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ANALYSIS OF THE INPUT MATERIAL FLOW OF THE TRANSPORT
CONVEYOR

Purpose. To develop a method for analyzing the material flow entering the input of a conveyor section, based on the decom-
position of the input material flow into a deterministic material flow and a stochastic material flow.

Methodology. The analysis of experimental data characterizing the input material flow was performed using the methods of the
canonical Fourier representation of a random process.

Findings. A method for representing a stochastic material flow as a combination of a deterministic process and a stationary
random process with ergodic properties is proposed.

Originality. The originality of the obtained results lies in the fact that, for the first time, a method of analysis based on the de-
composition of the input material flow for a conveyor section has been proposed, which, unlike the existing methods of input flow
typing for the mining industry, will allow us to independently perform deterministic flow typing and stochastic material flow typing
in transport conveyors. The proposed approach makes it possible to highlight special characteristics separately for deterministic
and stochastic material flows. This will make it possible to use the obtained regularities to increase the accuracy of the conveyor
model and will accordingly increase the quality of the belt speed control systems and the flow of material coming from the input
bunker. The obtained results are of particular importance due to the fact that the characteristics of the deterministic material flow
are directly related to the technical or technological factors of material extraction.

Practical value. The obtained results allow determining statistically stable regularities for the incoming flow, which makes it
possible, based on these regularities from the set of available control algorithms, to choose the optimal control algorithm for the
parameters of the operating conveyor section. This allows reducing the enterprise’s energy costs of the transportation of material.
The proposed method can be successfully applied to build random number generators simulating the sequence of values of the
input flow of material. The developed generators can be used both for validating existing belt speed control systems and creating
new control systems based on neural networks. This opens perspectives for the design of effective systems for controlling the flow
parameters of transport system, based on the transport conveyor model, which takes into account the stochastic nature of the in-
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coming material flow.
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Introduction. The traditional dynamic model of the belt
conveyor, which is used to synthesize systems for controlling
the speed of the belt or the input flow of the material, provides
for a deterministic input flow of material [1, 2], the value of
which is determined by the mass of rock entering the input of
the conveyor section per unit of time. The reason for this situ-
ation is the difficulty of identifying special characteristics of the
input flow of material that would establish statistically stable
patterns of behavior of a random variable A that determines the
average value of the flow of material entering the transport sys-
tem for the time interval accepted for statistical analysis. Often,
a minute interval is taken as this time interval. To simplify the
simulation of the input flow of material, various types of distri-
bution of a random variable A are used, among which the most
common is the normal distribution law with unbounded left
and right tails of the distribution density function. In determin-
ing the flow characteristics of the transport system, the trunca-
tion of the accepted normal distribution law is neglected. When
approximating the distribution of a random variable A that de-
termines the average value of the material flow over the ac-
cepted time interval, the patterns of its formation due to a num-
ber of technical and technological factors are not taken into
account, which limits the scope of this approach. The con-
struction of functional empirical relationships between the sta-
tistical characteristics of the random variable A requires experi-
mental research, on the basis of which a mathematical model
of the random input flow of material is built. To conduct ex-
perimental studies, a set of conveyors with different character-
istics of the input flow of material is required, which is a diffi-
cult task to implement. At the same time, there is a fairly large
number of works in which a graphical representation of imple-
mentations of a random flow of materials entering the input
section of the existing transport conveyor is given. The present-
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ed implementation of the random flow of materials for existing
transport systems of conveyor type is the basis for building a
mathematical model |3, 4]. This requires the development of a
methodology for analyzing implementations of the input flow
of material, which allows you to build functional links between
the statistical characteristics of the random variable A.

Statement of the problem. One of the urgent problems as-
sociated with reducing the unit costs of transporting material
in the mining industry is the problem of synthesis algorithms
for controlling the speed of the belt of the conveyor section
with a random input flow of material [5]. This is explained by
the fact that there is no necessary amount of information
about the statistical characteristics of the input flow of mate-
rial entering the input section of the transport system, when
using modern cleaning and tunneling equipment. In general,
the input flow of material is described as the product of ran-
dom processes [6, 7]

M0) = M (DA(1), )

where A7) the process represents a discrete sequence of pulses
with a random duration of material receipt and at random in-
tervals of its absence, and the process A,(?) is a continuous ran-
dom process. As a rule, in the synthesis of control algorithms
for the process A,(f) the normal law of distribution of mine
cargo flow is assumed [6]
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or the logarithmically normal law
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with mathematical expectation m,, standard deviation o, and
correlation function [7]
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K, (n)=c2exp(-n/n,,)- )

The correlation time n,, depends on the way the produc-
tion process of material extraction is organized. For the ran-
dom process A(7) the probability density is written as
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with the intensity of the transition ,, from the state k (the
material flow does not enter the section input) to the state m
(the material flow enters the section input). The representa-
tion of the input flow of material entering the input of the con-
veyor section in the form of a random process (1) with a distri-
bution density of the material flow value (3) has long been used
both in solving problems of choosing the performance of the
conveyor section and for the synthesis of flow control systems.

