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ABSTRACT 
Context.  The problem of optimal control of flow parameters of a conveyor-type transport system containing sections with re-

versible conveyors is considered. The object of the stady was an analytical model of a reversible transport conveyor for synthesizing 
an algorithm for optimal control of the flow parameters of a reversible transport conveyor.  

Objective.  The goal of the work is to develop a synthesis technique for an algorithm for optimal control of the flow parameters 
of a reversible transport conveyor based on an analytical model of a conveyor section containing a transport delay. 

Method. An analytical model of a reversible conveyor has been developed for the case of a constant speed of a conveyor belt, 
which makes it possible to determine the values of the output flows from the reverse section with known values of material flows 
coming to the input of the conveyor section.  To build a model of the reversible section of the conveyor, an analytical model of the 
section of the conveyor in partial derivatives, containing the transport delay, was used. When constructing the model, the assumption 
was made about the instantaneous switching of the direction of movement of the conveyor belt, and it is also assumed that the inter-
val between switching the direction of the belt speed exceeds the values of the transport delay for the conveyor section. To synthesize 
an algorithm for optimal control of the reversible conveyor, a control quality criterion was introduced. The formulation of the prob-
lem of optimal control of the flow parameters of the reversible conveyor is given, based on the Pontryagin maximum principle. The 
Hamilton function for the controlled system is written, taking into account the criterion of the quality of control of the reversible 
conveyor. A technique for synthesizing an algorithm for optimal control of the material output flow of a section of a reversible con-
veyor is demonstrated. The conditions for switching the direction of the speed of the conveyor belt are determined.  

Results. The developed model of the reversible conveyor section is used to synthesize an algorithm for optimal control of the 
material output flow of the reversible conveyor section. 

Conclusions. A method for the synthesis of algorithms for optimal control of the flow parameters of a transport system with sec-
tions containing reversible conveyors has been developed. The construction of an analytical model opens up new perspectives for the 
design of transport conveyor control algorithms, which can be used to reduce the specific energy costs for material transportation in 
the mining industry. 

KEYWORDS: reversible conveyor, PiKh-conveyor model, transport delay, conveyor belt speed, transport system, conveyor 
control. 

 
ABBREVIATIONS 

PDE-model is a model of continuous representation of 
the movement of material along the technological route of 
the production line, using equations in partial derivatives; 

PiKh-model is an analytical model of a conveyor line 
that allows you to determine the density of the material 
and the material flow at an arbitrary point on the conveyor 
belt; 

RC (reversible conveyor) is a conveyor whose belt is 
capable of changing the direction of speed to the opposite 
in order to move the material in the opposite direction. 

 
NOMENCLATURE 

dS  is a conveyor line length; 

dT  is a characteristic time for the material to pass the 

transport route; 
  )(0 St,  is a linear density of the material at the mo-

ment of time t  at the point of the transport route with the 
coordinate  dSS ,0 ; 

   St,1  is a material flow at the moment of time t  at 

the point of the transport route with the coordinate 
 dSS ,0 ; 

)(S  is an initial distribution of material along the 

technological route; 
  is a limit value of the linear density of the material 

for the conveyor section; 
)(ti  is a material flow from the i -th bunker incom-

ing to the input of the conveyor section; 

maxi   is a maximum allowable value of  the material 

flow from the i -th bunker incoming to the input of the 
conveyor section, max 1 )(0 it  ; 

)(ti  is a planned value of the output flow from the 

conveyor section, determined by the input flow from the 
i -th bunker; 

)(ta  is a conveyor belt speed; 
1G  is a function inverse to the function )(G ; 

)(SH  is a Heaviside function; 
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 S  is a Dirac delta function; 

um  is a dimensionless time of switching the direction 

of the belt speed, ...3,2,1,0m ; 

0u  is a dimensionless value of the start time of the 

transport conveyor belt;  

uk  is a dimensionless value of the transport con-

veyor completion time, 0m ; 

    ummumu   11  is a dimensionless time in-

terval between switching the direction of the belt speed; 

  is a dimensionless value of the transporting delay 

at the route point, determined by the value  ; 

1  is the dimensionless value of the transporting de-

lay at the route point, determined by the value 1 . 

 
INTRODUCTION 

The conveyor is one of the most effective ways to 
transport material in the mining industry [1, 2]. The 
length of the transportation route for modern conveyor-
type transport systems has reached one hundred kilome-
ters [3, 4] and continues to increase. With a conveyor belt 
fill factor of 50–70% with material [5], transportation 
costs reach 20% of the material mining cost [6, 7]. Reduc-
ing transport costs is achieved by increasing the load fac-
tor of the conveyor belt material [8, 9]. To do this, control 
systems for belt speed [10, 11, 12], the output flow of 
material from the accumulating bunker [3, 13, 14], and 
energy management methodology [15, 16, 17] are used.  

The division of the transport conveyor into sections 
increases the efficiency of managing a section of the 
transport route within a separate section and the reliability 
of the functioning of the transport system as a whole [18, 
19]. Technological trajectories of individual elements of 
the material within the section are similar, do not inter-
sect, and are displaced relative to each other [20]. The 
displacement of technological trajectories is determined 
by the value of the speed of the conveyor belt.  

