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1. Introduction 

The modern trend in the evolution of global mechani-
cal engineering is characterized by the constant improve-
ment of the technical level of newly designed machines 
and equipment, which ensures their competitiveness un-
der the conditions of growing market requirements. To a 
large extent, this applies to lifting and transport machin-
ery, which is widely used in various sectors of the national 
economy.

Belt conveyors occupy a prominent place in the large 
class of lifting and transport equipment; the development 
of structures is a way of increasing productivity and re-
ducing the energy consumption of cargo transportation.

One of such structural solutions is the use of a belt con-
veyor with a variable length of transportation. It is a semi-sta-
tionary installation capable of extending during operation.

On this conveyor, the final or remote drum is installed 
at a mobile station. Owing to the movement of the mobile 
station, the length of transportation changes. The presence 
of a telescopic device with a system of automatic belt tension 
control makes it possible to extend the conveyor while the 
drive is working.

Its use makes it possible to increase labor productivity 
and reduce the energy consumption of transportation, with 
the flow technology of work performance:

– due to the exclusion of unproductive work operations 
related to the transfer of the end station of the conveyor;
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This paper examines the working process 
of a belt conveyor with a working drive that 
can change the length of transportation. The 
conveyor can be used for tunneling, develop-
ment of minerals in mines and quarries, trans-
portation of materials in warehouses. The use 
of such a conveyor makes it possible to reduce 
the time for operations to increase or decrease 
the length of transportation, to exclude reload-
ers between the working equipment and con-
veyor itself from the transport chain.

It was established that when changing 
the length of transportation of a working con-
veyor, the static and dynamic load on the belt 
increases. The change in the static load of the 
belt on the drum of the mobile station depends 
on the speed of the mobile station and the speed 
of the beltgenerated by the conveyor drive. The 
dynamic loading on the belt depends on the 
acceleration of the belt, which is related to the 
acceleration of the mobile station during the 
change in the length of the conveyor.

For a working conveyor that changes the 
length of transportation, the static tension of 
the belt on the drum of the mobile station can 
increase by 1.1–1.4 times from the initial one. 
The dynamic loading of the belt can have a 
significant increase if the acceleration of the 
mobile station is not stretched over time and 
acquires large values.

Based on the dependencesderived in the 
current work, a calculation procedure is pro-
posed for the design of a belt conveyor with 
a working drive that can change the length of 
transportation.

The Mathcad software was applied to ver-
ify the designcalculation procedure.

The results make it possible to employ new 
design methods in the construction of compet-
itive machines equipped with a belt conveyor 
with a variable length of transportation
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– due to the possibility of lengthening or shortening the 
length of the conveyor during its operation;

– owing to the exclusion from the traditional technological 
scheme, namely from the transport chain of reloading devices.

However, the use of belt conveyors with a variable length 
of transportation and their wide practical application is 
restrained by the lack of a generally accepted calculation 
procedure, which should be devised.

2. Literature review and problem statement

Work [1] considers the use of belt conveyors with a 
variable length of transportation, in which the results of the 
use of such a belt conveyor at the “Prosper Haniel” mine in 
Germany were given. Noting the great economic effect of 
the application of this technique in production, the work 
indicated the need to carry out research related to devising 
a methodology for calculating such a conveyor. According to 
the authors, in order to reliably control all operating states of 
the conveyor, it is advisable to develop a program that would 
also control transient processes. The program will allow 
simulating calculations of motor regulation at drive stations 
equipped with static frequency converters.

Work [2] reports research into the development of 
algorithms and software for the automated calculation of 
the basic traction characteristics of a belt conveyor. The 
research is based on the well-known method of calculating 
the conveyor. Different variants of the conveyor are con-
sidered – single- and double-drum, with the presence of a 
pressure roller or belt, with a rigid kinematic coupling or a 
connection between independent drums. A visual form of 
the user interface was developed on the example of the main 
parameters of the mine conveyor, which are set in the Delphi 
7 programming language. Visual forms of the implementa-
tion of the calculation algorithm of the traction power of the 
conveyor drive are given. However, this software algorithm 
does not allow its possible application for the calculation of a 
belt conveyor with a variable length of transportation.

