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CONTROL OF THE BELT SPEED AT UNBALANCED LOADING
OF THE CONVEYOR

Purpose. Development of algorithms for controlling the speed of the conveyor belt, based on the distributed model of the
transport system, containing partial differential equations

Methodology. To calculate the parameters of a conveyor line with a variable speed of material motion, an instrument of math-
ematical physics is used.

Findings. Comparative analysis of conveyor transport system models is performed. Application of partial differential equations
for simulating transport systems of conveyor type, which are complex dynamic distributed systems, is substantiated. A non-dimen-
sional model of a conveyor system in instantaneous approximation with the use of partial-derivative equations is presented. A sys-
tem of characteristic equations is recorded and a solution is developed which defines the value of material flow and material den-
sity at an arbitrary point of time for the given point of the transportation route. An expression is obtained which defines the value
of material delay in the transport system depending on the velocity defect law for conveyor belt movement. Transition period time
is determined during which the output material flow is defined by linear density of material disposition along the transportation
route. Dependences for the material linear density and material flow for the steady state condition are defined. The performance
criterion of control of flow parameters of the conveyor system is recorded and a solution of the problem of optimal control of con-
veyor belt speed providing the relay control mode with the minimum power consumption for material movement is found. An
example of control algorithm development is given.

Originality. PDE-models of transport systems of conveyor type and energy-saving algorithms for controlling such systems have
been improved.

Practical value. The proposed method for calculating the parameters of the conveyor line, which is a dynamic distributed sys-

tem, can be used to design systems for optimal control of flow parameters of transport systems of conveyor type
Keywords: conveyor, distributed system, PDE-model, production line, belt speed

Introduction. The conveyor is the main way of rock trans-
porting at mining enterprises. Having the length of several doz-
ens of kilometers and carrying capacity of ~10* t/h, the con-
sumed power of conveying transportation system is ~10° kW
[1]. The specific normative power consumption by conveyor
transport for moving a ton of rock at a one-kilometer distance
is estimated by the range of (0.1—1.0) (kW h)/(t km): Collolar
Lignite Open Pit Mine (Turkey, 2010) 0.39 (kW h)/(t km),
Coarse ore conveyor system Minera Los Pelambres (Chile)
0.79(kW h)/(t km), Belt conveyor with gearless drive Solution
Prosper Haniel Coal Mine (Germany) 0.24(kW h)/(t km) [1],
and the total energy consumption for carrying a ton of rock
along the entire conveyor line are respectively ~6.8, ~10,
~3.24 (KW h). The actual energy consumption is much higher
due to underload of the conveyor line because of the uneven
arrival of rock at the conveyor entry. A sufficient amount of
work is devoted to the study of this problem. Among the papers
that significantly influenced the development of this scientific
direction, one should note the monographs by L.G. Shack-
meister, V.G.Dmitriev, S.A.Karimlan. Theoretical and ex-
perimental studies of the belt conveyor showed that a decrease
in the load factor of the conveyor leads to a hyperbolic increase
in energy costs for transportation.

When the load factor is 0.75, power consumption for trans-
portation increases by 10 %, at 0.5 — by 50 %, at 0.25 — by
160 % and at 0.1 — by 675 % [2]. Such character of dependence
causes researchers’ considerable practical and theoretical in-
terest to this problem. The offered methods, which allow re-
ducing the actual energy consumption of the conveyor system
down to 30 %, in most cases, are based on using the accumu-
lating buffer to eliminate the unbalanced conveyor belt load.
A mobile (stationary) bunker or the belt conveyor itself serves
as an accumulation buffer [3, 4]. The bunker ensures a uniform
supply of rock to the conveyor line entry, accumulates excess
rock in the accumulator if the rate of receiving is higher than
the normative one, or if the rate is lower than the normative
one, uses the reserves of rock in the bunker to eliminate the
deviation. The speed of the conveyor belt, as a rule, remains
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unchanged. Using a bunker in order to stabilize the rate of rock
supply onto the conveyor belt required having additional tech-
nological space in front of the conveyor line for its placement
(Yu.Razumnyi). One more circumstance to consider when
designing conveyor systems with an additional bunker is the
limited bunker capacity, which requires a control system that
does not allow bunker overload [5]. An alternative approach to
improving the energy efficiency of conveyor transport is in de-
signing control systems of managing the speed of the conveyor
belt. In case of a decrease in the rock flow onto the conveyor
belt, the speed is reduced, ensuring a normative linear density
of the rock on the conveyor belt, which leads to the accumula-
tion of rock on the conveyor. In case of an increase in the rock
flow at the entrance, the speed of the conveyor belt increases,
leading to a decrease in the value of the linear density of the
rock.

The overview of conveyor line models. The method of in-
creasing the energy efficiency of the conveyor transport by
regulating the speed of the conveyor belt is not new
(L. Shakhmeyster). However, in spite of the abundance of
works, the overview of a small part of which is given below, the
issue of improving the energy efficiency of conveyor transport
by regulating the speed of the belt is of high relevance today.
The conveyor with moving rock along a transport route is a
distributed system with a number of restrictions, the most im-
portant of which are the restriction in a maximum specific lin-
ear load of the conveyor belt and the restriction of the maxi-
mum volume of the transported weight (V. Dmitriev). The
conveyor system is statistically undetermined. The statistic
indetermination lies in indetermination of the volume of the
incoming rock flow at the conveyor entry (indetermination of
boundary conditions), which requires the use of probabilistic
methods in calculating the conveyor line (L. Shakhmeister).