For modern transport systems, the key issue is to reduce
specific energy consumption, which leads to the requirements
of increasing the coefficient of filling the conveyor section with
material, and, accordingly, of the designing of transport sys-
tems with a continuous supply of material [8, 9]. Such systems
are characterized by inequality p,, > u,,, which allows us to
represent the expressions (1), (3) in the following form A(7) ~
~ A1), f(A) = f,(1). The normal (1) and logarithmically nor-
mal (3) laws of distribution of mine cargo flow proposed for
use have unlimited tails. When constructing input material
flow generators for simulation models of conveyor transport
systems, this can lead to errors in the synthesis of optimal con-
trols of the flow parameters. In part, this problem can be
solved by using the truncated law of distribution.

Analysis of works [2, 10, 11] shows that the input flow of ma-
terial at time t is characterized by mathematical expectation and
standard deviation, whose values are determined by functions
that change periodically over time, can be described by the nor-
mal and logarithmically normal distribution laws only in indi-
vidual cases. The asymmetry of the distribution law depends on
the equipment used. The presence of fluctuations in the magni-
tude of the input flow of material is determined by the speed of
movement deep into the field and the rhythm of the processes of
material extraction [2, 12]. In this regard, the question of devel-
oping new methods for typing input material flows is relevant.

Random material flows typing can be performed as a result
of approximation of individual components of the material
flow of transport systems. For approximation, publications
should be used that demonstrate and analyze the implementa-
tion of random material flow for existing conveyor-type trans-
port systems. The main difficulty in analyzing implementa-
tions of a random material flow lies in the development of a
method that allows us to represent a random flow of material
in the form of a superposition of a deterministic process and a
stationary random process that has ergodic properties. The
typing problem will be divided into two tasks: a) the problem of
typing the nonstationary deterministic process; b) the problem
of typing the stationary random process having ergodic prop-
erties. This study is devoted to the problem of dividing a ran-
dom flow of material, represented by its separate implementa-
tion, into two flows, each of which is subject to typing.

Literature review. Analysis of publications demonstrates
that the flow of material entering the input of the transport
system is a continuous process, the mathematical expectation
of which can be represented as a periodic time functions. Vol-
umetric productivity A,(f) = 0.651(f) (m3/h) of the rotary exca-
vator SRs 2000 with material flow A(¢) t/h, registered at the
Belchatovsky brown coal quarry [10] is shown in Fig. 1.

The uneven flow of material entering the input of the trans-
port system is formed at the material extraction site and has a
periodic law. The oscillation amplitude is one third of the max-
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Fig. 1. Volumetric productivity \.(f) m*/h, rotary excavator SRs
2000 (Belchatov), t min [10]

imum value of the material flow at a constant oscillation period
for the recorded experimental values of the material flow.

The flow of material has a periodic character, whose ex-
perimental values are presented in Fig. 2 [11]. Oscillations with
short and long periods of oscillations are clearly expressed.

The material flow value A(7) t/h is given for a scale mea-
sured in minutes. The amplitude and length of the oscillation
period depends on the process equipment and the variability of
its functioning.

Experimental measurements presented in Fig. 3 are used
by the authors to verify the correctness and accuracy of the

A(t)

40
35

30 \
25 ’\

. AW
N VAR W I LA Vil
ol LY

=
et

10 20 30 40 50

Fig. 2. Material flow \(f) t/h, test KO7, t min [11]
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Fig. 3. Material flow \M(t) kg/s, experiment on artificial filling of
conveyor belt with iron powder, t s |2]
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measurement system for the uneven distribution of bulk mate-
rial [2]. During the measurement, three modes of conveyor
belt speed were selected: 0.5, 1.0 and 1.5 m/s. Experiments on
artificial filling of the conveyor belt from the guild chute with
iron ore powder were carried out in three modes with an aver-
age material consumption: 2.971 (10 t/h); 8.911 (32 t/h) and
14.853 kg/s (53 t/h). A variant with an average material con-
sumption: 2.971 kg/s (10 t/h) at a belt speed of 1.0 m/s is pre-
sented in Fig. 3. The study shows the dependence of the
change in time of the average value of the material flow enter-
ing the input section of the conveyor. The law of change in
time of the average value of the input flow is qualitatively close
to the sinusoidal law.

For operated in NCC Industry (Uddevalley, Sweden)
three-stage installation for the production of aggregates, the
flow of material coming from the equipment to the inlet sec-
tion of the conveyor is shown in Fig. 4 [12]. To measure the
magnitude of material flow, mass measuring devices connect-
ed to the cloud solution were used. The collected data was re-
corded in cloud storage with a frequency of 0.1—0.2 Hz.

Fig. 5 shows the input flow of material for the section of
the transport system, which is studied in [13]. The time inter-
vals, the issue of which material flow has reached the maxi-
mum limit area, as well as the intervals in which the material
flow was absent are discussed.