In works [3, 4], a methodology is considered that makes it 
possible to study the dynamic behavior of the belt in DEM-sim-
ulation during the processes of transportation of bulk materi-
als. The simulation was implemented in DEM software.

The principal approach to the modeling of the conveyor 
belt was to build a model of the belt by systematically plac-
ing individual particles connected in a grid with the help of 
so-called connections. An additional model preprocessing 
method was developed to build a conveyor belt in a DEM 
environment. However, this study did not consider the dy-
namics of the belt tension change during the extension of 
the conveyor transport length. The use of the devised meth-
odology for modeling conveyor belts is especially suitable 
for modeling belt conveyor systems, in which there is a suffi-
ciently strong deformation of the belt. Also, this methodolo-
gy could be applied to systems in which belt deformation or 
belt behavior in general has a significant impact on system 
functionality. These are, for example, curved belt conveyors, 
tubular or sandwich conveyors, and similar non-traditional 
belt conveyor systems.

In work [5], a dynamic model of a belt conveyor is con-
sidered, and a conveyor simulation algorithm is proposed 
on its basis. The studyreports the results of mathematical 
modeling, which were obtained with the help of developed 
intelligent software. According to the author, the modeling 

of the conveyor belt makes it possible to improve the design 
scheme of the conveyor belt. However, the study did not 
consider the mathematical model of the belt conveyor, which 
can change the length of transportation.

Paper [6] describes the method of modeling wave phenom-
ena in the belt, the change of mass and movement resistance, 
as well as the elements of the drive system, i.e., motors, torque 
converters, couplings, gears, and the interaction of the drive 
drum with the belt. With the help of a computer program, de-
pendences were derived that made it possible to simulate the 
start of the conveyor drive. The results obtained by the mea-
suring devices were compared with the results obtained by 
calculation during the start-up of the conveyor drive. It was 
established that the resulting model could be used to study 
various phenomena and operating states of the conveyor. 
However, the transient processes that occur in the belt during 
the change of the transportation length were not investigated.

Work [7] considers the design of a belt conveyor with the 
involvement of 3D design software.

After performing the calculation according to generally 
accepted norms, the parameters of the belt conveyor were 
obtained. Next, with the involvement of SolidWorks soft-
ware, a 3D model of the conveyor was built to the elements 
of which calculated loads were applied. The design of stresses 
in the elements of the belt conveyor was obtained using the 
finite element method. The authors indicate the possibility of 
changing the conveyor model in the computer environment 
and obtaining the results of a new design using the finite 
element method without spending time on calculations. The 
study indicates that the program does not provide for indi-
vidual calculations of stresses in the conveyor belt. Calcula-
tions of stresses in the conveyor are considered only in the 
generalized form, which comes from the strength approach 
to materials.

For a belt conveyor that can change the length of trans-
portation, onemust  have special analytical dependences and 
software for design.

Work [8] reports the results of research into the dynamic 
behavior of a conveyor belt taking into account the uneven 
distribution of bulk material for speed control. The work 
describes the results of the development of a high-precision 
dynamic model that can take into account the speed control 
of the conveyor belt during uneven transportation of bulk 
material. In this dynamic model, a model of uneven distri-
bution of bulk material based on laser scanning technology 
is proposed. A high-precision longitudinal dynamic model is 
proposed for studying the dynamic behavior of a belt convey-
or. Given the micro-units of the actual load on the conveyor 
belt, this can well describe the transient state of the conveyor 
belt. These models could be used to determine the optimal 
speed for safety and energy conservation during operation.

However, the work did not consider the mathematical 
model of the belt conveyor, which can change the length of 
transportation. In addition to the missing necessary mathe-
matical software, software that simplifies the design of the 
transport installation is not provided.

Paper [9] discusses the improved methods for designing 
systems of automatic control of electric motors in order to 
obtain mechanical characteristics that would enable the reli-
able operation of belt conveyors. An automatic control system 
based on the Siemens S7-1200 controller was designed, then a 
mathematical model of the automated electric drive was built. 
Based on the mathematical model, a simulation model of the 
automatic electric drive was constructed, and its modes of 
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operation were simulated. However, the work concerns a belt 
conveyor with a constant length of transportation.