There are a great number of methods for modelling and
analyzing the conveyor type transport system. The paper [6]
contains the algorithm for conveyor belt speed control, created
with the use of theory of mathematical programming. The tar-
get function is determined in the work, the necessary condi-
tions for conveyor belt speed control are defined, the simula-
tion model of the conveyor line with the constant speed for
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i-degree regulation and incremental speed control algorithm
are presented. The speed for i-degree regulation g; is deter-
mined by the expression

[, [,

’ v [X]ln

where [y],, and a, are nominal values of the conveyor belt per-
formance speed [6]. Modes of speed control are set from the
condition of minimum average belt speed, [6]

a,,

T, ™
where
N, N,
(a):%ajpj; ;Pj:l.

The value P; characterizes the proportion of time during
which the conveyor line operates with the average speed a;.

The statistical analysis of the operating parameters of the
belt conveyor is done in [7]. During the modelling, normal
and logarithmic normal laws of load flow distribution and the
correlation function of mine flow like (V. Dmitriyev), [7] were
used

R,(1)=cjexp(-ar),

where o (kg/sec) is the dispersion of a mine load flow; a. is
the parameter of correlation function. The results of the ex-
perimental measurement of the intensity of the incoming flow
confirmed the conclusions on the form of the distribution law.
The material flow rate reached 533 (kg/sec) with an average
value of 134 (kg/sec) and o = 66.4 (kg/sec). The amount of
material, which is transported, was determined by the expres-
sion, kg

1+361

M(t)= j O(t)dr.
-4

The power spent on the transportation of the material is
represented by a regression model [7]

N(#) = Ny, + n, M(9),

where N, = 160 (kW) is the power of the non-load running of
the conveyor according to the experimental data; n, =
= 1.11 (kW/t) is expanding power consumption with the in-
creasing load weight by 1 ton. The experimental value N, =
=160 (kW) is three times as big as the value of capacity of non-
load running [14]. The difference is explained by a non-satis-
factory state of rollers on the mine conveyor, the friction of the
belt on the construction elements, the presence of local resis-
tance to the belt movement at the points of the inflexion of the
route profile and other factors (V.Adadurov). The paper [8]
presents a model of the container in the form of a dynamic link
with the time-dependent transport delay. The volume of the
output rock flow from the conveyor belt [y],,,, is determined
by the meaning of the input flow [y],;, and the speed of the
conveyor line a,, with the transport delay 71()

ARG
[X]Oaut (t) - W,

[XJlln(t_T(t))
(1], =" T ).
o, (1=T(0)
For the variable conveyor speed, the volume of the
transport delay is determined by the numerical method
(V. Stavitsky). The weight of rock, distributed along the con-

veyor line, is represented by the integral equation M(¢) =

~ ( [X] in (-1
=Ma)|[x], O

the equafion for determining the static tractive force

F=a(M(t) + b).

a, ()dt, supplemented with

Two last equations together form a mathematical model of
the belt conveyor as an element of the automatic regulation of
the static drive load (V. Stavitsky). For cases when the input
cargo flow can be measured, a speed control algorithm with
feedback is proposed [8].

The influence of an unbalanced load of the conveyor belt
on energy costs for transportation is considered in [2]. Depen-
dence is presented

sty )
__EM) M,
T EWM

M

max ) max

5

where M., is the transported weight of cargo on the belt, cor-
responding to the maximum load of the conveyor by its receiv-
ing power; E(M,,,,), E(M)) are energy consumption for trans-
porting one ton (t) of rock at the distance of one kilometer
(km) when the conveyor load is M,,,, and M,.

In the paper [9] the mathematical model of the frequency-
controlled electric drive, considering the distributed load of
the conveyor line, is developed. A fuzzy regulator of the con-
veyor belt speed was synthesized. The comparative analysis of
transient processes in the electric drive of the conveyor with
the fuzzy regulator and without it is done.

The distributed numerical model of belt conveyor dynam-
ics based on finite difference approach is presented in [10]. To
perform numerical modelling the conveyor line was divided
into 10° + 10* elements, within each of which the equations of
dynamics of movement of each section of the conveyor line
with rock are solved. The article by Yu. Kozhubayev introduc-
es the linear density of distribution of rock along the conveyor
line [y]o(#, S) formed by the input cargo flow [x],,,(f) and the
equation defining the meaning of the linear density at the be-
ginning of the conveyor line

dm, (1) 1 [X:|1in ® _ [X]l (#,0)
dr a(ty a(t)  a@®)

[X]O ®.0)=

s

where a(f) is the speed of the conveyor belt; [y],,,(9) = [x].(¢, 0)
is cargo flow getting onto the conveyor; S € [0, S,] is a coordi-
nate characterizing the location on the conveyor belt; S, is the
length of the conveyor. The output flow is represented by the
expression

[X:|loul (t) = [X‘:|1 (t’ Sd) = % = [X:|0 (ta Sd )a(t),

in which the linear density of rock distribution at the input
[x]o(z, 0) and at the output [y]y(%, S,) of the conveyor line is
bound by the correlation

j a()dr=3S,,

1—(1)

(1], @50 =[ 1], (¢ =x(®),0);

considering retardation t(7). With constant speed of conveyer
line movement a(?) = a,, we get ©(¢) = S,/a,. Based on the lat-
est, an expression is given in the paper for calculating the max-
imum allowable cargo flow to the conveyor line.

