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The object of this study is the material flow incoming
the conveyor. The actual problem of calculating the
stochastic characteristics of the input material flow of a
transport system, based on the typification of the input
material flow, is being solved. When constructing a model
of the input material flow, methods of similarity theory
were used. A criterion has developed for dividing the
realization of the input material flow into a deterministic
and stochastic component, which makes it possible to
represent the stochastic component of the input flow in
the form of an realization of a centered ergodic process.
A method is presented for calculating amplitude and
phase frequency spectra for the components of the input
material flow, based on specified types of theoretical
correlation functions. The calculating accuracy of the
normalized correlation function values is ¢ ~0.05.
Distinctive features of the obtained results are that the
typification method of the input material flow is based on
the use of the amplitude spectrum for the input material
Slow. A special feature of the results obtained is that a
single realization of the input material flow was used to
model the input material flow. The scope of application of
the obtained results is the mining industry. The developed
methodology for calculating the statistical characteristics
of the input material flow allow to improve the accuracy
of algorithms for optimal control of the flow parameters
of the transport system for a mining enterprise. The
condition for the practical application of the obtained
results is the presence in the sections of the transport
conveyor of measuring sensors that determine the speed
of the belt and the amount of material in the bunker
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1. Introduction

The transport conveyor, used to move bulk materials,
is a complex dynamic distributed system with a transport
delay [1] and consists of a large number of separate long
belt conveyors [2] and bunkers between them [3, 4]. The
belt conveyor is the most important link in the transport
system of a mining enterprise, characterized by versatil-
ity, ease of automation and high productivity. Increasing
the efficiency of a belt conveyor is directly related to
reducing the cost of transporting bulk material, which
constitutes a significant part of the cost of material ex-
traction [5]. A common way to reduce transport costs
is to increase the loading factor of a belt conveyor with
bulk material, based on the use of belt speed control sys-
tems [6, 7] and the amount of material flow coming from
the accumulating bunker [8—10]. When designing control
systems for the flow parameters of a transport system,
one of the problems is the calculation of the statistical
characteristics of the input material flow. A common
approach to solving the problem is to use the assumption
of stationarity of the input material flow with an approx-
imated exponential correlation function exp(—¢/t.,,) and
a normal distribution law for minute values of the input
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material flow. However, this assumption often does not
hold for operating conveyors. In real transport systems,
the distribution law of minute values of the input material
flow can differ significantly from the normal distribution
law and has the form of a multimodal distribution. The
correlation function, which characterizes the input flow
of material for existing transport systems, can be repre-
sented by a periodic function that decays with increasing
correlation time. In this regard, to synthesize optimal
control algorithms, it is necessary to build models that
take into account the statistical characteristics of the
input material flow, which allow to reduce the unit costs
of material transportation, reduce wear and increase the
service life of equipment. Determination of the statistical
characteristics of the input material flow is based, as a
rule, on measuring the minute values of the input flow.
For this purpose, belt weighers, volumetric ultrasonic or
ultrasonic, laser or optical sensors are used, transmitting
the measurement results to the control system.

Thus, the study of the statistical characteristics of the
input material flow in belt conveyors is an important and
relevant area of practical importance for further optimiza-
tion of specific transport costs when using belt conveyors in
the mining industry.




2. Analysis of literature data and problem statement

The material flow A(¢), incoming the belt conveyor is a
random process. Statistical characteristics are determined
from realizations of a random process obtained as a result
of an experiment. As a rule, works devoted to the study of
the characteristics of the input material flow of the analyzed
transport system contain a single realization for the input
material flow, observed over a fixed time interval.