Work [10] reports a three-stage method that can be used 
to determine the correct way to accelerate a belt conveyor with 
adjustable speed during transient processes. This method takes 
into account potential risks in transient modes and dynamic 
characteristics of the conveyor during start-up. In the example, 
the maximum allowable acceleration is calculated. Simulation 
with predicted acceleration time is performed to determine 
the acceleration operation and analyze the dynamics of the 
conveyor. The simulation is based on the existing finite element 
model of the belt conveyor. However, the work concerns a belt 
conveyor with a constant length of transportation.

In a simplified form, paper [11] reports the results of 
theoretical studies into the process of propagation of elastic 
deformations in a conveyor belt that changes the length of 
transportation. The main assumption is the following: the 
mobile station at the initial moment of the conveyor exten-
sion accelerates uniformly. The work proved that during 
the change in the length of transportation on the drum of 
the mobile station, the tension of the belt increases, which 
exists until the conveyor is lengthened. During the accel-
eration of the mobile station, there is a dynamic and static 
increase in the belt tension. With constant movement of the 
mobile station (constant increase in the length of transpor-
tation), there is only a static increase in belt tension. It was 
established that the belt load when the working conveyor is 
extended is less than when the conveyor is extended with 
the drive stopped. Therefore, it is necessary to extend the 
conveyor during the operation of the conveyor drive. The 
work does not solve the problem of building a mathematical 
model that would take into account the acceleration time 
of the mobile station (the acceleration time of the electric 
motor driving the station’s movement to constant rotations) 
to constant motion.

Our review of the literature [1–11] showed that to solve 
the problem of designing belt conveyors with a variable 
length of transportation, it is necessary to have a mathemat-
ical model that will make it possible to devise a methodology 
for its calculation.

3. The aim and objectives of the study

The purpose of our work is to devise a methodology for 
designing belt conveyors with a variable length of transpor-
tation, which would take into account the time of accelera-
tion of the mobile unit during the extension of the conveyor. 
This will make it possible to design new competitive ma-
chines equipped with belt conveyors with a variable length 
of transportation, for example, a rotary excavator with a 
telescopic boom.

To achieve the goal, the following tasks were 
defined:

– to determine the speed and acceleration of the 
mobile station and the speed of the working convey-
or belt, which would take into account the acceler-
ation time of the mobile station to steady motion;

– to determine the dynamic increase in belt 
tension during the change in the length of con-
veyor transportation with a working drive, which 
takes into account the time of acceleration of the 
mobile station to steady motion;

– to verify the procedure for designing belt conveyors 
with variable length of transportation based on numerical 
simulation.

4. The study materials and methods

The object of research is the work process of a tubular 
belt conveyor.

Our research working hypotheses:
– changing the length of transportation of the belt con-

veyor in the given mode and ensuring the corresponding pa-
rameters is implemented by the operation of the mechanism 
or device of the technological machine, which, together with 
the conveyor, performs one or another process;

– the construction of energy-saving belt conveyors with 
a variable length of transportation is based on the use of de-
vised methods, mathematical support and software based on 
rational parameters and modes of operation.

As part of the study, the following assumptions were ac-
cepted. A rubber-cable belt can be considered an isotropical-
ly elastic body. Quite often, when calculating with a rubber 
fabric belt, it is assumed that the traction-carrying body is 
an isotropic-elastic body. The following simplifications were 
also adopted. When determining the kinetic energy of the 
mechanical conveyor system, related to the determination 
of the speed and acceleration of the mobile station and the 
speed of the belt during the extension of the conveyor, the 
power of internal forces is assumed to be zero. Specific static 
resistance to movement of the belt of the empty branch is 
constant along the entire length of the conveyor.

On the basis of previously performed theoretical stud-
ies [11], the results of experimental [12] and industrial [13] 
research with the involvement of Mathcad software, the pro-
cedurefor calculating the tension of the conveyor belt working 
during the change of the transportation length was verified.

Experimental studies were performed on experimental 
benchesat the Donbass National Academy of Construction 
and Architecture [12].