([X‘:|lout )max - [drg«;utjmax - ([X}O @, S))max ma>
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with a limit to the maximum value of conveyor speed a,,,, and
linear density of distribution of rock along the conveyor line
([X]O(ta S))max-

The article by Diachenko studies the methods for describ-
ing the amount of random cargo flow getting onto the con-
veyor line using empirical distributions. In [11, 12] using mod-
els of the theory of mass service, the analysis of mine cargo
flow, entering the conveyor line is done. In [11] the model of
the main trunk conveyor for two input conveyors is developed,
the cargo flow of each of them is a random value. In the paper
[12] the influence of adjustable drive on cargo flows and energy
efficiency of the mine conveyor system are considered. The
model of transport system consisting of several successively
located conveyors with the speed control of the belt is present-
ed. The choice of the length of conveyors in the proposed
model is justified [12]. In paper [13] the dependence of the co-
efficient of resistance to belt movement on the volume of line
load which has a rather complex character is stated. This de-
pendence plays an important role while evaluating the costs of
energy spent on transporting the rock by the conveyor with
constant and controlled speed, and needs experimental
verification under the conditions of working mines.

PDE-model of the conveyor line. The partial differential
equations for modeling flow production lines are applied in
[14]. In works [15, 16] the overview of flow lines is given and
special attention is paid to models in which partial differential
equations are used (PDE models). A new class of models,
which received the name PDE models, is meant for describing
the production flow lines, functioning in stationary and tran-
sient modes. It enables to design the allocation of the subjects
of labour along the flow line and considers the stochastic char-
acter of interaction the subjects of labour with technological
equipment and with each other as a result of technological
processing while transferring from one technological opera-
tion to another [16].

The conveyor line is a kind of flow line. The peculiarity of
constructing the model of a conveyor line is in the fact that the
rock placed in different places S on the conveyor line moves
with the same speed a(?). It allows presenting the system of
equations as

A6
ot

2,69
oS
[x]:(#, 8) = a@®[x]o(2, S). (2

We supplement the system of equations (1, 2) with the ini-
tial condition

=3(8)0); (1)

[xlo(, §) = H(S)F(S). 3)

Supposing that it was set at the moment #, = 0.

Function A(7) sets the load flow at the input of the con-
veyor the length of which is S;; W(S) is a linear density of rock
allocation along the conveyor belt at the initial time ¢z = 0,
S e [0, S,]. The system of equations (1—3) determines the
model of the conveyor line, which will be used to construct the
system of conveyor belt speed control.

We introduce dimensionless parameters and functions

to.. S
T—f’, &—*Sd' 4)
_Y(©). PN I N
y(€)= o Y(T)_Mt)sd(a’ g(f)—a(f)Sd- %)
_ xS ol
0y(1,8)= ) ; ®—maX{‘¥’(S),a(t)}, (6)

8(8) =S0(8);  H(ES,) = H(S),

where T is the characteristic average time during which the
rock element is being transported.

Taking into account the dimensionless variables and func-
tions (4—6), we can write down equations (1—3) in a dimen-
sionless form

0,(t.8) . 00,(1,6) .
() 06; =5(2)y(v; 7
00(0, &) = H(&) - w(©). ®)

The choice of ® makes it possible to provide the scale of
meanings of functions 0y(t, &). The conveyor lines which have
the same type of functions y(t) and g(t) are similar, have the
same behavior when the initial conditions are equal y(&). This
makes it possible to create laboratory analogues for large con-
veyor lines to conduct practical experiments with them. The
results received at the model conveyor lines can be transferred
to the operating conveyor lines with sufficient accuracy, which
makes it possible to save the means required for conducting
experimental research. It remains topical in cases when there
is lack of opportunity to conduct experimental research on op-
erating conveyor lines in connection with their load with the
production program.

The system of partial difference equations (7, 8) corre-
sponds to the system of characteristic equations

g

d
—2=8@; ¢ =B ©)
d0y(1,%) 1(0)
——=>==3(&)-—=; 0,0,8)= HP)- . 10
s (€) oo WOP=HEWE. (10

The solution to the equation (9) can be presented in the
form

E=6()+C =G(1)-GO0)+p; G(v)= Ig(f)df, (1)

where the integration constant C, =  — G(0) is defined from
the condition &, _, = B.
Integration of the (10) allows us to write the expression for

GO(T:' E_a)

G (G(1)-Y))
0 (s Md C,=H Y(— G-
)= (MO T €= HQ)

The constant of integration C, is determined from the (10)

v(G7(G(0)-p))
——+C,=H R
g(G’l(G(O)—B))J’_ 2 Bw®)

which enables us to write the expression 6(t, §) in the follow-
ing form

0,(0,p)=H(pB)

1(G7(G(0-2)
0,(1,&)= H(E)———— L —
()("E E_,) (a)g(Gfl(G(’[)—&))
1(G7(G(0)-p))