Increasing the material load factor of the conveyor 
belt can also be achieved by changing the route of mate-
rial transportation. Such control is carried out using re-
versible conveyors, which allow changing the direction of 
material movement within the section to the opposite di-
rection [21, 22, 23]. The present study is devoted to the 
synthesis of optimal control algorithms for the flow pa-
rameters of a reversible conveyor. 

The object of study is an analytical model of a trans-
port reversible conveyor. 

The subject of study is analytical methods for design-
ing a transport reversible conveyor control system.  

The purpose of the work is analytical methods for 
designing a transport reversible conveyor control system.  

 
1 PROBLEM STATEMENT 

The reversible conveyor (RC) is used to ensure mate-
rial is transported in both forward and reverse directions 

(Fig. 1). This method of designing a conveyor-type trans-
port system provides a more uniform loading of branched 
transport routes as a result of redirecting material flows 
from a more loaded transport route to a less loaded route.  

 

 
a 
 

 
b 
 

Figure 1 – Schematic diagram of the functioning of the transport 
reversible conveyor: 

a – the direct moving belt; b – the reverse moving belt 
 

The transport reversible conveyor is a complex dy-
namic distributed system with a transport delay. An ana-
lytical solution to the problem of the main conveyor, 
which makes it possible to calculate the value of the out-
put flow for a given initial distribution of material along 
the transport route, was obtained in [1]. The problem of 
synthesizing the optimal control of the flow parameters of 
the transport main conveyor is considered in [2, 3]. 

For a reversible conveyor, the problem of synthesizing 
optimal control can be represented as successive algo-
rithms for optimal control of the material flow between 
the switching points of the direction of the conveyor belt 
speed. The initial conditions for the equation of the trans-
port conveyor [1] at the point of switching the direction of 
movement are determined by the current distribution of 
material along the transport route.  

When synthesizing algorithms for optimal material 
flow control, let us assume:  

a) there is no control over the flow of material incom-
ing the reversible conveyor from the input accumulating 
bunker;  

b) belt speed between switching intervals is constant; 
c) the change of speed direction is instantaneous;  
d) the time interval um  between two adjacent 

switching of the direction of speed exceeds the time 1  

( 1 ) of the passage of the material along the transport 

path of the conveyor section.  
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The accepted assumption about the instantaneous 
switching of the speed of the belt implies the absence of 
restrictions on the amount of change in the speed of the 
conveyor belt, due to the occurrence and propagation of 
dynamic stresses along the conveyor belt. The assumption 
of the absence of material flow control at the input and 
the assumption of a constant belt speed makes it possible 
to simplify the problem of synthesizing algorithms for 
optimal material flow control by considering at the initial 
stage a model of a reversible conveyor with a constant 
transport delay in the presence of relay control. Separate 
studies will be devoted to the synthesis of algorithms for 
optimal control of the speed of the reversible conveyor 
belt and the flow of material coming from the accumula-
tion bunker. 

 
2 REVIEW OF THE LITERATURE 

To build a model of a separate section of the transport 
conveyor, the finite element method is used [24, 25, 26]; 
finite difference method [27]; Lagrange method; method 
using the aggregated equation of state [11]; equations of 
system dynamics [14]. The methods are based on various 
numerical schemes for calculating the flow parameters of 
the transport system. Also, models based on neural net-
works [4, 28, 29] and regression equations [30, 31, 32] are 
widely used to describe the state of the transport con-
veyor. The synthesis of an optimal algorithm for control-
ling the flow parameters of a transport multi-section con-
veyor using a model that includes a neural network is 
presented in [33]. Among the existing models used to 
calculate the flow parameters of the transport conveyor 
section, it should be noted the analytical PiKh-model 
(PDE-model) [34], which is used to synthesize algorithms 
for optimal control of the flow parameters of the con-
veyor, taking into account the energy management meth-
odology [6], to synthesize the optimal speed control algo-
rithm movement of the conveyor belt [8], as well as for 
generating a training data set in a model based on a neural 
network [33] and on a linear regression equation [32]. The 
analytical PiKh-model also proved to be good in describ-
ing the change in the flow parameters of a multi-section 
main conveyor and modeling a conveyor with an in-
put/output accumulating bunker. In this study, the scope 
of the analytical PiKh-model of the transport conveyor 
will be expanded, using it to build a model of a reversible 
conveyor.  

The principle of operation of a multi-section transport 
system containing reversible conveyors is described in 
[21] when simulating transport flows in the “Rudna” mine 
(Poland). Later, the “Rudna” mine transport system was 
considered during research in [22, 23]. Interest in the use 
of reversible conveyors is associated, on the one hand, 
with the use of a reversible conveyor to change the route 
of material transportation, and on the other hand, with the 
use of a reversible conveyor as an accumulation bunker in 
the transport system. The principle of operation of the 
reversible conveyor section described in [21] is used to 
develop a reversible conveyor model based on the ana-
lytical PiKh-model. 