The bench consists of two hinged joints 1 and 2, a re-
mote mobile station 3, a main drive station 4, a tensioning 
station 5, a winch for changing the length 6, loads 7 for belt 
tension 8, a belt tension measuring system 9, a rope 10 for 
moving the end station (Fig. 1).

The change in the length of transportation took place as 
follows. When winch 6 is turned on with the help of cable 
traction 10, the position of mobile station 3 changes (exten-
sion, reduction of the transportation length). The reserve of 
belt necessary for this is in cargo tensioning device 7.

Measurements of the belt tension and the speed of the 
mobile station during the change of the transportation length 
were performed at the station by measuring sensors (Fig. 2).

Fig.	1.	Scheme	of	the	experimental	bench	for	determining	the	resulting	
increase	in	belt	tension	during	the	change	in	the	length	of	transportation
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The aforementioned NI USB-6009 
data acquisition device and Power-
Graph3.3Pro software were used to 
collect data from the force sensors and 
encoders, and a Texas Instruments 
four-channel instrumentation amplifier 
was used to power and preamplify the 
signal of the force sensors.

A special unit consisting of two 
frequency converters and a start-
er was mounted to control the bench 
drives (belt drive, winch for changing 
the length of transportation).

Experimental studies were performed for different modes 
of operation of the belt conveyor.

Fig. 3 shows the results of experimental studies.

Industrial research was carried out at the mine named 
after O. Zasyadko, the city of Donetsk, in the period from 
1992 to 2000.

5. Results of the study on determining the software for 
the calculation of a conveyor with a variable length of 

transportation

5. 1. Determination of the speed and acceleration of 
the mobile station and the speed of the conveyor belt 
during the change in the length of transportation

The speed of movement of the belt of the working con-
veyor (Fig. 4) is much higher than the speed of movement of 
the tunnel combiner.

Analysis of the calculation scheme (Fig. 4) revealed that 
the speed vector of the mobile station and the speed vector 
of the belt generated by the drive of the working conveyor 
are collinear.

Hence the speed of movement of the working conveyor belt:
– on the loading branch of the conveyor:

,cargo sta.V V V= −  m/s;    (1)

– on an empty conveyor branch:

,empty sta.V V V= +
 
m/s,    (2)

where V is the speed of the belt movement generated by the 
conveyor drive, m/s;

Vsta. is the speed of movement of the mobile station of the 
working conveyor during the change of the length of trans-
portation, m/s.

The complete derivative of the kinetic energy over time is 
equal to the sum of the powers of all external Ne and internal 
Ni forces applied to the system:

,e idT
N N

dt
= +  N·m/s.  (3)

The power of internal forces was assumed equal to 
zero Ni=0.

The change in the kinetic energy of the mechanical sys-
tem of the extension of the belt conveyor was determined 
using the following dependence:

� ,roadheader reduction motor conveyorТ Т Т Т Т= + + +
 
N·m,   (4)

where 
2

2
roadheader sta.

roadheader

m V
Т =  is the change in the kinetic  

energy of the tunnel combiner, N·m;
( )cos sinroadheader harvesterm m f= ⋅ β± β

 
– mass of the tunnel 

combiner moving through the tunnel, kg;

Fig.	2.	Scheme	of	a	mobile	station	equipped	with	sensors:		
1	–	terminal	station;	2	–	encoder-incremental	Hohner	AWI	–	40;	

3	–	force	sensor	CAS	BSA-500L;	4	–	bench	bed
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Fig.	3.	Plots	of	changes	in	belt	tension	at	the	mobile	
station	of	the	experimental	conveyor	for	different	initial	

speeds	of	the	traction-carrying	body	during	unevenly	
accelerated	changes	in	the	length	of	transportation:		
a –	belt	tension	on	the	tensioning	device	of	400	N;		
b	–	belt	tension	on	the	tensioning	device	of	200	N
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Fig.	4.	Schematic	of	a	length-changing	conveyor	with	a	working	drive
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mharvester – weight of the tunnel combiner, kg;
f – movement resistance coefficient (for crawler motors 

f=(0.1–0.2);
β is the angle of inclination of the tunnel, degree;