—HP) +HBWY(P).
s@co-p)

We express B=¢& —_[g(z)dz from (11), after that we get the

0
solution to the (7) under the initial condition (8)

8(G7(G(1)-¢))

+H(a— ) g(z)dz)]w{a— ) g(z)dz)].
0 0

Equation (12) makes it possible to determine the rock den-
sity from the location of the conveyor line, characterized by

0y(r.€)= [H(&) - H[a -f g(z)dzﬂ
’ (12)
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the coordinate  for the point in time t. The resulting solution
makes it possible to calculate the non-uniformity of the rock
distribution along the conveyor line in a general case. The so-
lution to equation

&-[g()dz =0
0

sets the law of motion of the point &(t) along the conveyor
belt, on the right of which rock is situated, whose density of
distribution is set by initial conditions (9). The total time of the
transient mode 7, when the initial conditions affect the pa-
rameters of the conveyor line, can be received as a result of
solving the equation

T
1= [ 8()dz. (13)
0

The condition t > 7, determines the mode of conveyor belt
operation, when its parameters do not depend on the initial
conditions (8)

1 _
0,(1,) = Y (G- l(G(r) i)).
8(G~(G(r)-¥))
If we introduce the denotation
G (Gr)-1)=1-AT),

then for the case © > T} at the conveyor belt output & = 1 we
have

0,(5,1) = y(t— A'rl) 0,(t—At,,0)

=0y(t—A7,,0);

g(t— AT) g(t—Ar)
0 (.)) = LCE=A% oy o (e Ar,,0)8().
I\® g(T—ATI) 0 1°

Assuming that the speed of the conveyor belt is constant
g(t) =g, = const, the solution to the (13) allows us to determine
the interval of the delay in the dimensionless form 7, = 1/g,.
The connection between the input and output flow parameters
of the conveyor belt is used for constructing the model of the
conveyor line [8]. We also assumed that at the initial point in
time, the conveyor line is not loaded 6,(0, §) =0 [8]. This leads
to the particular case of the initial conditions W(S') = 0, which
determine the conveyor line model in the following form

0,(v8)=| HE)~H| & [g(adz || 1 CO=E)
o(1.8) [ © [a gg(z) zﬂg(Gl(G(T)_g))

The duration of the transitional regime in modelling the
operation of the conveyor line was 250 (sec) with total experi-
ment duration of 2000 (sec) and control criteria M(7) — M.,
for time points t > 7T,;=250 (sec) [8]. The initial conditions for
loading the conveyor line 6,(0, &) = 0 explain the fluctuations
in the speed of the conveyor belt and the output flow with a
period of fluctuation 7, = 250 (sec). Fluctuation amplitude
and period are determined by initial conditions 0,(0, &) = 0
and criterion of control M(f) — M,,,,. Under the initial condi-
tions 0,(0, &) # 0 the projected control system must lead to
fluctuation of general weight of the extracted rock on the con-
veyor belt. The presence of fluctuations is due to the fact that
the expression for flow parameters does not contain the initial
conditions. This results in the errors in calculating the modes
of conveyor belt speed control and in the work of the system in
a non-normative mode, and in case of considerable devia-
tions, in the overload of the electromotors and stopping the
conveyor. For a moment in time t < 7, it is required to set a
method for determining the speed of the conveyor belt and the
output freight traffic of the transport system. Let us estimate

the average duration of the transition period for existing trans-
port systems of the conveyor type [1]:

a) belt conveyor with gearless drive Solution Prosper Han-
iel Coal Mine (Germany) with the total length of 3800 (m),
the average normative speed of line is 5.5 (m/sec), the average
duration of transition period is (sec)

3800 —690;

At
5.5

b) conveyor line for Neyveli Lignite Corporation (India),
the total length is 14 000 (m), the average normative belt speed is
5.4 (m/sec), the average duration of the transition period is (sec)

14000
ATI = ? =2590.

The average duration of the transition period is from a few
minutes to an hour. When using the belt speed control systems
with the fluctuation range [0 + 5] (m/sec) the duration of the
transition period can be several hours, which can be reflected
on the conveyor line efficiency.

The problem of optimal control of the speed of the conveyor
belt. The technological consumption of electricity for convey-
or transport W, (kW h) is determined by the quantity of trans-
ported cargo Q,(t), conditions and average running time of the
conveyor line 7, (h)

W, =0.013 L, -w-|:C-vk 1,+0.280, -[li SmBj:|’
’ w

where L, (m) is the conveyor length, w is a resistance coeffi-
cient (for stationary conveyors w = 0.02 + 0.03; for conveyors
working at mining extraction areas w=0.04 + 0.06; for convey-
ors, working under difficult conditions w=0.08 + 0.12), B (de-
gree angle) is the angle of the conveyor staying, C (kg/m) is the
linear weight of the carrying parts. The consumed capacity by
a stationary conveyor (w = 0.03), which is placed horizontally
(B =0) is determined by the expression

1008 ¢

N(z):@zo.oowsd C-a(t)+ —J[ J,.8)as |,

P

where length L, = S, (m), the average speed v, = a(f) (m/sec)
and the average carrying capacity dQ/dt (t/h) of the conveyor
line. The power N(7) (kW) used for transporting rock can be
presented as the sum of powers used for M(r)

N() =0.0039S,- C-a(t) + 0.3931 - a(r) - M(r);  (14)
Sd
M(t)= j[x]o(t,S)ds.
0

Taking into account (14), we can determine theoretical en-
ergy consumption, which is necessary for running of the con-
veyor line 2LU 120V with the length S,;=730 (m) and the aver-
age belt speed a(f) = 2.0 (m/sec) [2, 7]: N, =78.63 (kW), n, =
=0.786 (kW/t).