3 MATERIALS AND METHODS 
To build a model of a transport reversible conveyor 

that determines the state of the flow parameters of a sec-
tion along the transportation route, we will use the equa-
tion PiKh–model of the conveyor in a dimensionless form 
[34] 
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The solution of equation (1) with initial conditions (2) 

has the form [34] 
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The presented solution makes it possible to determine 

the density of the material )(0  ,  and the flow of the 

material )(1  ,  at an arbitrary point in time   for each 

point   of the transport route. In this study, let us focus 

on building a model of a transport reversible conveyor, 
the belt speed of which is constant and equal 0g  (with the 

exception of the moment of switching the direction of 
movement of the conveyor belt) 

 

0)( gg  ,  0)( gG ,  (12)

10 u . 

 
For a constant belt speed, solution (9)–(11) can be 

written in the following form 
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0/ g  ,  (15)

10 u . 

 
The resulting solution (9)–(11) makes it possible to 

determine the output flow of material from the conveyor 
section 

 
    )(11)1( 1101 gH,

000 )1()1(H ggg  ,   
(16)

01 /1 g . 

 
Solution (13)–(16) of equation (1) was obtained for 

the case of material movement only in the forward 
direction (Fig. 1a) without speed switching. 

If there are points of switching the direction of the 
flow at the instants of time um , the values of the output 

flows )(1  out , )(2  out  of the reversible conveyor, tak-

ing into account the solution (16), take the form 
 

  



M

m

mnmnnmnout F
0

,3,21, n )()()()( , (17)

)()(1  nn ,     2,1n , (18)

   )(11)( 120,12  mm gH , (19)

   )(11)( 110,22  mm gH , (20)

  )(1)( 0,3   mumnmmn gH , (21)

 umm   , (22)

         ,
2

11
1,1 


 muum

m

m HHF  (23)

         ,
2

11
1,2 


 muum

m

m HHF  (24)

m , Mm  . 

 
 The flow of material into the bunker occurs with the 

forward direction of the conveyor belt (Fig. 1a), and the 
flow of material into the bunker )(1  out  occurs with the 

reverse direction of the conveyor belt (Fig. 1b). 
Functions  mF ,1 ,  mF ,2  determine the time inter-

val  1 mu  between switching the direction of movement 

of the material along the conveyor belt. The function 
 mF ,2  is equal to one for the case if the conveyor moves 

in the forward direction (Fig. 1a) and the inequality 

 1 muum , (m is even) is fulfilled. Similarly, the 

function  mF ,2  is equal to one for the case if the con-

veyor moves in the opposite direction (Fig. 1b) and the 

inequality  1 muum , (m is odd) is satisfied. The 

function )(,22  m  determines the flow of material from 

the bunker )(1   to the bunker )( 2  out  with a transport 

delay (Fig. 1a) in the time interval  1 muum . The 

function )(,12  m  determines the flow of material from 

bunker )(2   to bunker )( 1  out  with the same transport 

delay 1  (Fig. 1b). 

The function )(,23  m  determined by the flow of ma-

terial from the conveyor during the time interval 1  

from the moment of switching um . The flow of material 

)(,23  m  is formed by the distribution of material )(m  

along the conveyor belt at a time um  

 
)1()()( 0,23,23   mmmummm g . (25)

 
Taking into account the assumption 1 um , the 

distribution of material along the conveyor belt is com-
pletely determined by the material flow )(2  . This de-

pendence at a constant speed of the belt within the time 
interval um  can be represented in the following form 

 
)1()( 02   mmmum g , (26)

 
whence for the time interval 1  from the moment of the 

time  of switching um  , the expression is obtained for the 

output flow from the conveyor belt in the forward direc-
tion of motion 
 

  )()( ,23,23 mummm  

)2()( 22   ummum . 
(27)

 
For the reverse direction of movement of the belt, the 

distribution of material )(m  along the conveyor belt at 

the moment of time um  is given by the flow of material 

)(1   

 
)()( 01   mmmum g . (28)

 
Taking into account the relationship between the out-

put flow )(,13  m  and the distribution of material )(m  

along the conveyor belt for the period of time 1  from 

the time of switching um  

 
)()()( 0,13,13   mmmummm g , (29)

 
the value of the material flow )(,13  m  is obtained when 

the conveyor moves in the opposite direction 
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  )()( ,13,13 mummm  (30)

)2()( 11   ummum . 

 
At given times of switching um  the direction of 

movement of the belt, expressions (17) determine the 
flow of material in the transport system in the presence of 
a reverse mode of operation of the conveyor. 

 
4 EXPERIMENTS 

To carry out numerical experiments, the software has 
been developed that makes it possible to calculate the 
values of the flow parameters of the transport conveyor in 
accordance with the RC model (17)–(26). Test values of 
material flows )(1  , )(2  , incoming the section of the 

reversible conveyor from the accumulation bunkers, as 
well as the value of the planned output flow )(2   from 

the section of the conveyor represented by periodic func-
tions (Fig. 2): 

 
  4.0sin0.2)(1 , (31)

  2.0sin0.2)(2 , 

  2.0sin0.20.2)(2 . 