2 2
1 2

1. .4
motor gear wheel gear wheel

reduction gear wheel
reduction

R m
T m

i

ω  
= + 

 
 – change 

in the kinetic energy of the reducer of the running mecha-
nism of the tunnel combiner, N·m;

ωmotor – frequency of rotation of the running electric 
motor of tunnel combiner, 1/rev;

R1gear wheel.. – radius of the first gear wheel of the reducer, m;
ireduction – gear ratio of the running gear;
m1gear wheel , m2 ear wheel – mass, respectively, of the first and 

second gears of the gearbox, kg;
2 21

4motor motor rotor motor rotor motorT m R= ⋅ ⋅ω  – change in the kinetic  

energy of the electric motor of the running mechanism of the 
tunnel combiner, N·m;

mmotor rotor. – mass of the rotor of the running electric 
motor of the tunnel combiner, kg;

Rmotor rotor – radius of the rotor of the running electric 
motor of the tunnel combiner, m;

( ) ( )( )

� arg .

�

. . � .

2
arg 7 8 9 6.

� . .

/

2

conveyor c o empty wine drum

conveyor drive movable drum fixed drum

drum sta movable carriage sta

c o empty tensionersta

conveyor drive drum sta

T T T T

T T T

T T T

l l G gV

m m m

− −

= + + +

+ + + +

+ + + =

 Ω +Ω + +
 =
 + + 

– change in the kinetic energy of moving conveyor ele-
ments, N·m;

Тcargo, Тempty , Тwine.drum, Тconveyor drive, Тmovable drum, Тfixed drum, 
Тdrum.сsta., Тmovable carriage, Тsta. – changes in the kinetic energy of 
the empty branch, mobile and stationary drums of the telescop-
ic device, the drum of the mobile station, the mobile carriage of 
the telescopic device, the mobile station of the conveyor with a 
working drive, respectively, N·m;

Ωcargo – specific static resistance to movement of the belt 
of the loaded branch, N/m;

Ωempty – specific static resistance to movement of the belt 
of the empty branch, N/m;

β – angle of installation of the conveyor, degree;
l(7-8) – the length of the cargo branch of the conveyor, m;
l(9-6) – the length of the empty branch of the conveyor, m;

( ) ( )2 2 2
� /conveyor drive conveyor drummotor

m k GD i gD=  – reduced 
weight of the conveyor drive, kg;

k – is a coefficient that takes into account the inertia of 
the conveyor drive reducer, equal to 1.2–1.3;

GD – engine rotor torque, H2·m2;
iconveyor – transmission ratio of the conveyor drive re-

ducer;
D drum  – diameter of the drive drum;
msta – mass of the mobile station, kg;
mdrum  – mass of the conveyor drum (drums are all the 

same), kg.
After performing the corresponding transformations, 

the change in the kinetic energy of the mechanical system 
of the mechanism for changing the length of the belt con-
veyor with a working drive during the length change was 
equal to:

( )

( ) ( )

2
.

1 2

2 2

. �

7 8 9 6

2

4

,

sta

motor rotor gear wheel gear wheel reduction

stars reduction

roadheader tensioner sta conveyor drive

cargo empty

drum

V
Т

J J J i

R i

m m m m

l l
m

g
− −

= ×

 + +
 +
 
 × + + + + + 
 Ω +Ω
 + +
  

 N·m, (5)

where Rstars  – the radius of the track drive sprocket of the 
running reducer of the tunnel combiner, m;

J1gear wheel,  J2gear wheel  – the moment of inertia of the first and 
second gear wheels of the running reducer, respectively, kg·m2;

/tensioner tensionerm G g=  – the mass of the movable carriage 
of the telescopic device, identified with the force of the ten-
sioning device, kg;

Gtensioner – the force of the tensioning device, N;
g – acceleration of free fall, m/s2.
The sum of the powers of all external forces Ne is equal to:

Ne=Ne+Nresist, N·m/s;    (6)

Nresist.=(Nroadheader+Nconveyor)·соs180°, N·m/s.  (7)

After the transformations, the power of the resistance 
forces during the movement of the conveyor elements with 
a working drive:

( ) ( )

( )

7 8 9 6

.