The conveyor type 2LU120V, is designed for transporting
rock with the normative speed a(7) = 3.15 (m/sec) the maxi-
mum capacity dQ,/dt = 1450 (t/h) and the weight of the run-
ning meter of the moving parts C = 138. (kg/m)

N(7) = 123.84 + 1.23M(1).

The calculations used the coefficient of resistance (w =
=0.03) and the angle is set (§ = 0). The expression is obtained
for a given constant value of the belt speed a(7) = 3.15 (m/sec).

Let us determine the power, consumed by the conveyor
which is evenly loaded © (6) along the length of the belt S, and
the belt speed S,/ T, (4, 5)
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S’
Nomax =0.3931-4
d
we give (14) a dimensionless form
N(t
O g(6)+ mng(0); (15)
N@max
m(t) = je (x, é)dé—iM(t), m, =10*3%.

max

For maximum possible transported weight on the con-

126
=220 _0.172(t/m), m, -
730 tfm), m

c

veyor M., = 126(¢) [2]:
138
0.172
the dimensionless ratio for power (15) by the coefficient of ra-

Mt
tional belt load m(t) =A, we obtain the relation of energy
max

consumption to the unit of weight for actual and nominal load
modes

=107 ——"-=0.79(t/kg). Dividing the left and right parts of

N@O/M@®) — m,
m_m(t)g(t)+g(t)’ (16)

which will be used as a quality criterion for a controlled pro-
cess. For g(f) = 0.5 and m, = 0.79 the optimality criterion is
written as

N(1)/ M (1) __ 04

+0.5.
N@max/Mmax l

[0,(x.8)de

0

Using the optimality criterion (16), we formulate the prob-
lem of creating an optimal speed control program for the con-
veyor belt for the established mode of conveyor line operation
(12), © > T, to determine the speed control of the conveyor
line u(t) during the time interval t € [0, 1,], which results in
the minimum functional

T

-1
Iu(‘c)-i—u(‘c)m Ue (r&)d&j di—»min  (17)

for differential connections (7)

90,(1,€) 90y(1,8) _
ot 0g

+u(x) 3(&)v(x),

restrictions for the linear density of the rock on the belt and the
maximum possible conveyor drive load

Omax = 0(‘l7 E_v)>0 m(t) J.e (‘C i)d§<mmax,

restrictions of control

&max 2 U(1) = g(1),

the initial condition

05(0, &) = HE)w (&)

Considering the system of characteristic equations (9, 10),
differential constraints can be represented in the following
form

Ao doysE) o ¥,
Pl W de (&) ey

0,(0,8) = HB)w(p).

The Pontryagin function and the adjoint system for the
problem have the following form

H :wlu(r)—u(r)—lu(%% max; 2¥i_%H

dt 0
[04(r8)de
0

The value of the variable ©,,, determines the maximum
possible linear load on the belt.

Since the right end of the phase trajectory is free, then
v, (1) = 0 and, consequently, y,(t) = 0, which enables to write
down the Pontryagin function in the form

u(tym,

H =-u(t)—~
[8,(x8)dz
0

— max.

The differential constraint (10) makes it possible to express
the density of rock distribution along the conveyor line through
the input flow and the belt speed for the determined conveyor
line mode t > T},

6 (cp) MG (GD-2)
DTG Go-2)

Let us consider the construction of the optimal speed con-
trol of the conveyor belt for the case when the input flow of the
coming rock is constant y(t) =y, = const. The weight of the
rock on the conveyor belt is defined by the expression

(18)

1 N,
m(1)=[0,(1,8)dE =Y 0 (x.& )AL, =
0 J=1

N

- Yoae, N,
ST L STAL —y AT
L UG GmE)) T T

where At is determined respectively by the expression

= I g(z2)dz,
—A

T—AT

when u(t) = g(t) for the value £ = 1. The value of the average
speed for the period of time At(t)

u,(1)=

A’C(’E)

When the conveyor line is fully loaded m(f) — m,,,, it ap-
pears

AT — Minax — 1

A(t) > At max .
YO umin
When the speed of the belt decreases, the weight of the
rock transported by the conveyor and achieving the maximum
value, increases. For the condition y(t) =y, = const the Pon-
tryagin function will take the form

m m
£ j:u(r)[ ” CJ—>max.
YAt Yo

For a case At <« 1, with a sufficient degree of accuracy, the
ratio can be used

H :u(r)[1+

H, ,AL jA H(z)dz,

what makes it possible to express the Pontryagin function
through the average value of the speed of the conveyor line
u,,(t) at the interval At(t)
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H, = —um(r)[l +um(r)m‘] — max.
0

Function H,, is decreasing when u,,(1) is increasing, it has
the maximum value when u,,(t) = u,,;,, which determines the
control mode of the conveyor line, fully loaded with rock.