The paper emphasizes that the flow of material entering
the inlet of the section has a mean deviation of 345 t/h, which
is a small deviation from the average value of the investigated
input flow of iron ore (A(#)) = 8000 t/h, entering the inlet of the
conveyor section. The experimental data determining this flow
of material are characterized by the representation of a random
flow of material in the form (1).
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Fig. 4. Material flow \(¢) t/s, NCC Industry, t s [12]
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Fig. 5. Material flow \(¢) t/h, conveyor CV 1, t min [13]

Characteristics of volumetric capacity A,(f) = 0.651(f)
formed by bucket excavator Takraf SRs 2000.32/5 are given in
|3]. The material flow enters the inlet of the conveyor section
continuously with an average capacity of 2730 m?/h with a
theoretical power of 6600 m*/h. The dynamics of material sup-
ply at the section inlet for 360 seconds is demonstrated, which
is a typical characteristic of the functioning of the bucket exca-
vator Takraf SRs 2000.32/5. The minimum peaks on the
graphs characterize the length of time period during which the
bucket excavator enters and leaves the section. The flow of ma-
terial is a continuous random stream, whose average value can
be given by a periodic function. In [4] the deterministic flow of
material for constructing a training data set for a transport
conveyor model based on the use of a neural network is con-
sidered.

The review of experimental data gives a general idea of the
nature and qualitative regularities of material flows entering
the transport system, namely: a) the implementations of the
studied random flows of material at modern mining enter-
prises are characterized for the most part by continuity; b)
they contain components that change periodically over time.
This makes it impossible to use the existing method for typing
input material flows for the synthesis of control algorithms
[6, 7].

Data sets (A;, t;) are presented in Figs. 1—7 obtained as a
result of scanning graphic images at time #; = (¢, + nAf), At =
= (tmax — Imin)/ N, 1 = 0...N, where f,,;,, . are the initial and
final value of the time interval of experimental measurements.
When scanning images, N = 5 - 10* abscissa dots are used.

Research method. To determine the statistical characteris-
tics, we represent the input flow of material A(7) in the form of
a random process

Mo) = A1) + 1(0),

where L,(7) is a deterministic function of time #; A(f) — station-
ary centered ergodic process, which is determined by one-di-
mensional distribution density f,,(A) with mathematical ex-
pectation m,, = 0 and standard deviation o, of a random vari-
able A.

Taking into account the publications devoted to the study
on material flows entering the input of the transport system [6,
71, assume that the correlation function for the input material
flow is (2). For the stationary ergodic process A,(f) the mathe-
matical expectation m;, standard deviation o, and correlation
function k,(n) can be determined by integrating the imple-
mentation of the random process over time

[ H lT . 2 _ 1 1T 2 .
m, = }T;?'([ks(t)dt, ol = }ﬂ?.([ks(t)dt, (4)
1t
k() = }g;!%(t)?ns(f—n)dt- )

A sufficient condition for the fulfillment of equalities (4),
(5) is the ultimate equality lim &, (n) — 0. If for the presented
n—o

data sets (A;, t;)characterizing a specific process of material re-
ceipt, the correlation function k, (1) can be represented by a
dependence close to the dependence (5) and the condition
Neor < (fmax — Imin)» then to calculate the mathematical expecta-
tion m;, standard deviation o, and correlation function k;(n)
the following expressions can be used

1, 1,
B max Xs(t) . - mx A 2(1)
m,, = J. ﬁdt, O, = J‘
rmm

% | RGNS ™

max _ ‘min b

kM (m=

Periodic function A ,(?) is determined from the quality cri-
terion of the approximation process
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The joint solution of equations (6, 7) with the quality cri-
terion of the approximation process (8) allows determining an
approximate type of function A,(¢) for given values of the cor-
relation time m,,, and standard deviation o,.

Description of research methods. Let us introduce dimen-
sionless variables and parameters

Mt At A (t
y@=20; 4 =20y =2l
d my d
i 0N
tmax_tmm
1 Frnax ~min 1 N
m,=———— Mo)dt=——-> Mt));
¢ tmax_tmin '(‘). ( )d N+1ZO: (n)
ms :%, GS 2077“57 Tkur — T]kor ;
md my tmax_tmin
k ( )_ (9) Oy :%’ Tkor :%;
d nmy tmax_tmin
(t;-1)
9=—T = =(5,-1)),

(tmax min ) (tmax mm)

considering which the flow of material will be presented in di-
mensionless form m, = m,,/m,;=0

2
Ois

G,z = = }\'2 (t)dt Y (T)d‘t (10)
mﬁ m; (tmax min ) t,:[\ J
k,,(n) 1
k 9 — LS - 7\, t?\« t— 1=
= o =S i ,j e
] 1
:gj.ys(r)ys(t-t-S)d‘r;
2 9 9
Ko (9) =0 f“zexp[ ]Z‘”‘p[ } v
csmd Gsmd Tkor T””’
1) = 74(1) +7,(0). (12)

Correlation functions k,(8) and k(8) are presented in a
dimensionless form with the condition of normalization
k(0) = 1; k(0) = 1. Since the correlation function of a station-
ary random process is a paired function £(3) = k,(—9), at the
interval [-1; 1] the correlation function can be decomposed
into the Fourier series by paired harmonics. We present the
correlation function in the form

k(®)+h,(-9) _ 1

1
k,(9)= 5 30 j YO(v(t—9)+y(t+9)dr+

o ijd(r) Y1=9)+7(+9))dr+
(13)

2 2J.y(t) v, (t— 9)+yd(‘t+9))d‘r+

oo 2Jyd(r> Vo(1=9)+y,(t+9))dr.

