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Abstract— The present study is devoted to the design of 

main flow parameters a conveyor control system with a large 

number of sections. For the design of the control system, a 

neural network is used. The architecture of the neural 

network is justified and the rules for the formation of nodes 

for the input and output layers are defined. The main 

parameters of the model are identified and analyzed. The 

data set for training the neural network is formed using the 

analytical model of the transport system. The criterion for 

the quality of the transport system is written. For the given 

criterion for the quality of the transport system, the 

Pontryagin function is defined and the adjoint system of 

equations is given. It allows calculating optimal control of the 

transport system. For calculation is used additional model of 

the transport system with output nodes which are controls. A 

graphical representation of the results of the study is given. 

Keywords—PDE-model production; PiKh-model; 
distributed system; optimal control. 

I. INTRODUCTION 

The flow method of organizing production assumes the 
use of a conveyor system [1]. The conveyor is the main 
means of transporting material in mining enterprises. [2-
6]. The average share of the cost of transporting a unit 
mass of material is 20% of the total cost of coal mining 
[7]. The main advantage of conveyor-type transport 
systems is the continuity of the transportation process. 
Modern transport conveyor systems are characterized by 
relatively large power consumption, intensive material 
flow, extended in separate sections, high-speed conveyor 
belts [8]. One of the methods to increase the efficiency of 
conveyor transport is to increase the uploading of the 
transport system with material and ensure uniform 
distribution of material along the transport route [9-11]. 
The operation of the conveyor with a nominal upload is 
the most cost-effective. An increase in the upload of the 
transport system to the rated operating power reduces the 
share of unproductive consumption, which leads to a 
decrease in the specific value of energy spent on the 
transportation of material of a unit mass. Nominal 
uploading of the transport system can be achieved by 
using a system for controlling the intensity of incoming 
material from an accumulating bunker or a belt speed 
control system. The use of input bunkers is a simple and 
effective way to increase the efficiency of the transport 
system [12-14]. To control the input material flow, 
bunkers with a capacity of 100–500 m3 are used [7]. The 
availability of accumulating bunkers allows stopping the 
main conveyors for the duration of their filling and 
transferring their work to periods with lower payment for 
electricity (differential daily rates). However, it is often 

not possible to install a bunker or its capacity is 
insufficient to ensure effective control. This is one of the 
reasons for using conveyor belt speed control systems [9-
11].  

II. FORMAL PROBLEM STATEMENT  

To design optimal control systems for the flow 
parameters of a separate section of the transport system, 
models are used that are based on methods: finite element 
method [15–20]; finite difference method [20,21]; 
Lagrange method [21]; aggregated equation of state [22]; 
system dynamics [12]. The development of the analytical 
model (PiKh–model) of the conveyor-type transport 
system [16] has expanded the possibilities of designing 
control systems for a multi-section conveyor.  

The prospect of further development of the transport 
system associated with the increase in the number of 
sections of the transport conveyor complicates the use of 
the analytical PDE-model. The constraint is due to the fact 
that an increase in the number of sections leads to a 
proportional increase in the number of equations that make 
up the model of the transport system. For a transport 
system with 50-100 sections, it becomes difficult to use an 
analytical PDE-model to design a control system for flow 
parameters. This article proposes one of the ways to solve 
this problem: using a neural network-based model to 
develop a control system for a multi-section transport 
system. 

III. LITERATURE REVIEW 

Recent works devoted to modelling a separate section 
of a conveyor using a neural network [23–27] and multiple 
regression [28–30] are of particular interest for designing 
control systems with a large number of sections [31]. This 
class of models is of particular importance for the design 
of control systems for a transport conveyor consisting of 
hundreds of sections. In the absence of experimental data 
for training a neural network in modeling a transport 
system, an analytical model can be used [16, 32, 33]. In 
this regard, in this work, we will pay attention to the 
construction of an optimal control system for the flow 
parameters of the assembly line using the neural network.  

IV. CONVEYOR SECTION MODEL 

The state of the flow parameters of the transport 

system at a point in time t  at the point of the transport 

route with the coordinate S  is described by dimensionless 

variables [14]: 
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where dS is conveyor line length; dT is the characteristic 

time the material takes the transport route;    St,0 , 

   St,1  is the linear density of material distribution and 

material flow at a point in time t  at the point of the 

transport route with the coordinate  dSS ,0 ;  is limit 

value of the linear density of the material for the analyzed 

conveyor section; )(S is  the initial distribution of 

material along the route; )(tb is the intensity of the flow 

of material into the  bunker; )(t is the output flow of 

material from the bunker to the input of the conveyor 

section, limited by max ; )(ta is conveyor belt speed; 

)(t is the predicted material output from the conveyor 

section;  S is delta function; )(SH is Heaviside 

function.  