The paper [11] presents the results of studies of the in-
put flow of material for a brown coal quarry (Belchatow,
Poland). The results of experimental measurements for the
volumetric productivity of the SRs 2000 excavator are pre-
sented. The realization studied in this work for a continuous
input flow of material emphasizes the unevenness of the ma-
terial flow formed at the material extraction site. The ampli-
tude of the oscillation is one third of the maximum value of
the material flow with a quasi-constant period of oscillation.
The main focus of the work is on the problem of energy recu-
peration for inclined conveyors. The realization obtained as
a result of measuring the values of the input material flow is
presented. However, the statistical characteristics of the in-
put material flow are not taken into account in the proposed
energy recuperation model. The reason is explained by objec-
tive difficulties associated with determining statistical char-
acteristics based on available experimental data. An option
to overcome these difficulties may be the use of techniques
that determine both the type of input material flow and its
statistical characteristics. Paper [12] presents the results of
a practical study of real-time monitoring of material flows at
a solid fuel production plant. For the realization represented
by experimental values, a periodic nature of fluctuations in
the values of the input material flow is observed. As in the
previous paper [12], the realization of the input material
flow contains clearly long-wave oscillations of the material
flow values. The study assumes that the amplitude and
length of the oscillation period depend on the operating
conditions of the technological equipment. The paper [13]
presents the results of a study of the input material flow on
the 2LU120 belt conveyor of the eastern conveyor line of
the Dolzhanskaya-Kapitalnaya Mine (Ukraine). The paper
discusses the issue of the relationship between strong uneven
material flow, which is random in nature, and the amount of
unproductive energy spent on moving the moving parts of
the conveyor. The presented realization for the input materi-
al flow is fairly well approximated by the periodic function.
As an effective technical solution that ensures adaptation of
the conveyor belt speed to a random flow of material, the use
of belt speed control systems is proposed. Despite the fact
that the study presents realizations for the input material
flow, the proposed methodology for determining the power
reserve of a belt conveyor does not take into account such
statistical characteristics of the input material flow as the
standard deviation and the correlation function. The reason
lies in the objective difficulties associated with determining
the statistical characteristics of the realization obtained as
a result of experimental measurements of the values of the
input material flow. The type of distribution law and cor-
relation function for minute values of the input material flow
can significantly change the upper and lower limits of belt
speed control. To overcome the problems associated with
determining the limits of belt speed control, a technique is
required for calculating the statistical characteristics of the
input material flow based on an experimentally determined

implementation of the input material flow. In [14], the reali-
zation of the material flow incoming the input of a conveyor
section (NCC Industry, Uddevalle, Sweden) is analyzed. To
measure the amount of material flow, mass measuring devic-
es connected to a cloud solution for processing information
about the input material flow were used. The collected data
was recorded to cloud storage at a frequency of 0.1-0.2 Hz.
The realization of a random process allows to conclude that
the material flow is a continuous flow with periodic, rarely
repeating sharp decreases in material flow values. In [15]
presents a realization for an input stream of material with
interruptions. The realization for the material flow entering
the transport conveyor has significant time intervals during
which there was no material flow. In [16], an implementa-
tion for a material flow formed by a Takrafs wheel excavator
bucket SRs 2000.32/5s is considered. It is emphasized that
the flow of material incoming the input of the conveyor sec-
tion is a continuous flow, the average value of which can be
specified by a periodic function. The presented analysis of
realizations for input material flows allows to assert that at
most mining enterprises the input flow of material arriving
at the entrance of the transport system is a continuous flow.
The analysis of the realization for the material flow [11],
carried out in [17], does not confirm the assumption that
the minute values for the input material flow have a normal
distribution law with an exponential correlation function
exp(ft/tcor)-

All this allows to assert that it is advisable to conduct
a study devoted to the typification of input material flows.
There is a need to develop methods that allow, from a small
number of realizations for a flow of input material, to deter-
mine the type of correlation function and the law of distribu-
tion of minute values. This allow to make it possible to char-
acterize the input flow of material with a sufficient degree of
accuracy and, accordingly, reduce the error in modeling the
process of moving material in the transport system.

3. The aim and objectives of the study

The aim of the study is to develop a methodology for
calculating the stochastic characteristics of the input ma-
terial flow, based on the typification of the input material
flow. This allows improve the accuracy of analytical models
used to synthesize algorithms for optimal control of flow
parameters of the transport system in order to reduce unit
transport costs.