Conclusions and future prospects for the development and
improvement of algorithms for controlling the speed of a con-
veyor belt. To demonstrate the obtained solution, we consider
the relay mode of controlling the speed of the conveyor belt
u(t) = (u;, u,) for the case of the maximum allowable filling
with the conveyor line, determined by condition (17). It should
be noted that under production conditions, with the relay law
of controlling the speed of the belt, it is required to sustain a
pause for damping wavy processes in the conveyor belt. We
will assume that the damping time of the arising vibrations is
much less than the characteristic time of the process 7, and
will not affect the final result.

The minimal energy costs per unit of transported products

are provided at an average speed of the belt u;, = Yo with

m
. m o
the period of relay control At,,, =—™=. The switching point
Yo
from the speed u; to the speed u, within the interval At,,,,, is
determined from the ratio

AT + AT =15 AT+ ATy = ATy,

consequently

_1mwht,

A, (19)

hy—i

The switching point divides the interval At,,,, into two in-
tervals At; and At,, within which the conveyor line operates
with the speeds u, and u, respectively. The amount of interval
ATnax 18 determined from the condition of maximum load of
the conveyor system.

For the transport system, with the value of the input mate-
rial flow y, = 0.5 and the load factor of the transport system
My, = 0.5 in the case of relay mode controlling the speed of
the conveyor belt u(t) = (0.5; 1.5) we obtain the value of the

switching point At; = 0.5 on the interval At = % =1.0

0
(Fig. 1). This law of control the speed of the conveyor belt de-
termines the output flow 0,(t, 1) (Fig. 2) and the linear den-
sity of the material 0y(t, 0) at the entrance to the conveyor line
(Fig. 3). During the transition period t € [0, 1, = 1.0] the out-
put flow 0,(t, 1) depends on the per unit density of the mate-
rial distributed over the transport system

0,(x1)= H(l - u(z)dz)J\v(l -] u(z)dz)}l(r)-
0 0

The initial distribution of the material in a computational
experiment is given by the function

W(§)=é+ésin(ng+2j.

When t > 1, = 1.0 the value of the output material flow 6,(t,
1) is calculated from the relation (18) and with the given data is
0,(t, 1) =0.5. The constant value of the output flow 0,(t, 1) for
the steady state has a simple explanation. The optimal control
algorithm, obtained from a given quality criterion in the ab-
sence of a limitation associated with exceeding the maximum
value of the material load per belt, ensures a constant value of
the material flow in the transport system.

Accordingly, at steady state, the value of the output flow
will correspond to the value of the input flow 6,(t, 1) =y,=0.5.

u(r)

1,5

0,5

0 1 2 3 4 5
Fig. 1. Relay speed belt control mode u(t) = (0.5; 1.5)

6,(z.))

0,5
0,4
0,3
0,2
01

L~ T

0 1 2 3 4 5

Fig. 2. The output flow from the conveyor line 0,(t, 1), when
Yo =0.5, u(t) = (0.5; 1.5)

6y(7,0)

’

0,8

0,6

0,4

0,2
0 T
0 1 2 3 4 5

Fig. 3. The per unit density of the material at the input of the
conveyor line 0(t, 0), when y0 = 0.5, u(t) = (0.5; 1.5)

The per unit density of the material at the inlet of the conveyor
line is shown in Fig.3.

In the general case, for the introduced optimality criteri-
on, the belt speed control is obtained, which, as it is recom-
mended in [2, 7, 13, 17], requires the maximum load of the
conveyor line with rock.

With the maximum possible load of the conveyor belt
within the time interval At,,,, energy consumption is constant
for speed sets u(t) = (u;, u,), which have the same average val-
ue for the belt speed for the period At,,,,. Thus, with the max-
imum load of the conveyor, energy consumption for the period
At does not depend on the density of rock distribution
along the conveyor line. Minimum energy resources con-
sumption can be ensured by the constant speed of conveyor
line u,,(t) = up;,. The law of distribution of linear density of
rock along the conveyor line is determined by the given values
of speed modes. The change in the law of control leads to the
change in the law of distribution of linear density of rock along
the conveyor line. The multistage conveyor belt speed control
is of interest for the modes of starting and stopping the con-
veyor when the conveyor belt load is different from the maxi-
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mum value. When constructing the optimal speed control of
the conveyor belt, assumption y(t) =y, = const is made in the
work. At the same time, mine conveyors are characterized by
disturbances at the conveyor input, which are expressed by the
discrete character of cargo flow and their variable intensity
during the period of continuous loading. This is the subject of
further research. The simplification supposed in the work is
aimed at showing the prospects of using PDE-models when
designing highly efficient control systems. Additionally, it was
assumed that the incoming freight traffic is a measurable and
controllable value. In the case when it is impossible or difficult
to estimate the traffic flow, the controlled value can be a static
force on the motor shaft.
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YnpaBiiHHSA MBUIKICTIO PyXy CTPIYKH
MpU HEPIBHOMIPHOMY 3aBAHTAKEHHI KOHBe€pa

0. M. Ilienacmuii
HanioHanpHMil TeXHIYHMI YHiBEPCUTET ,,XapKiBChbKMI MO-
JITeXHIYHUI iHCTUTYT®, M. XapkiB, VYKpaiHa, e-mail:
pihnastyi@gmail.com

Meta. Po3poOka aaropuTmiB KepyBaHHS IIBUAKICTIO
PYXy KOHBEEPHOI CTPiUKM, 3aCHOBAHUX Ha PO3IOiJIEHii1 MO-
JleJli TPAaHCTIOPTHOI CUCTEMHU, 1O MIiCTUTh PiBHSIHHS Y MpU-
BaTHUX TOXiTHUX.