The analytical model [14] allows you to write an 

expression for the density of the material and for the 

material flow at the output from the conveyor section: 

   ))(1())(1(H
))1)(((

))1)(((
)(11)1(

1

1

0 



 GG

GGg

GG
GH, 











 )1()()1( 01 ,g,      


dgG 
0

)(  

The solution of the equation 
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determines the duration of the transition period during 
which the flow of material at the output from the transport 
system is determined by the initial distribution of the 

material )(  along the conveyor section. The transport 

delay time 

 tr    1)(1
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allows you to determine the relationship of input and 
output flow parameters of the conveyor section 
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The value of the linear density at the output of the 
conveyor section is equal to the value of the linear density 

at the input of the conveyor section with a delay 1 . 

Consider the construction of a control system for a 
branched transport system [34], (Fig.1), consisting of eight 
separate sections. When designing the control system, let's 
use a model that has the architecture of the neural network 
shown in Fig.2 with input and output parameters: 

)(23 mmx   )(13 mm gx   mmx 3 
 

 )( 7711  ,y   )( 8812  ,y   

where )(m  is the intensity of the input flow of material; 

)(mg  is the belt speed; m  is section transport route 

length. The output parameters 1y  and 2y  (Fig.2) 

correspond to the output flow of the material for m=7, 8 

sections of the transport system Fig.1. A neural network 

contains one hidden layer with three nodes, 9 input nodes 

and two output nodes. The value of the eight input nodes 

is determined by the state of the parameters 

)(23 mmx  , )(13 mm gx   for sections m=1,2,4,5. 

The value of the ninth node is 1. The choice of 9-3-2 

architecture is justified by studies of the models of the 

conveyor section performed in [35–37]. As the activation 

function for the neural model, the Logistic–function is 

selected: 


)exp(1

)(
bx

a
xf


  

Weights initialized with random values. 



 

Fig. 1. Diagram of a branched conveyor transport route 

V. THE PROBLEM OF THE OUTPUT FLOW OPTIMAL 

CONTROL 

 

Let's formulate the problem of constructing the optimal 

control for  the flow of material )()(  u , entering the 

conveyor sections 1,2,4,5 from the  bunker for the steady-

state operation of the conveyor line, tr  (7). It is 



 

required to determine the material flows 

)()( 7711  ,y  , )()( 8812  ,y   from the transport 

system for a period of time  k ,0  the input material 

flow continuous control )()( 111   xu , 

)()( 242   xu , )()( 4104   xu , )()( 5135   xu

, incoming from the accumulating bunker to the input of 

the conveyor section, which minimize the functional: 
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linear density constraints 
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restrictions on the amount of material in the storage 

bunker 
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Fig. 2. Neural network architecture 

The Pontryagin function and the adjoint system of 

equations for the problem (13) - (17) have the form: 
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If the accumulating bunker is large enough that 
overflow or emptying of the bunker is not achieved during 
the control process, then, by solving equation (19) follows

0)( m  and the Pontryagin function can also be 

written as follows  

     max)()()()( 2
22

2
11   yyH 

where 

),,,,,,,()()( 1451145221817171 xuxuxuxu,y   

),,,,,,,()()( 1451145221818812 xuxuxuxu,y   

Data set [1] was used for neural network training. 
Thus, the system of equations (21), (22) gives predictive 
control, which determines the state of the parameters of 

the transport system )( 71771  ,  )( 81881  ,  

at the time  18  . From the maximum condition for 

the Pontryagin function, we determine the optimal controls 

mu  
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The equations (23) determines the transport system 
optimal control (Fig.1). If equality is not satisfied, then 
optimal control is achieved on the upper or lower 
constraint for control  mu  (27). Consider the options 

when (23) are zero. The practical interest is the option 

 0)(),,,,,,,( 1145114522171   xuxuxuxu  

 0)(),,,,,,,( 2145114522181   xuxuxuxu  

for which the quality criterion is zero. The other solutions 
of the system of equations (23) determine the local 

minima of the Pontryagin function with the controls mu . 

Optimal control is determined by the choice of values mu  

at which the minimum value of the quality criterion is 
achieved (13). In this study, we will assume that the 

optimal control mu  is determined by the system of 

equations (23), (24). The values of the output flows 71 , 

81  is given through the coefficients of the nodes of the 

neural network (Fig.2) with the Logistic–activation 

function (12). The functions 71 , 81   are non-linear. 