Synthesis of the deterministic component of the input mate-
rial flow. Analysis of Figs. 1—5, which characterize the pecu-
liarities of material flows entering the input of the transport
system, suggests that a deterministic function y,(t) can be ap-
proximated at a time interval 0 <t <t,;=1 by a periodic func-

tion. Let us present the function y,(t) as a cosine decomposi-
tion by defining it in an even manner on the interval -1 <1 <0

Y. ()= a7°+ > a, cos[nm] = %°+ > a, cos(nnr),
n=1 n=l1

Ta

with decomposition coefficients
1 1
a,=2 j v,(0d; a,=2 j v, (t)cos(mnt)dr.
0 0

The decomposition of the function y,(t) by cosine is cho-
sen to simplify further transformations, allowing us to represent
the correlation function ky(8) as a harmonic series. Transform
one of the integrals that define the correlation function k(3)

1
[va@) (1= 9)+v(x+9))dr=
0
1 1
= [vs (Y =8)dr+ [y, (tyy(x+ 9)dr =
0 0
1
= [(va(c+9)+7,(x-9))y(v)dz+
9 ‘ 9
+ [y =9)dr— [1,(1-9y(v)dr+
0 0
1 1
+ [ Y@+ 9)dx— [ v,(x+9yy(x)dx.

1-8 1-9

Considering the property of the correlation function
k(9) = k(-9), expression (13) can be written in the following
form

1 1
k(9)=
S( ) 26520

(Y(T—9)+Y(‘E+9))d1:+
1
+;22jy(r)(yd(r—9)+yd(r+9))dr+ (14)
2 z_[Vd(T) v.(t— S)+yd(r+8))

We calculate the integrals that constitute the expression of
the correlation function (14). Whereas
14 (1= 9)+7,(1+9) =

=%°+nZ::an cos(nn(r—S))-#%o-kgan cos(nn(r+9)) =

=a,+ 22(1,, cos(mnt)cos(nnd),

n=1

we obtain

1 ©
JY(I) Vy(1+9) ; Va9 ayzao + %Z a,,a,cos(mn9),
0 p

with coefficients a,, a,, which are determined by ratios

05+ S oo a2

a,= 2jy(r)cos(nm)dr. (15)
0

The coefficients a,, in accordance with their definitions
(15) make it possible to perform an approximation of the func-
tion y(t) with a sufficient degree of accuracy. The approxima-
tion of the function y(t), based on the use of n = 1000 coeffi-
cients a,,, is shown in Fig. 6.

‘We compute the third integral in an expression for the cor-
relation function (14)
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Fig. 6. Function y(t) and its approximation, n =1000
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Let us introduce the function Cy(8)

1
€)= [ =D g
0

yt-9)=v(t+93) at (1-9)<0, (t+9)e]0;1];
yr-9)=y(t-9+1) at (t-9)<0, (t+9)>1;
YT+ =y(t-9) at (t+9)>0, (t-9)€][0;1];
Yt+3)=yt+9-1) at (t+93)>0, (t-9)<0,

which will allow us to present the correlation function in its
final form

0%k (9)=Cy(9) - 2[ Zawan Cos(rcnS)j

+%°+l2cos(nn8)a3 =

=Cy(9)+— (aO 2a,a,)+ ZCOS(;”S)( “2a a).

ynn

Unknown coefficients a, are determined from the equa-
tion k(9) = k(9), which has an expanded form

cos(mnd)

1
Cy(9) +Z(a§ ~2a,,a,)+ 2; (a2-2a,a,)=

17
X [ SJ a7
=olexp| — |-
TC‘O"

The main difficulty in solving equation (17) lies in the fact
that the type of Cy(8) function is determined by the type of
y(t) function on the interval —1 <t < 1. At the same time, the
function y(t) is set on the interval 0 <t < 1. The next section
presents the results of the study on the input material flow,
based on the solution of equation (17) for various ways to de-
termine the function y(t) outside the interval 0 <t < 1.

The results of decomposition of the input material flow.
Equation (17) can be solved by successive approximations. In
a zero approximation outside the interval 0 < t < 1, the input
flow of material can be defined as y(t) = 0. This will allow cal-
culating the coefficients a, and, considering (12), generating
values y(t) both for the interval 0 < t < 1 and beyond. The
function thus defined is used to solve equation (17) as the next
approximation. The number of approximations is selected
based on the requirement to ensure a given accuracy. The dis-
advantage of this approach is the slow convergence of the solu-

tion. In this regard, we focus on ways to represent a function
v(1) outside the interval 0 <t < 1, which, based on the proper-
ties of the correlation function, will ensure increased conver-
gence of the solution by the method of successive approxima-
tions.