 
Periodic functions in the form (31) are used in the 

qualitative analysis of the flow parameters of transport 
and production systems [26, 35, 36], the production proc-
ess of which is periodic. This approach makes it possible 
to reveal the qualitative features of the model and the rela-
tionship between flow parameters [37]. When carrying 
out numerical experiments, it was assumed that at the 
initial time the conveyor section is fully loaded with ma-
terial 

 
1)(  . (32)

 
In the absence of reversible control, the material 

flows )(1  , )(2  , incoming the section of the reversible 

conveyor from the accumulation bunkers, form the output 

material flow )(2  out  from the conveyor section (Fig. 3) 

in accordance with the RC model (17)–(26). The type of 
function )( , which specifies the initial distribution of 

material along the RC section, affects the value of the 
output material flow only in the initial period of time 

1 . For the time moments of the transport system op-
eration 1 , the initial distribution of the material does 
not affect the state of the output flow parameters of the 
conveyor section (Fig. 3). In the absence of reversible 
control, the output flow of material from the conveyor 
section is determined by the expression 
 

)1()()( 122  out . (33)
 
which contains the transport delay 11  . The superpo-

sition of material flows from the accumulation bunkers 
)(1  , )(2  , that form the output flow )(2  out , leads to 

the fact that in the allocated time intervals the output flow 
)(2  out  deviates significantly from the planned material 

flow )(2  , required to maintain a continuous production 

process (Fig. 3). With the reversible movement of the 
belt, the flow of material changes direction, and therefore, 

0)(2  out . The condition (Fig. 4) was used to calculate 

the switching points of the belt movement direction 
 

0)(2)()( 222  out . (34)
 

The function )(2  , on the basis of which the 

switching points are numerically calculated, is shown in 
Fig. 4. When 1 m , to improve the performance of 

calculations, the RC model (17)–(26) can be replaced by 
the approximate model (33). 

The method for calculating switching points in accor-
dance with condition (34) was used to synthesize the 
algorithm for controlling the output flow from the con-
veyor section. 

 

 
Figure 2 – Dynamics of material flows )(1  , )(2   from the accumulation bunkers incoming the section  

of the reversible conveyor and the plan material flow )(2   from RC 
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Figure 3 – Comparison of the material flow )(2  out  from the conveyor in the absence of reverse control with the value  

of the planned material flow )(2   from RC 

 

     
Figure 4 – A function )(2   for constructing points for switching the reversible mode of a conveyor section  

for a given planned value of the output flow )(2   

 
5 RESULTS 

Let us formulate the problem of constructing an opti-
mal program for controlling the flow of material )(2  out , 

coming out of the reversible conveyor to meet the needs 
of the processing industry in the material. The transport 
conveyor will be controlled by switching the direction of 
material movement. Let us determine the value of the 
switching points um  of the direction of material move-

ment during a period of time  uk ,0  with continuous 

control  )(;0)( 2  outu  of the output flow of material 

from the reverse conveyor, which lead to a minimum of 
the functional  

 

  min)()()(
0

2
2  

uk

duJ uk , (35)

 
with a limitation on the value of material flow 

 
 )(;0)( 2  outu , (36)

0)(2  out . 

The control value )(u  is equal to )(2  out  for for-

ward material movement the control value )(u  is zero 

for reverse material movement. To build a control system, 
this paper uses a very simple criterion of control quality, 
which makes it possible to demonstrate the features of 
control of a reversible conveyor. It is assumed that there 
are no restrictions on the maximum permissible value of 
the linear density of the material along the conveyor belt. 

The Pontryagin function for control problem (35), (36) 
has the form: 

 

  max)()( 2
2  uH . (37)

From the condition of the maximum of the Pontryagin 
function, the optimal control of the reversible conveyor is 
determined )(u   

  0)()(2
)( 2 



u

u

H
. (38)
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Since the control )(u  takes one of the values 

 )(;0 2  out , and in the general case 

 
)()( 2  outu , 

 
then equality (38) cannot be used to construct the optimal 
control of the reversible conveyor. Taking this into ac-
count, the conditions for the proposed switching of the 
conveyor operation mode are determined by the inequali-
ties  

 
)()()( 222  out , 0)( u , 

)()()( 222  out , )()( 2  outu , 

 
for which the Pontryagin function has a minimum. Thus, 
for a finite interval 11   the point of switching the 

direction of movement at the moment of time 0um , de-

fined by the condition  
 

)(2)( 0202 umumout  , (39)

)(2)()( 222  out , 

 
For switching points when the condition is satisfied 

 
0)( I , (40)

the conveyor line operates in reversible mode, 0)( u . 

As a rule, for existing conveyor systems, the condi-
tion 1 um  is satisfied, and the switching points are 

determined by equation (39). 
A numerical experiment demonstrating the synthesis 

of an algorithm for the material output flow control for 
boundary and initial conditions (31), (32) is presented in 
Fig. 5. The presence of peak values of the output flow is 
explained by the fact that starting from the moment of 
switching the direction of movement and during the time 

interval 11   the output flow of material )(2  out  

determined only by the input flow of material )(2  , and 

during the time interval for which the condition 1  is 
satisfied, the output flow of material )(2  out  is deter-

mined by the input flows of material )(1   and )(2  , 

which and leads to a jump in the function 
 )(;0)( 2  outu  at 1 . An analysis of the results of 

a numerical experiment shows that the initial distribution 
of material (32) does not affect the value of the output 
flow at 1 . 