Metoauka. /15 po3paxyHKy napameTpiB KOHBEEPHOI Ji-
Hil 3i 3MiHHOIO ILIBUAKICTIO PyXy MaTepiaay BUKOPHUCTaHO
arapar MaTeMaTU4HoOl Di3uKu.

PesyabraTn. [1poBeneHo MopiBHSJIBHUI aHaTi3 Mojeei
KOHBEEPHUX TPAHCMOPTHUX cucTeM. OOIPyHTOBAHO BUKO-
PUCTaHHSI PiBHSIHb Y IPUBATHUX MOXiAHUX JIJISI MOJEIOBAaH-
HsI TPAHCTIOPTHUX CUCTEM KOHBEEPHOTO THUITY, IO € CKIIA/I-
HUMM JIMHAMIYHUMU po3nofiieHuMu cuctremamu. Ilpen-
cTaByieHa 6e3po3MipHa MOJIeNTb KOHBEEPHOI CCTEMU B OITHO-
MOMEHTHOMY HaOJMKEHHI 3 BUKOPUCTAHHSM piBHSIHb Y
MPUBATHUX TIOXiTHUX. 3amMcaHa CUCTeMa XapaKTepUCTUI-
HUX PiBHSHb i TOOYAOBaHe PillIeHHS, 1110 BU3HAYAE BEJIUYU-
HY TOTOKY Martepiajly Ta LIJIbHICTh MaTepiajly B TOBUIbHUMN
MOMEHT Yacy [UIsl 3aJaHO1 TOYKM MapIlpyTy TPAaHCIIOPTYBaH-
Hs1. OTpUMaHO BUpa3, 1110 BU3HAYAE BEJTMUNHY 3aTPUMKU Ma-
Tepiajly Y TPAHCIIOPTHil CHUCTEeMi B 3aJIeXKHOCTI Bill 3aKOHY
3MiHUM IIBUAKOCTI PyXy KOHBEEPHOI CTpiuky. BuzHaueHo yac
MepexiIHOro Mepiory, MPOTIATOM SIKOTO BUXiIHUI MOTIK Ma-
Tepiajly BU3HAYAETLCS JiHIMHOIO IIITBHICTIO PO3MIlllEHHS
MaTepiasly B3IOBX TPAaHCIIOPTHOrO Mapuipyty. BusHaueHi
3aJIeXKHOCTI JJ151 JIIHIMHOI IIUIBHOCTI MaTepiany il MOTOKy Ma-
Tepiasly UISl CTAJIOrO pexuMy. 3amucaHO KpUTepiil sIKocTi
YIPaBTiHHS TOTOKOBUMHU TTapaMeTpaMy KOHBEEPHOI CUCTe-
MU Ta OTPUMaHe PillleHHsI 3a/1a4i ONTUMAaIbHOTO YIIPABIiHHSI
LIBUAKICTIO KOHBEEPHOI CTPIUKM, 110 3a0e31euye pejaeiHui
peXUM yIpaBliHHS 32 MiHIMaJIbHUX TTUTOMUX BUTpAT eJieK-
TpOEeHeprii Ha repeMileHHs Matepiany. HaBeneHo npukian
MOOYIOBU aJITOPUTMY YIIPABIiHHS.

HaykoBa noBu3ua. [lonsirae B ynmockoHasneHHi PDE-
MojeJield TPAaHCTIOPTHUX CUCTEM KOHBEEPHOTO TUITY Ta €HEP-
ro30epiraroumx aJIrOPUTMiB yIpaBIiHHS TAKUMU CUCTEMaMU.

IIpakTiyna 3HaumMicThb. Ilojsirae B Tomy, 1110 3amporio-
HOBaHUi cMoci0 po3paxyHKy nmapaMeTpiB KOHBEEPHOI JiHil,
SKUI € TMHAMIYHOIO PO3MOIiJIEHOI0 CUCTEMOI0, MOXe OyTH
BUKOPUCTAHUI [UISI TIPOEKTYBaHHSI CUCTEM ONTUMAIbHOTO
yIpaBIiHHS MOTOKOBUMU MapaMeTpaMy TPaHCIIOPTHUX CUC-
TEeM KOHBEEPHOTO TUITY.