To achieve the goal, the following tasks have been set:

— develop an analytical model of the input material flow
A(?), based on the analysis of the density distribution f35(})
of material flow values and significant statistical character-
istics, such as the mathematical expectation m;s, standard
deviation o, and correlation function &;s(n);

—develop a typification method of the input material
flow A(¢), based on the analysis of its correlation function
kys(m) for the implementation of a random process.

4. Materials and methods of research

The object of this study is the flow of material incoming
the transport conveyor. The flow of material is understood as
a stochastic sequence of values of the mass of material arriv-
ing at the input of the conveyor in a given unit of time. This



unique set of material flow values, as a result of carrying out
only one measurement experiment over a sufficiently extend-
ed period of time, forms a single realization of material flow.

It is assumed that the results obtained, based on the anal-
ysis of the statistical characteristics of the flow of material
incoming the transport conveyor, allow make it possible to clar-
ify the values of the flow parameters of the transport system.
This, in turn, makes it possible to increase the accuracy of the
mathematical model of the conveyor and, as a consequence, the
accuracy of the algorithm for controlling the flow parameters of
the transport system. Improved material flow control ultimate-
ly leads to lower unit transportation costs for the conveyor belt.

The foundation of the conducted research is the general
provisions of the statistical theory of flow production control
systems [18]. To describe the flow parameters of a section
of a transport conveyor, methods of the theory of random
processes were used. The use of similarity theory methods
for technological processes [19] makes it possible to present a
model of the input material flow in a universal form, expand-
ing the scope of application of the research results.

5. Results of the study of the input material flow of the
transport conveyor

5. 1. Analytical model of input material flow

The input material flow A(¢) is represented as a super-
position of a deterministic process A4(f) and a stationary
centered ergodic process A4(t)

M) =2 )+, (2). )

With a limited set of sample data specified by a single re-
alization of a random process on the experimental measure-
ment interval ¢te€[0,T], time averaging for a stationary pro-
cess A4(¢) can be replaced by averaging over the aggregate:

m, =%sz (¢)de= T M, (£)dr=0,

0 de= a2, (1), @

where my is the mathematical expectation; oy is standard
deviation; f5() is distribution density of a random variable
of the input material flow:

1= [ £ (0w, 3)

The correlation function of a stationary ergodic process
As(®) is given by the expression:

ky (n) =k, (-M). (4)

A sufficient condition for the fulfillment of equalities (2),
(4) is the limit equality:

lim k,, (1) 0. (5)

N—se0

To describe the flow of material incoming at the input of
the transport conveyor, dimensionless parameters have been
introduced:

_Mo) _M()
¥(1)= — V.(1)= m,
A (2t
Yx (T)ZQ’ te [tmm’ nmx]’ E[_1’1]7 (6)
m,
A Bl
Z.max - tmin
n:ti_tj :tmax_ min (Ti—T ) tmax 2tmin ﬁ,
2n
Y=—, 7
tmax_trnm ( )
ms=%=0, (53207“, ks(n)zkh(?), (8)
my m, my
A, T
Ys: ’ 1:J-ﬁ(ys)dvs' (9)
My )

where the value my is calculated as the average value of
the material flow for its realization Ay(¢) at the interval
te [tminy tmax]:

" 1
m,=———— [ M(t)di= Ya(t,), (10)
tmax _tmin t, 1 0

......

b=l
t,=t,. +nAt, At:w, n=0,N. (11)

Taking into account the entered parameters, the mate-
rial flow and its statistical characteristics are presented in
dimensionless form:

V(1) =7, (1) +7.(7), (12)
i e o
0=Z%(Y)dv=;iv dr= N+1ZY (14)
cf{v%(v)dv%jlvf(r)dﬁN;ivf(r )

For the correlation function ky(9) of the ergodic random
process A4(?) the following expression is used:

J'y\ v, (t+9,)dt=

=iﬂ(f)%(r—ﬂm)d¢=

2 N
- (%,)7.(1,-0,)=
NHWQYA(T,I)YS(T,, w)
N/2
9 16
NHZVS )v. (T, +9,,). (16)
0, =2 m=o N
N 2



The correlation function ks(9) of the ergodic random
process Ag(?) is an even function of the argument 9:

k. (9) =k, (-0). )
A sufficient condition for the fulfillment of equality (16),
which determines the ergodicity of the random process A4(¢)

with respect to the correlation function, is the limit relation:

limk (0) >

Vo0

(18)

The distribution density fj5(1) is an approximation of the
distribution series of material flow values y,,=yy(t) for the
interval te[-1,1].