We decompose the left and right sides of equation (17) into
the Fourier series and equate the coefficients for the same har-
monics, we obtain expressions for the coefficients a,,

a,-2a,a,=B,; (18)

n

1
B, =4 j (Gg exp[_9]—00(9)]cos(nn9)ds.
0 T

cor

The qualitative relationship between Gf and correlation
time 7., can be obtained by solving equation (18) for the zero
harmonic, n=0

2a, a

1 al—
Ico(g)dg_‘_%

G2 a0
s 1 .
J.exp[—sjds Teor [l—exp(—lj]
0 TCO" TCUI'
2

The standard deviation o} is a downward function of the
correlation time t,,. The correlation coefficient £,(3) (10) is
determined for the random process, the implementation of
which is given on the finite interval [0; t,,,.]. Accordingly, to
calculate the correlation coefficient k(9), the value of the im-
plementation of the random process y,(t) and y,(t + 9) needs
to be known. For some values 1, the value (t + 9) does not
belong to the interval [0; t,,,,]. In this regard, it is necessary to
determine the value of the implementation of the random pro-
cess v,(t + 9) at points in time (t+ 3) ¢ [0; T,

Analysis of methods for calculating the correlation coeffi-
cient. Method for calculating the correlation coefficient No. 1. As
the first way to determine the values y,(t + 9), equality can be
used

1

1(t+93)=y(t+93—1,,), behind (t+9)>r1,,. (19)

The correlation coefficient calculated considering the ratio

(19)
ksl(\‘})—i2 ":f Oy, (t+9)drt, T, =1 (20)
O 0

in zero approximation for a dynamic process y,(t) ~ 1, is shown
in Fig. 9. The application of this approach to the calculation of
a, coefficients implies a systemic error in determining these
coefficients. The index “s1” determines the type of integrand
(20) for calculating the correlation coefficient.

Method for calculating the correlation coefficient No. 2. The
second way to determine the values y,(t + 3) is to use the inter-
val [0; 1,,./2] to calculate the decomposition coefficients a,,.
The correlation coefficient calculated considering the ratio (19)

Tmax

ko(®=—— [ 1,0, (t+9dx, 1,,=2 (1)

maxs 0

for zero approximation y,(t) ~ 1, is shown in Fig. 10. The cal-
culation of the decomposition coefficients is performed on the
interval © € [0; 1,,,/2]. To calculate the correlation coefficient,
the first method and the full data interval for t € [0; 1,,,,] were
used. When bringing variables (9) to a dimensionless form, the
value m, was used, calculated for the time interval T € [0; Tyl
of the values of the implementation of the random y(t) process.
The dimensionless value of the variable t, characterizing the
process time, is defined as follows © = 2( — £,,in)/(fmax — fmin)-
Thus, the graph is represented on the interval T € [0; 1] (Fig. 7),
stretched to the interval © € [0; 2], t,,,, = 2, Fig. 8. Decomposi-
tion is performed for an interval t € [0; t,,,,/2] containing half
of the data from the implementation of the random process.
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Fig. 7. Calculation of the correlation coefficient k() based on
the method for determining the values of the process imple-
mentation y,(t) (20):
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Fig. 8. Calculation of the correlation coefficient ky(8) based on
the method for determining the values of the process imple-
mentation y,(t) (21):

YS(T) = Ys(": - Tmax); T> Tmax = 2

The incomplete use of the data set is a disadvantage of this
method for determining the decomposition coefficients a,,.
Method for calculating the correlation coefficient No. 3. For
dynamic processes, implying a significant difference in the
range of function change y,(t) for intervals [0; t,,./2] and
[Tmax/2; Tmaxl, Using a set of values for only one of the two in-
tervals will lead to an additional error. It is assumed that a de-
crease in the magnitude of the error is achieved with an addi-
tional calculation of the decomposition coefficients a,, for the
interval [7,,,./2; Tma] fOllowed by averaging the decomposition
coefficients a, over two intervals. The number of intervals for
averaging can be chosen arbitrary by specifying the value of

2 1
When [ = 2 we obtain the above division into intervals [0;
Trmax/2] aNd [T00/25 Traxl - In Fig. 9 and Fig. 10 the values of the
correlation coefficient are shown, calculated in accordance
with the formulas

T T .
each interval in the form { "I‘ax l;max+maxl}, i=0,1,.., I

o2
1
a(®)=——— [ 7,@r,c+9ds (22)
oo

T,

max

k= ——— [ ronG-9dr 23
( max _Tmaxjcf /2

at integration intervals [0; T,,,/2] and [Tma/25 Tmax)> Tmax = 2-

The difference in the methods for calculating the correla-
tion function according to formulas (21) from (22, 23) is that
for calculating the coefficients of the correlation function, for
example, when integrating on interval [0; t,,,,/2] (22), both
values of the implementation function y,(t) and y,(t + 3) can-
not be in the interval |t,,,,/2; Tmaxl- Similarly, for calculating
the correlation function, for example, when integrating on in-
terval [T,./2; Tmax] (23), both values of the implementation
v,(t) and y,(t — ) cannot be in the interval [0; t,,,/2[. When
using formula (21) to calculate the correlation function, this
possibility is allowed. It should be noted that from the above
definition of the correlation function follows the ratio k,(0) =
= (kgs(0) + ky4(0)/2). The histogram of the distribution of a
random variable, which is constructed on the basis of the val-
ues of the implementation of a random process y,(t) for ap-
proximation y,(t) = 1, is shown in Fig. 11 for the interval [0;
Tmax/ 2] and in Fig. 12 for the interval [7,,,/2; Tmaxl-