 
6 DISCUSSION 

One of the significant difficulties that researchers en-
counter when designing control systems for a transport 
system containing reversible conveyors is building a 
model of a reversible conveyor section. Let us consider 
one of the ways in which these difficulties can be over-
come.  

One such way is to use an approximate model for the 
section of the conveyor in which the transport delay 

01   is assumed. This case may correspond to a sim-

plified model of the reversible conveyor section in the 
following form 
 

  



M

m

mnout F
0

21, n )()()( . (41)

 
For a conveyor section of small length ( 200dS me-

ters [23]), at a belt speed of one meter at the second, the 
transport delay is several minutes. For conveyor sections 
of medium length ( 2000dS meters [23]), the transport 

delay can be about one hour. If there are several reversi-
ble sections through which the flow of material moves  in 
the transport system, then the total transport  delay  of  the 

 

 
Figure 5 – Optimal control )(u of the RC section for a given planned value of the output flow )(2   
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conveyor system during the sequential movement of ma-
terial can be obtained as a result of adding the transport 
delays of individual sections. Thus, the value of the trans-
port delay can be significant in the value. Neglecting the 
transport delay in the model of the conveyor section can 
lead to significant errors in the calculation of the flow 
parameters of the transport system, and the model itself, 
accordingly, should not be used to build algorithms for 
optimal control of the flow parameters of the transport 
system. 

The use of model (41) implies not only an approxi-
mate calculation of the values of the flow parameters of 
the conveyor section, but also the fact that the specific 
energy costs for the movement of material are not opti-
mized for the reversible sections of the transport system. 
The reduction in energy costs for moving the mined mate-
rial along the transport route makes the problem of build-
ing accurate analytical models of reversible sections that 
can be used to synthesize algorithms for optimal control 
of the output flow of a conveyor-type transport system 
relevant.  

When constructing the model and synthesizing mate-
rial flow control algorithms, a number of assumptions are 
made in this paper. The purpose of these assumptions is to 
simplify as much as possible the mathematical transfor-
mations necessary to build the model, demonstrating the 
general methodology for creating models of reversible 
conveyor sections and the features of synthesizing the 
algorithm for optimal material flow control. 
 

CONCLUSIONS 
The actual problem of synthesizing algorithms for op-

timal control of the flow parameters of a conveyor-type 
transport system containing sections with reversible con-
veyors is considered. An analytical model of a reversible 
conveyor for the design of transport conveyor control 
systems is proposed.  

The scientific novelty of obtained results is that for 
the first time an analytical model of a reversible conveyor 
section has been proposed for conveyor-type transport 
systems. This model, under the assumptions of a constant 
speed  of the conveyor belt, of instantaneous switching of 
the direction of movement of the conveyor belt and of the 
value of the time interval between two adjacent switching 
of the direction of speed 1 um , makes it possible to 

calculate the output flows of material )( 1  out , )( 2  out  

from the section of the reversible conveyor with known 
values of the input flows of material )(1  , )(2  . The 

construction of an analytical model of a reversible con-
veyor section allows, for a given control quality criterion, 
to synthesize  simple algorithms for optimal control of the 
flow parameters of a transport system containing sections 
with reversible conveyors. 

The practical significance of obtained results is that a 
technique has been developed for constructing algorithms 
for optimal control of the flow parameters of a transport 
system with sections containing reversible conveyors, 

which can be used to reduce the specific energy costs for 
transporting material at mining enterprises. 

Prospects for further research is to develop systems 
for controlling the belt speed of the reversible conveyor. 

 
REFERENCES 

1. Alspaugh M. Longer Overland Conveyors with Distributed 
Power, Rockwell Automation Fair, 2005. 
http://www.overlandconveyor.cn/uploadfile/pdf/13-
Longer_Overland_Conveyors_with_Distributed_Power[1].p
df 

2. Cornet J. Head and tail controls in long overland conveyors, 
Bulk Materials Handling by Conveyor Belt, 2002, No. 4, 
pp. 55–67. https://cvdyn.com/wp-
content/uploads/2020/01/JLC-SME-2002-Conveyor-Head-
Tail.pdf 

3. Pihnastyi O., Kozhevnikov G., Khodusov V. Conveyor 
Model with Input and Output Accumulating Bunker, In 
IEEE 11th International Conference on Dependable Sys-
tems, Services and Technologies (DESSERT), 2020, 
pp. 253–258. 
http://doi.org/10.1109/DESSERT50317.2020.9124996 

4. Pihnastyi O., Khodusov V. Neural model of conveyor type 
transport system, Proceedings of The Third International 
Workshop on Computer Modeling and Intelligent Systems, 
2020. http://ceur-ws.org/Vol-2608/paper60.pdf   

5. Jeftenić B. Ristić L., Bebić M., Štatkić S., Mihailović I., 
Jevtić D. Optimal utilization of the bulk material transporta-
tion system based on speed controlled drives, The XIX Inter-
national Conference on Electrical Machines, ICEM,  2010, 
pp. 1–6.  https://ieeexplore.ieee.org/document/5608055 

6. Pihnastyi O., Khodusov V. Development of the controlling 
speed algorithm of the conveyor belt based on TOU-tariffs, 
Proceedings of the 2nd International Workshop on Informa-
tion-Communication Technologies & Embedded Systems, 
2020, Vol. 2762, pp. 73–86. http://ceur-ws.org/Vol-
2762/paper4.pdf   