5. 2. The typification method of the input material
flow

If the deterministic flow of material on the interval
te[-1,1] is represented as a Fourier series expansion

Y, (T)=%+ iadn cos(nm:)+ibdn sin(mnt), 19)
n=1 n=1
1 1
Ay = jyd (t)dr, a, = Iyd (1) cos(mnt)dr,
el et
1
b, = Jyd (7)sin(mnt)drs, (20)

-1

then the stochastic process ys(t) for the interval te[-1,1] can
be written as a Fourier series expansion as follows:

Y, (1)=v(1) -1, (1)=

_aﬂ_iadn cos(nn’c)—ibdn sin(nnr),

21
2 n=1 n=1 ( )

=v(1)
with unknown coefficients a gy, Gan, ban. The coefficient ayq is
determined from equation (13). The stochastic process yy(T)
is centered, which implies az=2. If the correlation function
ks(9) for the stochastic process yy(t) on the interval te[-1,1]
is known, then the coefficients ag,, by, can be calculated
from the equation (17):

1

[1,(2)7, (x4 0)de=

:;.t(Y(T)—Yd () (v(t+0)-v, (t+9))dt=
1 1
:E:[Y(T)Y(

1 1
—EIY(H’@)W
)

k(9)=

1
2

r+ﬁ)dt—1jy(r)yd (t+0)dt—

(22)

T)dt+— _[yd Y, (t+0)dt

Since the material flow y,(t) is a deterministic process, and
the material flow y,(T) is a stochastic centered process, taking
into account the fact that for an ergodic process the equality:

. (311, (x4 9)ke=0, 23)

the expression for the correlation function ky(9) (22) is
transformed to the form:

(24)

k, (ﬁ):—'[y(r)y(r+ﬁ)dr—%-|‘yd (7)v, (t+0)dr

The deterministic material flow y4(t) is represented in
the following form:

v, (7) :%+2An cos(mnt+¢, ).
n=1

(25)
The amplitudes A, and phases @, of the harmonic com-
ponents are calculated using the formulas:

2 2
A(lzad()=2’ An= Vadn+bdn7

o, =arg(a,, —ib,,), i=~-1. (26)

The sets of quantities A, and 9 are, respectively, the
amplitude and phase frequency spectra of the material flow
(amplitude spectrum and phase spectrum). Frequency spec-
tra are functions that depend on the harmonic number # as
an independent variable. Taking into account the identical

equality:

cos(mn(t+0)+0,)=

=cos(mnt+9, ) cos(nnd)—sin(nnt+9, )sin(nnd),  (27)

the material flow correlation function can be represented as
follows:

:;_j;y(r) (t+9)d 2

n=1

(28)

cos nnﬁ

Substituting 9=0 into the correlation function k,(9), the
dispersion value for the stochastic process are obtained y,(T):

oo 2
r)dt—i—z{%

(29)

L(0)=0! =1 [

The stochastic component of the input material flow y,(t)
(21) is presented in the form of a Fourier series expansion
with unknown amplitudes A, and phases y,(t) of the har-
monic components. The amplitude values can be determined
if the correlation function ky(9) for the random process yy(t)
is known, which is approximated with a sufficient degree of
accuracy by the theoretical correlation function &y(9):

k,(9)=0’¢, (D),

where () is the normalized correlation function; oy(t) is
standard deviation of the studied random process y,(t). The
normalized correlation function ¢4(t) is an even function
that can be represented on the interval 9e[—1,1], let’s expand
it into even harmonics:

(30)

(ps(ﬂ)z%+iDncos(nnﬁ), 31)
D, 2j¢ 9)do, D, 2_[([) )cos (mn9)do. (32)

To determine the amplitudes A, standard models of
normalized correlation functions ¢,(t), were used, satisfying
condition (18):
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For small values of the parameter 9, the limiting re-
lation exp(—1/9.0,)—0, is valid, the use of which allows to
present typical models of normalized correlation functions
0s(9) in the following form:

na

9, z = Zﬁ;"’ 1cos(1tn19)=

1 cor
1 & 200
7+2 29 2
o Snn+o

o, (0)=e

cos(mnd), 37)

(38)

(39)

—~cos(mnd), (40)

where a=1/9,,, is the attenuation parameter. Let’s represent
the correlation function k4(9) (28) of the material flow y(t)
in the form of a Fourier series expansion:

k (9)

B
=70+;Bn cos(mnd) =

= %-r iCW cos(mnd)—-1-
n=1

-2

with expansion coefficients:

[ : AQ”QJCOS(nm‘}), (41)

n=1

1 1
Cy=2[z,(9)dv=2, C,=2[z(v)
0

0

cos(mn9)do,

Iy r+ﬁ 42)

Indeed, if to represent the material flow y(t) in the form
of a Fourier series expansion, similarly as for the material
flow ya(t):

Y(T)=%+iGn cos(mnt+9,),
n=1
1
Go = JY(T)dTZ A[) = 2; (43)
et

then the expansion of the function zy(9) can be approximated
as a series:

z, 0 = j“/(r)v(r+ v)dt=

O+Z

(44)

cos mns .

The correlation function ky(9) (37), constructed on the
basis of experimental data, is equated to the theoretical cor-
relation function ks(9) (30). The resulting equation is used
to calculate the unknown coefficients A, for given values of
the standard deviation o and the correlation time 9,,, of the
realization of the stochastic material flow yy(t):

A =2,
A?=2(C,-o’D,),
C, >chn,

and
A2=0, C,<6.°D,, n=123,.. (45)

To assess the accuracy of approximation, the criterion
was used
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(46)
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:GS4DO+;2[C?1 _%—ciDn ] — min.
n=1

This criterion determines the values of the coefficients
A, for each type of theoretical correlation function repre-
sented by the values of the coefficients D,,. From the existing
options for approximating the correlation function of the
input material flow with theoretical correlation functions, a
variant of the theoretical function is selected for which the
power of the deterministic process is minimal:

, . -
31=ﬂ+%2A5=1+%2Af%min. 47)
n=1 n=1

4

Thus, typification of the input material flow comes down
to analyzing the power of the deterministic component of the
material flow in accordance with the approximation criteri-
on (46). The type of input flow is determined by the type of
function of the theoretical correlation function, which, when
approximating the input flow of material, gives the least
power of the deterministic component. The ideal option is an
input material flow for which the power of the deterministic
component is equal to P;=1. In this case, the input material
flow is a stationary flow, which can be represented by an
ergodic process.

Typical models of normalized correlation functions
0s(9) for the value 9.,=0.3 (33)—(36) and their approxi-
mation by a Fourier series are presented in Fig. 1. Graphical
analysis of the obtained results shows that to approximate
the normalized correlation functions ¢;(9) a Fourier series
containing up to 10 terms can be used. For small values of
the correlation time 9, approximate formulas (37)—(40)
can be used when calculating the Fourier series expansion
coefficients (37)—(40). This approach simplifies computa-
tional procedures and makes it possible to present research
results in a visual representation. A comparative analysis
of the error in calculating the values of the correlation
function ¢5(9) (Fig. 1, @) when replacing the exact values
of the expansion coefficients (33) with approximate values
(37) for the correlation time 9.,,=0.3 is shown in Fig. 2, a.
As the correlation time 9, decreases, the accuracy of cal-
culating the correlation function values increases. When
using an approximate expression for calculating expansion
coefficients (38), the accuracy of calculating the value of
the correlation function decreases with increasing value of
the correlation time 9 between cross sections of the random
process realization. In Fig. 2 shows the error in calculating
the values of the correlation function depending on the
number of terms of the Fourier series used to approximate
the function ¢4(9) (Fig. 1, @). For cases where analytical
dependencies that allow calculating the values of expansion
coefficients have not been determined, numerical integra-
tion methods are used.
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Fig. 1. Typical models of normalized correlation functions
0s(9) and their approximation by a Fourier series (blue:

2 member of the series; green: 4 member of the series;
yellow: 8 member of the series; red: 16 member of the series;
black: theoretical function): a — ¢s(9)=exp(—9 /I c0,);

b — ds(9)=exp(—9 /Do) (149 /D co));

c— ¢s(8)=exp(_‘9/ﬁcor)(1_‘9/8cor);

d— 0(9)=exp(—9 /9 cor)cos(B)
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shown in Fig. 4, d. The present-
ed correlation function is used
as an initial approximation to
determine what type of input
material flow is.

The accuracy of approxima-
tion of the correlation function of the input material flow by
theoretical correlation functions (33)—(36) is determined in
accordance with the approximation quality criterion (46).
The lowest power of the deterministic component of the
input flow in accordance with criterion (47) corresponds to
the type of theoretical correlation function (35) presented
in Fig. 1, ¢. The realization ys(t) or the input material flow
and the histogram of the values of y,(t) under the assump-
tion of the type of input material flow in the form (35) are
presented in Fig. 4.

Fig. 3. Dimensionless characteristic of the input material flow y(t) [11]: @ — realization
of input material flow y(t); & — histogram of input material flow values y(t); ¢ — function
z5(9) for the realization y(t) input material flow; d — correlation function k¢(9) for zero

approximation yAt)=A,/2

To approximate the input material flow, 20 terms of the
Fourier series expansion are used. The amplitude spectrum
for the deterministic component of the material flow is
shown in Fig. 4, c. In accordance with the approximation
criterion (46), this spectrum corresponds to the correlation
function of the stochastic component of the input material
flow, Fig. 4, d. The resulting correlation function is qualitat
tively different from the correlation function for the zero ap-
proximation (Fig. 1, d) and allows to consider the stochastic
component of the input material flow as a centered ergodic



process. This is the rationale for using formulas (13)—(16) to
calculate the statistical characteristics of the input material
flow. The histogram of the values of the random process
Ys(T) is transformed to a form that qualitatively corresponds
to the normal distribution law, Fig. 4, b. The modulus of the
correlation function of the stochastic component of the input
material flow is a decreasing function of the correlation time,
which tends to zero at large values of the correlation time.
This confirms that the process yy(t) in accordance with the
sufficient condition (5) is an ergodic process, and the type
of process ys(1) in accordance with the given criteria for the
quality of approximation (46) and the minimum power of the
deterministic component (47) is uniquely determined.

of realizations makes it possible to determine statistical char-
acteristics and make the transition from a micro-description
model of the input material flow to a macro-description model,
providing the possibility of joint use of two classes of models.
In this study, a model of the input material flow of a trans-
port conveyor (1)—(9) is proposed, taking into account the
peculiarities of the functioning of the studied conveyor-type
transport systems. In contrast well-known models of the input
material flow of a transport conveyor [17], the model takes
into account the following fundamental features of the mate-
rial flow of existing conveyor-type transport systems:
— firstly, the input flow of material is presented as a
combination of deterministic and stochastic components,
which makes it possible to use

0 vs(7) 25 _f(_YS) analytical PDE models [5] of the
0.8 ’ transport conveyor to synthesize
0.6 l 204 optimal controls for the flow pa-
0.4 A i i rameters of the transport system;

. I \ 1.5 14— —secondly, the distribution
0.2 A A dly, the distribut
0.0 A v H law and the correlation function