The values of the standard deviation for the implementa-
tion of the random process at intervals [0; T,,,/2] and [T,,,/2;

T are 6% =k;(0)~0.5 and o2, =k, (0)~1.5 respectively.

These values determine the standard deviation for the imple-

k(9)
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Fig. 9. Correlation coefficient k(8) calculation for interval |0;
Tmax/2] (22)
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1.0

0.5

\/ /
0.0 0.2 0.4 0.6 0.8 1.0

9

Fig. 10. Correlation coefficient ky(S) calculation for interval
[Tmax/2; Tmax] (23)

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2023, N2 5 161



f(y,)

0.00 025 050 075 1.00 125 1.50
Vs
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input flow of material y, on the interval © € [0; T,,/2]
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Fig. 12. Histogram of the distribution of values of dimensionless
input flow of material y, on the interval t € [T/2; Trmaxl

mentation of the random process over the entire interval [0;
Tl €qual to sz = (gf + (;3 ») / 2 ~1 . Histogram of distribution
of values of dimensionfess input flow of material for interval [0;
Tmay/2] and for interval [t,,,/2; Tmaxl, is shown in Figs. 11 and
12 respectively; the values quantitatively differ, and their stan-
dard deviations, calculated in accordance with formulas (22,

23), correlate as 6% /o2, ~0.5/1.5. This fact suggests that the
choice of the method for constructing the correlation function
is important for the synthesis of the deterministic process v,(t)
and the random process y,(t).

The third way to determine values y,(t + 3) is to use an
interval [0; 1,,,, — 9] to calculate the correlation function. Cor-
relation function, calculated as follows

a9

J. YOy, (t+ 9T, T, =1 (24)

0

1

(Tmax - 9)0?

kys(9)=

is shown in Fig. 13. The error of the calculation increases with
increasing value 9.

Method for calculating the correlation coefficient No. 4. This
method for calculating the correlation coefficient is based on
the following rules

max

ks6(9) = % J YS(T)YS(T + S)dT’ Tmax = 1’ (25)

max>~s 0

v(t+3)=y(t-9) at t+39>r1,, and t-93>0;

1(t+3)=0 at t+9>1,, and T-9<0.

k(9)
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Fig. 13. Correlation coefficient k(8), [0; T (24)

To determine the missing values of the correlation func-
tion, the property k;(3) = ks(—3) was used. The graph of the
correlation function k(8)is shown in Fig. 14.

Taking into account the type of function Cy(8), construct-
ed in accordance with conditions (16), we determine the val-
ues of the coefficients a, for the implementation of the deter-
ministic process y,(t) and the random process y,(t). Due to the
fact that the value of the function Cy(9) is calculated approxi-
mately on the interval t ¢ [0; 1,,,,] based on conditions (16),
we use the criterion to determine the coefficients a,

(a; —2a,a,-B,)* - min, (26)
which corresponds to the equation

%(aﬁ -2a,a,-B,)’ =4a; -2a,a,-B,)(a,-a,)=0.

The implementation of the random process y,(t) and the
density of its distribution, built in accordance with the accept-
ed criterion, are presented in Figs. 15 and 16 respectively. The
correlation function k,;(3)characterizing a stationary stochas-
tic process y,(t) is shown in Fig. 17. The values of the correla-
tion function for a stationary random process y,(t) are calcu-
lated in accordance with the expressions (19, 20). The ob-
tained implementation for a deterministic process y,(t) using
criterion (26) for calculating the values of the coefficients a,
allows synthesizing the implementation for a random ergodic
process y,(t) with the distribution density shown in Fig. 16.
The correlation function is fairly well approximated by the
correlation function k(3) (11).

k(89)
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0.6
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0.2 \ /A\
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0.0 0.2 0.4 0.6 O.SV 1.0

9

Fig. 14. Correlation coefficient k(3), [0; Tpaxl (25)
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Fig. 15. Implementation of a stationary random process y,(t)
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Fig. 17. Correlation function k, (3) for realization of stationary
random process y(t), presented in Fig. 16

The resulting implementation for the random ergodic pro-
cess v,(t) makes it possible to establish the numerical charac-
teristics and the law of distribution of the values of the stochas-
tic component of the input flow of material, which is the basis
for choosing the parameters of transport conveyor.