7. Stadnik M., Semenchenko D., Semenchenko A., Belyt-
sky P., Virych S., Tkachov V. Improving energy efficiency 
of coal transportation by adjusting the speeds of a combine 
and a mine face conveyor, Eastern-european Journal of En-
terprise Technologies, 2019, No. 1, pp. 60–70. 
http://doi.org/10.15587/1729-4061.2019.156121 

8. Pihnastyi O. Control of the belt speed at unbalanced loading 
of the conveyor, Scientific bulletin of National Mining Uni-
versity, 2019, No. 6, pp. 122–129. 
https://doi.org/10.29202/nvngu/2019-6/18 

9. Semenchenko A., Stadnik M., Belitsky P., Semenchenko D., 
Stepanenko O. The impact of an uneven loading of a belt 
conveyor on the loading of drive motors and energy con-
sumption in transportation, Eastern-European Journal of 
Enterprise Technologies, 2016, No. 82, pp. 42–51. 
https://doi.org/10.15587/1729-4061.2016.75936 

10. Halepoto I., Uqaili M. Design and Implementation of Intel-
ligent Energy Efficient Conveyor System Model Based on 
Variable Speed Drive Control and Physical Modeling,  In-
ternational Journal of Control and Automation, 2016, No. 9 
(6), pp. 379–388. http//dx.doi.org/10.14257/ijca.2016.9.6.36 

11. Reutov A. Simulation of load traffic and steeped speed con-
trol of conveyor, IOP Conference Series: Earth and Envi-
ronmental, 2017, No. 87, pp. 1–6. 
https://doi.org/10.1088/1755-1315/87/8/082041 

12. Lauhoff H. Speed Control on Belt Conveyors–Does it 
Really Save Energy? Bulk Solids Handling, 2005, No. 25(6), 

217



e-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2022. № 2 
p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2022. № 2 

 
 

© Pihnastyi O. M., Ivanovska O. V., Sobol M. O., 2022 
DOI 10.15588/1607-3274-2022-2-20 

pp. 368–377. http://synergy-eng.com/pdf/BSH-
2005_Beltspeed_Lauhoff.pdf 

13. Bardzinski P., Walker P., Kawalec W. Simulation of random 
tagged ore flow through the bunker in a belt conveying sys-
tem, International Journal of Simulation Modelling, 2018, 
No. 4, pp. 597–608.  
https://doi.org/10.2507/IJSIMM17(4)445 

14. Wolstenholm E. Designing and assessing the benefits of 
control policies for conveyor belt systems in underground 
mines, Dynamica, 1980, No.  6 (2), pp. 25–35. 
https://www.systemdynamics.org/assets/dynamica/62/6.pdf 

15. Pihnastyi O., Kozhevnikov G., Glavchev M. Energy Man-
agement Strategy in the Synthesis of an Algorithm for 
Multi-step Conveyor Belt Speed Control, Lecture Notes in 
Mechanical Engineering, 2022, pp. 33–42. 
http://doi.org/10.1007/978-3-030-91327-4_4 

16. Marais J., Mathews E., Pelzer R. Analysing DSM opportuni-
ties on mine conveyor systems, Industrial and commercial 
use of energy conference. Cape Town, 2008. 

17. Granell R., Axon C. J., Wallom D. Predicting winning and 
losing businesses when changing electricity tariffs, Appl. 
Energy, 2014, No. 133, pp. 298–307. 
https://doi.org/10.1016/j.apenergy.2014.07.098 

18. Pihnastyi O., Khodusov V. Calculation of the parameters of 
the composite conveyor line with a constant speed of 
movement of subjects of labour, Scientific bulletin of Na-
tional Mining University, 2018, No. 4 (166), pp. 138–146. 
https://doi.org/10.29202/nvngu/2018-4/18 

19. Antoniak J. Energy-saving belt conveyors installed in polish 
collieries, Transport Problems, 2010, No. 5(4), pp. 5–14. 
http://transportproblems.polsl.pl/pl/Archiwum/2010/zeszyt4/
2010t5z4_01.pdf 

20. Pihnastyi O. Analytical methods for designing technological 
trajectories of the object of  labour in a phase space of states 
Scientific bulletin of National Mining University, 2017, 
No. 4, pp. 104–111.  
http://nvngu.in.ua/index.php/en/component/jdownloads/vie
wdownload/69/8679 

21. Koman M., Laska Z. The constructional solution of con-
veyor system for reverse and bifurcation of the ore flow, 
Rudna mine KGHM Polska Miedź SA, CUPRUM, 2014, 
No. 3(72), pp. 69–82. 
http://www.czasopismo.cuprum.wroc.pl/journal-
articles/download/113 

22. Burduk A., Więcek D., Zajačko I., Jurdziak L., Błażej R. 
Analysis and risk assessment of the supply of copper ore in 
the belt conveyor system in an underground mine, Acta 
Montanistica, 2020, No. 25(2), pp. 236–249. 
https://doi.org/10.46544/AMS.v25i2.10 