-0.2 \"r | V 1.0 4+ of the minute values of the in-
= L ut material flow are determine
0.4 [ put material f1 det d
-0.6 0.5 17 from the experimental reaization
-0.8 for the input material flow, and
_1'0_1 0 05 0.0 05 1 00'0 - 1 are not based on the accepted
T theoretical assumption about the
distribution law and the form of
a b the correlation function, which
makes it possible to increase the
An Kol f calculating the sta-
0.4 1.2 4 accuracy of calculating the sta
1.0 tistical characteristics of the in-
0.8 1 put material flow;
0.3 0.6 A \ hi . e .
0.4 4\ — thirdly, the justification
0.2 I and subsequent use of the ergo-
0.2 _82 A dicity condition for a random
-0.4 process of material flow, such
0.11 -0.6 1 as the mathematical expectation,
.84 standard deviation and correla-
-1.0
0.01 I S e R tion function, since averaging
0 5 10 15 20 0.00.10.20.304050.60.70.80910 over multiple realizations is re-
n €  placed by time averaging for one
c d realization.

Fig. 4. Dimensionless characteristic of the input material flow y¢(t) [11] with a
deterministic flow y(t) (approximation of 20 terms of the Fourier series):
a — realization of input material flow y(t); b — histogram of input material flow values
YAT); ¢ — Fourier coefficients A,; 2 — correlation function ks(9)

6. Discussion of the results of modeling the input
material flow

Belt conveyor systems are a type of production systems
with a flow method of organizing production. A distinctive
feature of conveyor systems is that elements move along the
transportation route at the same speed, equal to the speed of the
conveyor belt. Models of belt conveyors [5—10] refer to models
of macro-description of the transport system. Macroparameters
of the transport system, such as flow and density of the material
are averaged values. Input material flow models based on indi-
vidual realizations of the material flow incoming the input of a
conveyor section is referred to as microdescription models. Av-
eraging the values of the input material flow over an ensemble

This approach allows to take
into account:

a) initial distribution
of  material along the
transportation route, which,
unlike existing models, makes
it possible to obtain the value
of flow parameters and, accord-
ingly, to form optimal control during the initial movement
of the belt;

b) variable transport delay for the synthesis of optimal
controls under transient unsteady conditions, which is im-
possible when using the assumption of stationarity of the
input material flow;

c) the influence of uneven distribution of material along
the transportation route on the flow characteristics of the
transport system.

The ergodicity conditions (18) of the random process
ys(t) imply that the random process is a stationary process
with a mathematical expectation equal to zero (14) and vari-
ance (15), which characterizes the power of the fluctuation
component of the implementation of the random process.



The typification method of the input material flow pro-
posed in this work is based on the fact that for the analysis
of a random process, observation is available only, as a rule,
of one realization of the material flow, and not the entire
ensemble. In this case, if it is justified that the process un-
der study yy(7) is ergodic, then the realization of a random
process vy(t) of sufficient length is a typical representative
of the statistical ensemble. Using a single realization for the
input material flow, the statistical characteristics (14)—(16)
of the random process can be calculated. The use of periodic
functions in the analysis of the statistical characteristics of
the random process ys(t) made it possible to simplify the cal-
culations of numerical characteristics by replacing averaging
over an infinite (in the limit) time interval with averaging
over the period T=(tnax—tmin). Thus, the typification problem
of the input material flow comes down to determining the
type of theoretical correlation function y,(t), most suitable
for approximating the correlation function £4(9) in accor-
dance with the criteria for the quality of approximation and
the minimum power of the deterministic component of the
input material flow.

A limitation of this study is the requirement that the
length of the interval during which the input material flow is
measured must be significantly greater than the characteris-
tic correlation time of the stochastic input material flow. To
ensure the effective functioning of the control system for the
flow parameters of the transport system, one more important
condition is necessary: the use of high-precision measuring
sensors. The use of ultrasonic, laser or optical sensors that
can accurately determine the volume of the moved material
on a conveyor plays a critical role in generating data on the
speed and density of material flow. This is necessary for the
correct calculation of minute values of material flow, and,
accordingly, for determining its statistical characteristics,
which makes it possible to increase the efficiency of control
and management of the transport system. The error in calcu-
lating numerical characteristics is determined by the length
of the interval over which the experimental implementation
of the input material flow is presented, and directly by the
error of the measuring sensors.