Conclusions and further prospects for development. An
analysis of experimental data corresponding to the flow of ma-
terial entering the input of the existing transport system of the
conveyor type is carried out, which allows us to draw the fol-
lowing conclusions: a) further study on the type of distribution
law of mine cargo flow entering the input of the transport con-

veyor is required; it is necessary to clarify the assumption of
the normal or logarithmically normal law of distribution of
mine cargo flow; b) the correlation function determined on the
basis of experimental data for the studied mine cargo flows dif-
fers from the theoretical correlation function (2). The reason
for this difference is related to the fact that the mine cargo flow
can be represented by a stochastic process, the mathematical
expectation and standard deviation of which are time-depen-
dent periodic functions. In this regard, existing typing meth-
ods based on the approximation of a stochastic material flow
can only be used for stationary material flows. For nonstation-
ary material flows, the solution to this problem is presented in
this paper and is based on the assumption that the random
flow of material can be represented as a superposition of a de-
terministic process and a random process that has ergodic
properties. The dynamic characteristics of the deterministic
material flow are directly related to the technical or techno-
logical factors of production. The average speed of movement
of mine combines, the average speed of movement of the sup-
port sections, technological breaks for maintenance have a
significant impact on the shape of the histogram curve of the
distribution of the values of the input flow of material. During
the period of experimental measurements, the shape of the
distribution histogram curve can change from the normal dis-
tribution law to the uniform distribution law of the values of
the input material flow. In connection with this, when solving
the problem of typing of input material flows, it is initially nec-
essary to extract the deterministic component of the input ma-
terial flow, determined by the above factors. This will allow for
the stochastic component of the material flow to establish sta-
tistically stable patterns, to determine the distribution law for
the values of the input material flow.

Analysis of the random process that has ergodic properties
led to the conclusion that the normal or logarithmically nor-
mal distribution laws of mine cargo flow can be used as the first
approximation to describe the stochastic component of the
material flow. Additionally, it should be noted that the correla-
tion function of this process approaches the theoretical corre-
lation function (2).

The advantages of the proposed method for presenting the
realization of material flow in the form of a superposition of
deterministic and random material flow, which has ergodic
properties, are as follows: a) the existing problem of typing
non-stationary transport flows is solved. In contrast to the
proposed approaches [6, 7], it is proposed to use the stochastic
component of the input material flow to type the input mate-
rial flow, for which it is possible to determine statistically stable
patterns; b) the accuracy of describing the input flow of mate-
rial increases as a result of the fact that the numerical charac-
teristics and distribution function are determined by analyzing
the stochastic component of the input flow of material. At the
same time, to determine these numerical characteristics, a
cross-section of the random process is used, formed based on
the experimental study on the material flow of the existing
transport system.

The results of solving the problem of typing deterministic
and stochastic components of input material flow are of prac-
tical interest for the synthesis of material flow control systems
of transport conveyor. The obtained results can be used to
construct criteria for similarity of input material flows, reflect-
ing statistical patterns and allowing one to justify the choice of
control algorithm.

As shown by the review of publications, in most cases fair-
ly simple dynamic deterministic models of the input flow of
material are used for the synthesis of control systems. This im-
poses limitations on the synthesis of algorithms for optimal
control of material flow, since technical and technological fac-
tors characterizing the method of material extraction in mod-
ern mining enterprises are not considered.

A prospect for further research is the analysis of synthe-
sized implementations of deterministic and stationary random
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material flows based on experimental data sets for existing
mining enterprises to identify general regularities. It is as-
sumed that the construction of these regularities will allow
constructing generators of input stochastic flow of material to
analyze the efficiency of material flow control systems as for
existing transport systems, and in the design of new transport
systems. Of particular interest is the use of these generators to
form a set of data used to train neural networks, based on
which effective systems for controlling the flow of material us-
ing artificial intelligence can be built.
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AHaJi3 BXiJHOr0 MOTOKY MaTepiaJiiB
TPAHCIIOPTHOTO KOHBEEPA

0. M. ITienacmuir*, M. O. Cobonw

HauioHanpHuii TeXHIiYHUI YHiBepcUTeT «XapKiBChbKUI TO-
JIITeXHIYHUI IHCTUTYT», M. XapKiB, YKpaiHa
* ABTOp KopecnoHAeHT e-mail: pihnastyi@gmail.com

Meta. Po3pobutu MeTon aHaji3y OTOKY Marepiajy, 1110
HaIXOAUTh Ha BXiJl CEKIIii KOHBEEpPA, 3aCHOBAHUI Ha IEKOM-
MO3Ullii BXiAHOTO MOTOKY MaTepiany Ha JeTePMiHOBaHUIA 11O~
TiK MaTepiaay Ta CTOXaCTUYHUU MOTiK MaTepiay.

Meronuka. AHaji3 eKCrepMMeHTaIbHUX JaHUX, 1110 Xa-
PaKTepU3YIOTh BXiIHUI MOTiK MaTepialy, BAKOHAHWI 3 BUKO-
PUCTAHHSIM MeTO[iB KaHOHiYHOTO Pyp’e MOAaHHS BUTIAAKO-
BOTO MIPOLIECY.