� .

,

cargo empty

conveyor sta tensioner

conveyor drive drum sta

l l

N V G

g m m m

− −
 Ω +Ω +
 
 = + +
 
+ + +  

 N·m/s.   (8)

The power of the resistance forces during the movement 
of the tunnel combiner connected to the mobile station of 
the working conveyor, which changes the length of trans-
portation:

Nroadheader=mroadheaderg∙Vsta., N·m/s.              (9)

Substituting equations (8) and (9) into (7), we get:

( ) ( )� 7 8 9 6

.

� . .

,

resist

cargo empty tensioner

sta roadheader

conveyor drive drum sta

N

l l G

V m
g

m m m

− −

=

Ω +Ω + + 
 

= − +  
+    + + +   

 N·m/s. (10)

The power of the running asynchronous electric motor 
of the tunnel combiner Nmotor is determined by the formula:

( ) ,

motor engine engine

start motor engine engine

N M

M

= ω =

= −β ⋅ω ω  N·m/s, (11)

where Мstart is the starting torque of the running electric 
motor, N·m;

( ) ( )1 2 1 2/motor М Мβ = − ω −ω  – the coefficient characteriz-
ing the slope of the mechanical characteristics of the engine of 
the running gear of the tunnel combiner, N·m·s (Fig. 5).

The speed of the mobile station, expressed in terms of 
the frequency of rotation of the running mechanism of the 
tunnel combiner, was written down by the equation:
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. 2/ 2 / 4

/ 2, m/s,
sta caterpillar gear wheel stars

stars reduction motor

V V D

R i

= =ω =

= ω  (12)

where Vcaterpillar is the speed of the combine track (Fig. 6).
By substituting equation (12) into equation (11), we 

obtained:

. .2 2
,sta sta motor

motor start
stars reduction stars reduction

V V
N M

R i R i

 β
= − 

 
 N·m/s.  (13)

Hence:

( ) ( )

. .

7 8 9 6

. �

. .

2 2

,

е sta sta motor
start

stars reduction stars reduction

cargo emptyН

sta roadheader conveyor drive

drum sta

V V
N M

R i R i

l l G

V m m
g

m m

− −

 β
= − − 

 
Ω +Ω + + 
 

− + +  
+    + +   

 N·m/s. (14)

After differentiating equation (5) with respect to t and 
substituting equation (14) into equation (3), we obtained:

.
. ,

sta
start sta

dV
M V

dt
ℑ = −ℵ −ℜ N·m,       (15)

where: 

( )2 / ,motor stars reductionR iℜ= β  N/s; 

( ) ( )7 8 9 6

� .

/ 2,

stars reduction

cargo empty

Н roadheader

conveyor drive drum sta

R i

l l

m m
g

m m m

− −

ℵ= ×

Ω +Ω + 
 

× + +  
+    + + +   

 N·m;

( )

( ) ( )

1

2

� .

7 8 9 6

2 /

/ 2,

/ /

motor rotor gear wheel

stars reduction
gear wheel reduction

roadheader� tensioner sta.

stars reduction conveyor drive drum

cargo empty

J J
R i

J i

m m m

R i m m

l g l g− −

+ + 
ℑ= +  + 

 + + + 
 + + + +
 
 +Ω +Ω 

 kg·m.

The speed of the mobile station during the change of the 
transportation length is determined by solving the transfor-
mation of equation (15)

1 ,
t

start
sta.

M
V e

ℜ
−
ℑ

 −ℵ
= −  ℜ  

 m/s.                  (16)

By differentiating equation (16) with respect to t, the 
acceleration of the mobile station when the conveyor is oper-
ating is determined:

.
. exp ,sta start

sta

dV M
j t

dt
−ℵ ℜ = = − ℜ ℑ 

m/s2.   (17)

As can be seen from the resulting dependence, the 
change in speed and acceleration depends on the parameters 
of the belt conveyor and the extension mechanism (running 
mechanism of the tunnel combiner).