KimouoBi cioBa: xouseep, posnodinena cucmema, PDE-
M00enb, NOMOK08A NiHis, WEUOKICb CIMpiuKU

Ynpags/ieHue CKOPOCTbIO ABHKEHHS JIEHTBI
NPy HePAaBHOMEPHOM 3arpy3Ke KOHBeiepa

0. M. ITuenacmeuii

HanyoHanbHblii TEXHUYECKUIT YHUBEPCUTET ,,XapbKOBCKUI
MOJIUTEXHUYECKU I MHCTUTYT , T. XapbkKoB, YKpanHa, e-mail:

pihnastyi@gmail.com

Lean. PazpaboTka aJiropuTMOB yIpaBIEHUSI CKOPOCTHIO
NIBUXKEHUSI KOHBEEepHO IEHTbI, OCHOBAHHBIX Ha pacripesie-
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JICHHOM MOJIEJIM TPAaHCIOPTHOM CHUCTEMBI, COAepXKallen
YPaBHEHHUSI B YaCTHBIX MPON3BOIHBIX.

Metonuka. /{5 pacueta mapaMeTpoB KOHBEHEpHOM JIM-
HUU C TIEPEeMEHHOI CKOPOCTBHIO JBUXKEHUSI MaTepuaja Mc-
MOJIL30BaH arnapaT MaTeMaThu4ecKoi (hU3NKU.

Pesynbratel. [IpoBeneH cpaBHUTENbHBIN aHAIU3 MOJIE-
JIei KOHBEHEpPHBIX TPaHCHOPTHBIX cucTeM. OGOCHOBaHO
HCIIOJIb30BaHME YPAaBHEHUII B YAaCTHBIX MPOU3BOIHBIX IJIS
MOJEIMPOBAHUS TPAHCIIOPTHBIX CHCTEM KOHBEHEPHOro
TUIAa, KOTOpBIC SIBISIIOTCS CJIOXHBIMU OUHAMMYECKUMU
pacnpeneieHHbIMU cuctemMaMu. [IpencrabieHa 6e3pasmep-
Hasl MOJEJIb KOHBEWEPHOW CUCTEMBI B OJHOMOMEHTHOM
MPUOIKEHUH C UCTIOJIb30BaHWEM YPaBHEHUI B YaCTHBIX
MPOM3BOAHBIX. 3amycaHa CHUCTeMa XapaKTepMCTUYECKUX
YpPaBHEHUI U MOCTPOEHO pelleHue, ONpeaesolee Ber-
YUHY MOTOKa MaTepuaja U TUIOTHOCTh MaTepuasa B Ipou3-
BOJIBHBIIT MOMEHT BpEMEHU JIJI 3a[IaHHOM TOYKHU MapIIpyTa
TpaHCTIOPTUPOBKU. [ToaydyeHo BbIpaKeHue, onpeaesioliee
BEJIMYMHY 3aJIePKKHU MaTepyajia B TPaHCIIOPTHOM CUCTeME B
3aBUCHMOCTM OT 3aKOHa M3MEHEHMSI CKOPOCTU JABMKEHUS
KOHBelepHOoii IeHThI. OTipeieIeHO BpeMsI TIEPEXOIHOTO TIe-
puoja, B TeUeHHWE KOTOPOTO BBIXOJHOHN MOTOK Marepuaiia
OTpeaeIsieTCs] TIMHEWHOM TJIOTHOCTBIO pa3MEIIeHUs MaTe-
puajia BIOJb TpaHCHOPTHOTO MapiupyTta. OnpeneieHbl 3a-

BUCUMOCTH JIJISI JIMHEMHOM IUIOTHOCTU MaTepuaja i I0ToKa
Marepuaia JUisl yCTaHOBUBIIETOCS peXuma. 3arnucaH Kpu-
TepUil KayecTBa YIIPaBJIEHUs ITOTOKOBBLIMU IapaMeTpamu
KOHBEepHOI CUCTEMBI U TIOJIYYeHO pellleHHe 3a1adn OMTH-
MaJIbHOIO YIPAaBIECHMSI CKOPOCTHIO KOHBEHEPHOM JICHTHI,
obecrieyrBaollee pejaeiiHbIi pexkuM yIpaBJIeHUs TIPH MU~
HMMAJIbHBIX YIEIbHBIX 3aTpaTax 9JIEKTPOIHEPIUHU Ha Iepe-
MellleHre Matepuaia. [IpuBeneH mpuMep MOCTPOSHMS ajl-
rOpUTMa yIpPaBICHHUS.

Hayunasa HoBu3Ha. 3akjoyaeTcsi B COBEPUIEHCTBOBAHU N
PDE-Mogeseit TpaHCIIOPTHBIX CUCTEM KOHBEMEPHOIO THUIIA
U 2Heprocobeperaronmx ajJrOpUTMOB YIIPaBICHUS TaKUMK
CHUCTEMaMMU.

IIpakTuyeckas 3Ha4UMOCTb. COCTOUT B TOM, UTO TIPEIUTO-
JKEHHBI METOJ pacyeTa ImapaMeTpoB KOHBEHEPHOI JIMHUU,
KOTOpast IPeACTaBIIsIeT CO00I MMHAMMUYECKYIO pacIIpeneeH-
HYIO CUCTEMY, MOXKET ObITh MCIIOJIb30BaH IS IIPOCKTUPOBA-
HMSI CCTEM ONTUMAJIBHOTO YIIPaBJICHUS TTOTOKOBBIMM TTapa-
METpaMU TPAHCIIOPTHBIX CUCTEM KOHBEHEPHOIO TUIIA.

KroueBbie clioBa: xowgeilep, pacnpedesennas cucmema,
PDE-mo0ens, nomounas aunus, CKOpoCms AeHmMbl
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