23. Bajda M., Błażej R., Jurdziak L. Analysis of changes in the 
length of belt sections and the number of splices in the belt 
loops on conveyors in an underground mine, Engineering 
Failure Analysis, 2019, No. 101, pp. 436–446. 
https://doi.org/10.1016/j.engfailanal.2019.04.003 

24. Alspaugh M. Latest developments in belt conveyor technol-
ogy, In: MINExpo, 2004.  

25. Karolewski B., Ligocki P. Modelling of long belt conveyors, 
Maintenance and reliability, 2014, No. 16 (2), pp. 179–187. 
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baz
tech-ce355084-3e77-4e6b-b4b5-ff6131e77b30 

26. Pascual R., Meruane V., Barrientos G. Analysis of transient 
loads on cable-reinforced conveyor belts with damping con-
sideration, In: the XXVI Iberian Latin-American Congress 
on Computational Methods in Engineering (CILAMCE-
2005), 2005, pp. 1–15. 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.49
4.34&rep=rep1&type=pdf 

27. Mathaba T., Xia X. A parametric energy model for energy 
management of long belt conveyors, Energies, 2015, 
No. 8(12), pp. 13590–13608, 
https://doi.org/10.3390/en81212375 

28. Kirjanów A. The possibility for adopting an artificial neural 
network model in the diagnostics of conveyor belt splices, 
Interdisciplinary issues in mining and geology, 2016, No. 6. 
pp. 1–11.   

29. Więcek D., Burduk A., Kuric I. The use of ANN in improv-
ing efficiency and ensuring the stability of the copper ore 
mining process, Acta Montanistica Slovaca, 2019, 
No. 24(1). – P. 1–14. 
https://actamont.tuke.sk/pdf/2019/n1/1wiecek.pdf 

30. Andrejiova M., Marasova D. Using the classical linear re-
gression model in analysis of the dependences of conveyor 
belt life, Acta Montanistica Slovaca, 2013, No. 18(2), 
pp. 77–84. 
https://actamont.tuke.sk/pdf/2013/n2/2andrejiova.pdf 

31. Grincova A., Li Q. A regression model for prediction of 
idler rotational resistance on belt conveyor, Measurement 
and Control, 2019, No. 52(5), pp. 441–448. 
https://doi.org/10.1177/0020294019840723 

32. Pihnastyi O., Khodusov V.,  Subbotin S. Linear Regression 
Model of the conveyor type transport system, Proceedings 
of the 9th International Conference “Information Control 
Systems & Technologies”, 2020, Vol. 2711, pp. 468–481 

33. Pihnastyi O., Kozhevnikov G. Control of a Conveyor Based 
on a Neural Network, 2020 IEEE International Conference 
on Problems of Infocommunications. Science and Technol-
ogy (PIC S&T), 2020, pp. 295–300, 
https://doi.org/10.1109/PICST51311.2020.9467934 

34. Pihnastyi O., Khodusov V. Model of conveyer with the 
regulable speed, Bulletin of the South Ural State University. 
Ser.Mathematical Modelling, Programming and Computer 
Software, 2017, No. 10(4), pp. 64–77. 
https://doi.org/10.14529/mmp170407 

35. Hlaing N., Htwe E., Htay M. Dynamic analysis of the belt 
conveyor system for detergent industry, International jour-
nal of scientific and research publications, 2018, No. 8 (9), 
pp. 633–638. 
http://dx.doi.org/10.29322/IJSRP.8.10.2018.p8279 

36. He D., Pang Y., Lodewijks G., Liu X. Determination of 
acceleration for belt conveyor speed cont-rol in transient op-
eration, International journal of engineering and technol-
ogy, 2016, No. 8 (3), pp. 206–211. 
http://dx.doi.org/10.7763/IJET.2016.V8.886 

37. Pihnastyi O., Azarekov N., Khodusov V. To the question of 
similarity of technological processes of the industrial techni-
cal systems, Reports of the National Academy of Sciences of 
Ukraine, 2011, No. 2, pp. 29–35. 
http://dspace.nbuv.gov.ua/handle/123456789/37227 

Received 15.01.2022. 
Accepted 20.03.2022. 

 
 
 
 
 

218



e-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2022. № 2 
p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2022. № 2 

 
 

© Pihnastyi O. M., Ivanovska O. V., Sobol M. O., 2022 
DOI 10.15588/1607-3274-2022-2-20 

УДК 658.51.012 
 

СИНТЕЗ АЛГОРИТМУ ОПТИМАЛЬНОГО УПРАВЛІННЯ  
ПОТОЧНИМИ ПАРАМЕТРАМИ РЕВЕРСИВНОГО КОНВЕЄРА 

 
Пігнастий О. М. – д-р техн. наук, професор, професор кафедри розподілених інформаційних систем і хмарних техноло-

гій Національного технічного університету «Харківський політехнічний інститут», м Харків, Україна. 
Івановська О. В. – канд. техн. наук, доцент, доцент кафедри композиційних конструкцій і авіаційного матеріалознавст-

ва Національного аерокосмічного університету ім. М. Є. Жуковського «Харківський авіаційний інститут», м. Харків,  
Україна. 

Соболь М. О. – канд. техн. наук, старший викладач кафедри інформатики та інтелектуальної власності Національного 
технічного університету «Харківський політехнічний інститут», м. Харків, Україна. 