5. 2. Determination of the dynamic increase in belt 
tension of the extending conveyor with a working drive

The dynamic force for acceleration of a segment of the 
belt of length ∂x is equal to:

2

2
,dyn belt belt

u
S m j x

дt
∂

∂ = ∂ ⋅ = ρ⋅∂  N,    (18)

where u(x,t) is the displacement at the moment t of the sec-
tion of the belt to which effort is applied, which is actually 
the absolute elongation, m;

ρ – total linear mass of the moving branch of the belt, 
kg/m (for an empty branch ρ=qbelt);

qbelt – linear weight of the belt, kg/m.
A similar equation for determining the dynamic tension in 

the belt during its non-stationary motion is given in [14, 15].
In equation (18), the component ∂х/∂t is the dynamic 

rate of propagation of elastic deformations in the belt аdyn., 
and the component ∂u/∂t is the speed of displacement of the 
belt cross-section during the change of the transportation 
length without taking into account the speed of the belt 
generated by the conveyor drive Vbelt offset.

When changing the length of transportation for a work-
ing conveyor, this speed is equal to the speed of change in 
length Vsta.

Since the tension at point 6 is practically equal to the 
tension at point 7, it is advisable to consider the change in 
the dynamic load of the belt on the drum of the mobile sta-
tion for an empty branch.

Hence:

. . . ,dyn dyn belt staS S a q V= ⋅ ⋅  N.  (19)

The dynamic speed of propagation of the wave of elastic 
deformation in the belt during the change in the length of 
transportation of the conveyor with a working drive was 
considered taking into account the following calculation 
scheme (Fig. 7).

The front of the dynamic wave of elastic deformation 
during the change in the length of transportation passes the 
following path over time:

. ,dynх а t= ⋅
  

m.     (20)Fig.	5.	Torque-frequency	characteristic	of	the	electric	motor

Fig.	6.	Scheme	for	calculating	the	speed	of	a	mobile	station

Vsta.Vcaterpillar Dstars
Vsta.Vcaterpillar Dstars
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At the front of the stretching wave, the static tension in 
the belt before the movement of the mobile station:

( )6 ,aS S c x= − ⋅ N;                 (21)

( )

6 3

3 6

,НS S
c

l −

−
= N/m;                (22)

( )6 3 6 ,empty tensionerS l G−= Ω +
 
N,   (23)

where S6  – initial static tension of the belt at point 6 of the 
working conveyor, N;

c – gradient of the static tension of the belt before the 
start of movement of the mobile station of the working con-
veyor, N/m;

S3=Gtensioner /2 – static tension of the belt at point 3, N;
l(3-6) – distance between the mobile station and the ten-

sioner, m.
After applying the force that moves the mobile station, 

the belt tension at point 6 of the working conveyor will be 
equal to:

 6. . . ,move a stat dynS S S S= + +
 
N,                         (24)

where Sstat – increase in static tension in the belt when 
changing the length of transportation of the working con-
veyor, N;

Sdyn. – dynamic tension of the belt during the change of 
the transportation length of the working conveyor, N.

The gradient of the static tension of the belt when chang-
ing the length of the working conveyor:

( )

6 3

3 6

,
S S

z
l −

′ −
= N/m,    (25)

where S6=S6+Sstas. – the static tension of the belt at 
point 6 during the change in the length of the working 
conveyor, N.

By substituting the values of quantities in (24), we ob-
tained:

( )6. 6 . . ,move sta belt dynS S x z c V q a∂ = + − + ⋅ ⋅   N.   (25)

Lengthening of the belt ∂u on the segment ∂x after the 
start of movement of the mobile station:

( )2
,beltи j t∂ = ⋅ ∂

 
m    (26)

where 2 2
. /belt staj j u t= = ∂ ∂  is the acceleration of the belt 

movement during the movement of the mobile station, m/s2.
Relative elongation of the belt at point 6:

6 / .и xε = ∂ ∂
    

(27)

Substituting (27) into (26) and inte-
grating over t, we get:

6 . ./ ;sta dynj t aε =
            

(28)

6. 6 ,moveS S S= + ∆
 
N,          (29)

where 6 belt padS B i∆ = σ  is the increase in 
belt tension at point 6, which occurs 
when the end station is moved, N;

Вbelt – belt width, m;
iрad – the number of spacers.