To demonstrate the method of typing the input mate-
rial flow, experimental measurements of the input material
flow, presented in the work, were selected [11]. Analysis of
papers [13—16] made it possible to justify the division of the
input material flow into deterministic and stochastic compo-
nents of the material flow. When calculating the correlation
function for the experimental implementation of the input
material flow [11], the results of work [17] are used. The
use of a technique based on the analysis of the power of the
deterministic component of the material flow in accordance
with the approximation criterion (46) made it possible to
synthesize a material flow corresponding to the stochastic
component, the correlation function of which can be approx-
imated by an exponential function. In this case, the distri-
bution of values of the stochastic component of the input
material flow is quite close to the normal distribution law.

The practical importance of the results obtained lies in
the fact that the distribution law, statistical characteristics
and correlation function of the input material flow are deter-
mined on the basis of experiment, rather than theoretical as-
sumptions, which makes it possible to increase the accuracy
of modeling. The practical use of the proposed model is the
possibility of synthesizing algorithms for optimal control of

the speed of a transport conveyor belt, taking into account
the statistical characteristics of the input material flow.
One of the promising methods for modeling the movement
of material on a transport conveyor is based on an analytical
model containing a partial differential equation. This meth-
od has successfully used for transport systems with a small
number of conveyor belts. However, for transport systems con-
taining several dozen belt conveyors, the use of this method is
difficult due to the increase in the number of partial differential
equations. As an alternative, a transport system model using
a neural network can be considered. A limitation of using a
neural network-based model is that training a neural network
requires a data set containing a large number of realizations of
the input material flow. In this regard, the prospect of further
research is to improve the method proposed in this work for
designing a generator of input material flow values with a given
correlation function and the distribution law of minute material
flow values. Such a generator will allow, based on the experi-
mental implementation of the input material flow, to generate
a training data set consisting of the required number of imple-
mentations of the input material flow with specified statistical
characteristics. This opens up new possibilities for modeling
transport systems with a large number of conveyor belts.

7. Conclusions

1. An analytical model of the flow of material entering the
entrance of the transport conveyor is developed. A distinctive
feature of this model is the representation of the input material
flow as a combination of deterministic and stochastic compo-
nents. The advantage of this approach over existing modeling
methods is that to calculate the statistical characteristics of
the input material flow, a stochastic component is used, which
is represented as a process with ergodic properties. This made
it possible to calculate the statistical characteristics of the
input material flow using the correlation function and the
distribution law of minute values, determined on the basis
of experimental measurements. The use of experimentally
obtained realizations of the input material flow instead of the-
oretical assumptions about the correlation function and the
distribution law of minute values of the material flow helps to
increase the accuracy of modeling the movement of material
along the transport route.

2. The analytical model of the input material flow is used
to develop a typification method for input material flows,
based on the analysis of the correlation function calculated
from a single implementation of a random process. The algo-
rithm for using the typification method of the input material
flow consists of the following steps:

a) select the deterministic component of the material flow;

b) for each type of theoretical correlation function, in
accordance with the criterion of approximation accuracy,
determine the expansion coefficients A,;

c) select a set of expansion coefficients A, of minimum
power;

d) determine the statistical characteristics and distrit
bution law of the values of the stochastic component of the
material flow for a selected set of decomposition coefficients.

To form a criterion that determines the type of correla-
tion function of the input material flow, standards of com-
mon theoretical correlation functions for a random process
represented by the stochastic component of the material flow



model are introduced. The quality criterion determines the  authorship, or any other nature that could affect the research
theoretical correlation function, which is used to approxi-  and its results presented in this paper.
mate the correlation function constructed based on the ex-

perimental implementation for the input material flow. The

input parameters of the simulation are sets of material flow Financing
realizations based on experimental measurements.
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