 
AНОТАЦІЯ 

Актуальність. Розглянуто проблему оптимального управління потоковими параметрами транспортної системи 
конвеєрного типу, що містить секції з реверсивними конвеєрами. Об’єктом дослідження була аналітична модель транспорт-
ного реверсивного конвеєра для синтезу алгоритму оптимального керування потоковими параметрами транспортного ре-
версивного конвеєра. Мета роботи – розробка методики синтезу алгоритму оптимального керування потоковими парамет-
рами транспортного реверсивного конвеєра, що базується на аналітичній моделі конвеєрної секції, що містить транспортну 
затримку.  

Метод. Розроблено аналітичну модель реверсивного конвеєра для випадку постійної швидкості конвеєрної стрічки, що 
дозволяє визначити значення вихідних потоків з реверсивної секції при відомих значень потоків матеріалу, що надходять на 
вхід секції конвеєра. Для побудови моделі реверсивної секції конвеєра використано аналітичну модель секції конвеєра у 
приватних похідних, що містить транспортну затримку. При побудові моделі введено припущення про миттєве перемикання 
напрямку руху стрічки конвеєра, а також передбачається, що інтервал між перемиканнями напрямку швидкості руху стрічки 
перевищує значення транспортної затримки для секції конвеєра. Для синтезу алгоритму оптимального управління 
реверcивним конвеєром запроваджено критерій якості управління. Дана постановка задачі оптимального управління пото-
ковими параметрами реверсивного конвеєра, заснована на принципі максимуму Понтрягіна. Записано функцію Гамільтона 
для керованої системи, яка враховує критерій якості керування реверсивним конвеєром. Продемонстровано методику синте-
зу алгоритму оптимального управління вихідним потоком матеріалу секції реверсивного конвеєра. Визначено умови пере-
микання напрямку швидкості руху стрічки конвеєра.  

Результати. Розроблена модель секції реверсивного конвеєра використана синтезу алгоритму оптимального управління 
вихідним потоком матеріалу секції реверсивного конвеєра.  

Висновки. Розроблено методику синтезу алгоритмів оптимального керування потоковими параметрами транспортної 
системи з секціями, що містять реверсивні конвеєри. Побудова аналітичної моделі відкриває нові перспективи для проекту-
вання алгоритмів керування транспортним конвеєром, які можуть бути використані для зниження питомих енергетичних 
витрат на транспортування матеріалу на підприємствах гірничодобувної промисловості.  

КЛЮЧОВІ СЛОВА: реверсивний конвеєр, PiKh-модель конвеєра, транспортна затримка, швидкість стрічки конвеєра, 
транспортна система, керування конвеєром.  
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AННОТАЦИЯ 

Актуальность. Рассмотрена проблема оптимального управления потоковыми параметрами транспортной системы кон-
вейерного типа, содержащей секции с реверсивными конвейерами. Объектом исследования являлась аналитическая модель 
транспортного реверсивного конвейера для синтеза алгоритма оптимального управления потоковыми параметрами транс-
портного реверсивного конвейера.  Цель работы – разработка методики синтеза алгоритма оптимального управления пото-
ковыми параметрами транспортного реверсивного конвейера, основанной на аналитической модели конвейерной секции, 
содержащей транспортную задержку.  

Метод. Разработана аналитическая модель реверсивного конвейера для случая постоянной скорости конвейерной ленты, 
позволяющая определить значения выходных потоков с реверсивной секции при известных значений потоков материала, 
поступающих на вход секции конвейера. Для построения модели реверсивной секции конвейера использована аналитиче-
ская модель секции конвейера в частных производных, содержащая транспортную задержку. При построении модели вве-
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дены допущение о мгновенном переключении направления движения ленты конвейера, а также предполагается, что интер-
вал между переключениями направления скорости движения ленты превышает значения транспортной задержки для секции 
конвейера. Для синтеза алгоритма оптимального управления реверсивным конвейером введен критерий качества управле-
ния. Дана постановка задачи оптимального управления потоковыми параметрами реверсивного конвейера, основанная на 
принципе максимума Понтрягина. Записана функция Гамильтона для управляемой системы, учитывающая критерий каче-
ства управления реверсивным конвейером. Продемонстрирована методика синтеза алгоритма оптимального управления 
выходным потоком материала секции реверсивного конвейера. Определены условия переключения направления скорости 
движения ленты конвейера.  

Результаты. Разработанная модель секции реверсивного конвейера использована для синтеза алгоритма оптимального 
управления выходным потоком материала секции реверсивного конвейера.  

Выводы. Разработана методика синтеза алгоритмов оптимального управления потоковыми параметрами транспортной 
системы с секциями, содержащими реверсивные конвейера. Построение аналитической модели открывает новые перспек-
тивы для проектирования алгоритмов управления транспортным конвейером, которые могут быть использованы для сниже-
ния удельных энергетических затрат на транспортировку материала на предприятиях горнодобывающей промышленности.  

КЛЮЧЕВЫЕ СЛОВА: реверсивный конвейер, PiKh-модель конвейера, транспортная задержка, скорость ленты кон-
вейера, транспортная система, управление конвейером. 
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