nauka, 1965. (in Russian). 

24. Bandi B. Optimization methods. Introductory course. 
Moscow, Radio i svyaz, 1988. (in Russian). 

25. Venttsel Ye. S. Investigation of operations. Moscow, 
Sovetskoye radio, 1972. (in Russian).

26. Gabassov R. F., Kirillova V. O. Collection of tasks on 
mathematical programming. Minsk, Izd. BGU, 1981. (in Rus-
sian). 

27. Zaychenko Yu. P. Investigation of operations. Kyiv, 
Vyshcha shkola, 1975. (in Russian). 

28. Leonenkov A. Fuzzy simulation in MATLAB and 
fuzzy TECH. St. Petersburg, BHV-Sankt-Peterburg, 2003. (in 
Russian). 

29. Kruglov V., Dli M., Golunov Fuzzy logic and artificial 
neural networks. Moscow, Fizmatlit, 2001. (in Russian). 

30. Gultyayev A. MATLAB 5.2. Simulation in Windows 
environment. Moscow, Korona print, 1999. (in Russian). 

31. Potemkin V. MATLAB system: Reference book. Mos-
cow, Dialog, 1997. (in Russian). 

32. Arefyev B. A. Optimization of inertial processes. Len-
ingrad, Mashinostroyeniye, 1969. (in Russian). 



555

SUSTAINABLE DEVELOPMENT OF MOUNTAIN TERRITORIES

Т.10. №4(38), 2018 г.

СВЕДЕНИЯ ОБ АВТОРАХ / Information about authors:

Vladimir St. MORKUN – Doctor 
of Technical Sciences, Professor, Vice-
Rector in Research. 

Kryvoi Rogh National University, 
Kryvoi Rogh, Ukraine, 50027.

Е-mail: morkunv@gmail.com
Ph.: +38 067 976 29 25.
Number ORCID: http://orcid.

org/0000-0003-1506-9759

МОРКУН Владимир Станиславович – доктор технических 
наук, профессор, проректор по научной работе. Криворожский 
национальный университет, 50027, г. Кривой Рог, Украина. 

е-mail: morkunv@gmail.com
Тел.: +38 067 976 29 25 
Номер ORCID: http://orcid.org/0000-0003-1506-9759

Vitaliy V. TRON – PhD, Associ-
ated Professor. 

Department of automation, com-
puter science and technology Kryvoi 
Rogh National University, Kryvoi 
Rogh, Ukraine, 50027.

Е-mail: vtron@ukr.net
Ph.: +380961149797.
Number ORCID: https://orcid.

org/0000-0002-6149-5794

ТРОНЬ Виталий Валериевич – кандидат технических наук, 
доцент.

Кафедра автоматизации, компьютерных наук и технологий, 
Криворожский национальный университет, 50027, г. Кривой 
Рог, Украина. 

E-mail: vtron@ukr.net
Teл.: +380961149797
Номер ORCID: https://orcid.org/0000-0002-6149-5794

Natalia Vl. MORKUN – Doc-
tor of Technical Sciences, Associated 
Professor, Department of automation, 
computer science and technology.

Kryvoi Rogh National University, 
Kryvoi Rogh, Ukraine, 50027.

Е-mail: nmorkun@gmail.com
Ph.: +380936770659

Number ORCID: http://orcid.org/0000-0002-1261-1170

МОРКУН Наталья Владимировна – доктор технических 
наук, доцент. Кафедра автоматизации, компьютерных наук и 
технологий, Криворожский национальный университет, 50027, 
г. Кривой Рог, Украина. 

е-mail: nmorkun@gmail.com
Тел.: +380936770659
Номер ORCID: http://orcid.org/0000-0002-1261-1170

Irina Al. DOTSENKO – Re-
searcher, Scientific and production 
complex of iron, manganese and poly-
metallic ores, Academy of Mining 
Sciences of Ukraine, Kryvoi Rogh, 
Ukraine, 50002

E-mail: i.a.dotsenko@i.ua
Ph.: +380564262407
Number ORCID: https://orcid.

org/0000-0001-7912-2497

ДОЦЕНКО Ирина Алексеевна – научный сотрудник.
Научно-производственный комплекс железных, марганцевых 

и полиметаллических руд Академии горных наук Украины, 50002, 
г. Кривой Рог, Украина. 

E-mail: i.a.dotsenko@i.ua
Тел.: +380564262407
Номер ORCID: https://orcid.org/0000-0001-7912-2497

АДАПТИВНАЯ СИСТЕМА УПРАВЛЕНИЯ ПРОЦЕССОМ МАГНИТНОЙ СЕПАРАЦИИ
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Цель. В рамках устойчивой индустриализации це-
лью работы является создание теоретической базы и 
разработка адаптивной системы управления процессом 
магнитной сепарации железных руд, минимизирующей 
время поиска экстремума характеристик динамических 
объектов в условиях воздействия возмущений и помех в 
контролируемых сигналах.

Методы. В статье использованы методы оптималь-
ного управления, метод стохастической аппроксимации 
для повышения эффективности оптимального управле-
ния, методы численного моделирования для синтеза и 
анализа математической модели системы экстремально-
го управления, компьютерные информационные и про-
граммные технологии для реализации разработанного 
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алгоритма поиска экстремума в виде программного обе-
спечения.

Результаты. В статье приведена теоретическая база 
формирования управляющих воздействий в системе экс-
тремального управления динамическими объектами, по-
зволяющих при наличии возмущений и помех в контроли-
руемом сигнале достигнуть экстремума характеристики 
объекта управления за минимальное время. Установлены 
закономерности формирования экстремального управле-
ния инерционными объектами с задержкой и изменяю-
щимися статическими и динамическими характеристи-
ками, обеспечивающие минимальное время переходных 
процессов в системе управления процессом магнитной 
сепарации железных руд на базе измеренных значений 
регулируемой координаты через промежутки времени 
между шагами исполнительного механизма, формируе-
мые в соответствии с текущими значениями статических 
и динамических характеристик объекта, которые опреде-
ляются в условиях действия интенсивных возмущений. 
Разработана адаптивная система управления процессом 
магнитной сепарации железных руд, минимизирующей 
время поиска экстремума характеристик динамических 
объектов в условиях воздействия возмущений и помех в 
контролируемых сигналах.

Выводы. Разработанная адаптивная система управ-
ления процессом магнитной сепарации железных руд по-
зволяет минимизировать время поиска целевой функции 
управления, поддерживать оптимальное соотношение 
между выходом концентрата и содержанием полезного 
компонента в нем в условиях изменяющегося качества 
исходной руды и состояния технологического оборудо-
вания. Установлены условия и впервые определено, что 
наилучшие параметры поиска экстремума в системе ав-
томатического управления процессом магнитной сепа-
рации железных руд, которая реализует предложенные 
принципы поиска, при наличии возмущений и шумов 
в контролируемых сигналах достигаются в том случае, 
когда отклонение статических и динамических характе-
ристик объекта управления от номинального значения не 
превышает ±25%.

Ключевые слова: адаптивная система управления, 
магнитная сепарация, железная руда, пульпа, поиск экс-
тремума.
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