PesympraTn. 3anmpomoHoBaHa METOAMKA MOAAHHSI CTO-
XaCTMYHOTO MOTOKY MaTepialy y BUIJISAI KoMOiHalii aetep-
MiHOBAHOI'O MPOILIECY Ta CTAlliOHAPHOTO BUIAAKOBOIO IMPO-
11ecy, 110 Ma€ eprojnyHi BJIaCTUBOCTI.

HaykoBa HoBu3Ha. HoBu3Ha oTprMaHMX pe3yJbTaTiB IO-
JISITa€ B TOMY, 1110 BIIepIIIe 3alIPONIOHOBAHO METOJI aHali3y, 3a-
CHOBaHMI Ha JEKOMITO3MLii BXiIHOTO MOTOKY MaTtepiaity st
CeKIlil KOHBeEPa, IKUi1, Ha BiAMiHY Bill iCHyIOUUX METO/IiB TH-
Ti3allii BXiTHUX ITOTOKIB I TipHUY0A00YBHOI ITPOMHUCIIOBOC-
Ti, TO3BOJIUTh HE3aJIEXKHO BUKOHATH TUITi3allil0 1eTepMiHOBa-
HUX MOTOKIB i TUIi3allil0 CTOXaCTUYHUX MOTOKIB Marepiany y
TPAHCIIOPTHUX KOHBeepax. 3anporoHOBaHUI TMinXia Hamae
MOXJIMBICTb BUIIUTHA OCOOJIMBI XapaKTEPUCTUKU OKPEMO K
ISl I€TEPMiHOBAHOTO, TaK i TSI CTOXaCTUYHOI'O MTOTOKY MaTe-
piany. Lle 103BoJIUTH BUKOPUCTOBYBATU OTPMMAaHi 3aKOHOMIp-
HOCTI JUIs1 MiIBUILEHHS TOYHOCTI MOJIeNIi KOHBE€Epa, i, Bilmo-
BiIHO, MiABMIIMTH SIKiCTb CHUCTEM YMPABIiHHS IIBUIKICTIO
CTPiYKM 1 MOTOKOM MaTepialy, 110 HAIXOMUTb 3i BXiIHOTO
oyHkepa. Oco0aMBOI BasKJIMBOCTI OTpUMaHi pe3yJIbTaTh Haly-
BalOTh Y 3B’SI3KY 3 TUM, 1110 XapAKTEPUCTUKU IETEPMiHOBAaHOTO
TOTOKY MaTepiay 06e31ocepeIHbO OB’ A13aHi 3 TEXHIYHUMM Y1
TEeXHOJIOTIYHUMU (paKTOpaMU BUIOOYTKY MaTepiay.

IIpakTiyna 3HaunmicTp. [1ossirae B Tomy, 1110 OTpUMaHi pe-
3yJIBTATU JO3BOJISIIOTh BUBHAYUTU CTATUCTUYHO CTiliKi 3aKOHO-
MipHOCTI [1J151 BXITHOTO MOTOKY, 110 1€ MOXKJIUBICTh, PYHTYIO-
YUCh Ha JJAHUX 3aKOHOMIPHOCTSIX, i3 0e3/1i4i JOCTYMHUX aJiro-
PUTMIB YIIpaBliHHS BUOpaTU ONTUMATbHUN aJITOPUTM YIIpaB-
JIIHHS TlapaMeTpaMu cekllii itouoro koHpeepa. Lle mosBossie
3HU3UTU €HEPTOBUTPATH MiATIPUEMCTBA HA TPAHCTIOPTYBAHHS
Matepiaty. 3arporoHOBaHUIT METON MOXe OyTH YCHillIHO 3a-
CTOCOBaHUU sl MOOYIOBY BUMAIKOBUX TEHEPATOPiB YMCET,
110 iMIiTYIOTh MOC/iIOBHICTb 3HAYEHb BXiTHOTO MOTOKY MaTepi-
aimy. Po3po0iieHi reHepaTopu MOXYTh OyTM BUKOPHMCTaHi SIK
IUTS1 BaJTifiallii iCHYrOUMX CUCTEM YIPaBIiHHS IIBUAKICTIO CTPiv-
KU, TaK i U151 TOOYI0BU HOBUX CHMCTEM YMPaBJiHHS, 3aCHOBA-
HMX Ha HEPOHHMX Mepexkax. Lle BinkprBae nepcreKTuBy st
MPOEKTYBaHHS €(DEKTUBHUX CHCTEM KePyBaHHSI TTOTOKOBUMU
rnapameTpaMu TPaHCMOPTHOI CUCTEMU, 3aCHOBAHUX Ha MOJENi
TPAaHCMOPTHOTO KOHBEEDPA, 1110 BPAXOBYE CTOXaCTUYHMIA XapaK-
TEp BXiTHOTO MOTOKY MaTepiaiy.

KimouoBi ciioBa: mpancnopmuuii Koneeep, poznodinera cuc-
mema, cmoxacmuuHuii NOmix, QYHKUis Kopeaayii
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