This causes difficulties in solving the system of equations 

(24), (25). Let's construct functions mu , which inverse to 

the functions 71 , 81  

 ),,,,,( 141152817111 xxxxuu   

 ),,,,,( 141152817122 xxxxuu   

 ),,,,,( 141152817144 xxxxuu   

 ),,,,,( 141152817155 xxxxuu   

To determine the controls mu  let's use a neural 

network with 7-10-4 architecture. The input layer has 7 
nodes: 1, 1411528171 ,,,,, xxxx . Output nodes are 

5421 ,,, uuuu . The Logistic–activation function (12) was 

chosen as the activation function. The neural network is 
trained in the test sample [38], which was used to train the 
main model (10), (11). 



 

VI. ANALYSIS OF THE RESULTS 

When training a neural network, a recurrence relation 

was used 
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where is the updated weight value 1,, nkjW  (for the epoch 

1n ) is calculated based on its old value and the error 

),( mm yzEE  , determined by the parameter error value 

by the total number mN of the output layer between the 

test data mz  and the values of the model  based on a 

neural network  (Fig.2). For model (10), (11), the 

coefficient value is 
510 , 

61064.0 n ; 
410 ,

66 109.01064.0  n ; 
310 ,

66 10076.1109.0  n . 

Fig.3 and Fig.4 show the results of applying the model 

using a neural network to predict the output flow of 

material from the transport system (Fig.1). The value of 

MSE (Mean squared error) depending on the number of 

training epochs 
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is shown in Fig.5, where R is the number of rows in the 

training set.  

 

Fig. 3. The predicted output material flow for section 7  

 

Fig. 4. The predicted output material flow for section 8  

 

Fig. 5. Mean squared error for the summary output flow  

The solution of the system of equations (26), (27) is 
given in Fig. 6–Fig. 9. The solution of the system of the 
equations is obtained for the neural net architecture 7-10-4 

and for the number of the epochs is equals 
610108.0 n .  

The coefficient   is constant and is equals 
510 . 

The obtained solution defines the optimal controls 

5421 ,,, uuuu , for which the value MSE is 0,0176.  

 

Fig. 6. Optimal bunker №1 input flow control  

 

Fig. 7. Optimal bunker №2 input flow control  

 

Fig. 8. Optimal bunker №4 input flow control  

 

Fig. 9. Optimal bunker №5 input flow control   

As expected, the accuracy of the solution for the 
nearest conveyor sections is higher than for the remote 
sections. The Fig.6– Fig.9 show a comparison of the exact 



 

solution and the solution obtained using the model (26), 
(27). 

In this paper, we consider the use of a model of a 
transport system based on a neural network. For the design 
of the control system, an example of a transport system 
consisting of eight separate sections was used. The 
advantage of the proposed approach increases significantly 
when we consider a transport system consisting of several 
dozen separate sections [40]. To simulate such transport 
systems, the application of the finite element method [15–
17] becomes practically impossible; the use of an 
analytical model becomes complicated. It is for such kind 
of transport systems that the considered model based on 
neural network is promising. It is important to note that 
the proposed model is scalable. The architecture of the 
neural network (Fig.2) allows you to specify an arbitrary 
number of nodes in the input layer without changing the 
algorithm for constructing the model and the algorithm for 
constructing optimal control of its parameters. An increase 
in the number of inner sections does not lead to a 
significant increase in the number of nodes in the input 
layer. This is because this current section output flow is 
the next section input flow. In contrast to this, the 
analytical model and the model based on the finite element 
method require the calculation of the flow parameters of 
each section. 

VII. CONCLUSION 

When designing effective control systems for a 
transport conveyor with a large number of separate 
sections, models are required that allow not only a 
sufficiently accurate description of the conveyor but also 
the determination of its parameters for a given time. Using 
a neural network to design models of transport systems 
allows us to solve this problem. The analytical PiKh–
model [12] made it possible to generate test data that are 
necessary for training a neural network. Applying the 
methodology for constructing models of a transport 
system using a neural network, a method for determining 
the optimal flow parameter control of the transport system 
is proposed. Using the classical approach for the design of 
transport system control systems [1, 39], which includes 
the formation of a control quality criterion and the 
construction of the Pontryagin function, optimal material 
flow control incoming from the input bunker is 
synthesized. To determine the optimal controls, a method 
based on a model of a transport system using a neural 
network is proposed. The precision of synthesized controls 
is characterized by the value of MSE. The prospects for 
further research are to determine the class of activation 
functions and analyze their parameters with the aim of 
learning the neural network. 
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