A rubber-cable belt can be considered an isotropically 
elastic body. Quite often, when calculating with a rubber 
fabric belt, it is assumed that the traction-carrying body is 
an isotropic-elastic body. Taking into account the above, the 
resulting increase in belt tension at point 6:

6 0 . 6 ,belt pad gynS B i E∆ = σ = ε  N,                     (30)

where 6 0 . 6 ,belt pad gynS B i E∆ = σ = ε  is the dynamic modulus of 
elasticity of the belt, N; σ6 is the stress per meter of belt width 
at point 6, N/m.

Substituting equations (25), (30), and (28) into (29) and 
assuming that at the moment t the dynamic wave of elastic 
deformation has traveled the distance х=σdyn.t, and the dis-
placement speed of the belt section at point 6 V6=jsta.t, after 
the transformations, the dependence of the dynamic speed of 
propagation of the wave of elastic deformation on the empty 
branch of the working conveyor was derived:

( )
0. .

.

.

,dyn
dyn

belt
sta

E
a

z c
q

j

=
−

+
 m/s.                            (31)

Substituting equations (22) and (25) into (31), we get:

( )

0. .
.

. 3 6

,
/

dyn
dyn

stat

belt
sta.

E
a

S l
q

j
−

=

+

 m/s.                              (32)

By substituting equation (32) into (19), a dynamic 
increase in belt tension during the change in the length of 
conveyor transportation with a working drive is obtained:

( )( )
.

0. . . 3 6/ / ,

dyn belt sta.

dyn sta. belt sta. stat

S q V

E j q j S l −

= ⋅ ×

× ⋅ ⋅ +  N.   (33)

The jump in the dynamic increase in belt tension is in-
fluenced by the jump in static tension and belt parameters, 
the speed and acceleration of the mobile station, the distance 
from the mobile drum to the drum of the mobile carriage of 
the telescopic device.

5. 3. Verification of the procedure for designing belt 
conveyors with variable length of transportation based 
on numerical modeling

As noted in work [11], the conveyor must be extended 
during operation of the conveyor drive. Therefore, in order 
to design such a conveyor, in addition to the traction calcu-
lation, it is necessary to have the software for the calculation 
of the emerging tension jumps (dynamic and static) in the 

Fig.	7.	Calculation	diagram	of	emerging	tensions	in	the	belt	when	changing	the	
length	of	conveyor	transportation	with	a	working	drive
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elongating working conveyor, which are spread from the site 
of the disturbance-drum of the mobile station.

The procedure for calculating the increase in belt tension 
on the drum of the mobile station consists of 5 stages.

The first stage. Determine speed Vsta. (dependence (16)) 
and acceleration jsta.. (dependence (17)) of the mobile station.

The second stage. Determine the speed of the loaded 
Vcargo (dependence (1)) and empty Vempty (dependence (2)) of 
the conveyor branch during the change in the transportation 
length.

The third stage. Determine the jump value of the static 
load of the belt Sstat (dependence (100) [11]) when changing 
the length of transportation:

( ) ( )2
. ./ 4 ,stat empty cargo staS R R V V V = + +Π −   N, (34)

where:

( )

( )

3 6

. 3 6

2
,/ 2

empty

empty

sta. tensioner

sta cargo

l
V

R V G

V l

−

−

 Ω + 
+   = +  

 
+ Ω  

 N·m2/s2; 

( )
( ) ( )( )

2
. .

2
3 6 3 6

8

,

sta empty cargo cargo sta

empty tensioner

V V V V

l G l− −

Π = ⋅Ω − ×

× Ω ⋅ + ⋅  N2m4/s4. 

The fourth stage. Determine the jump in the dynamic 
load of the belt (dependence (33)) during the change in the 
length of transportation.

The fifth stage. Determine the amount of change in the 
tension of the belt on the drum of the mobile station during 
the change in the length of transportation (sum S6 – depen-
dence (23), Sstat. – dependence (34), Sdyn –dependence (33)):

6. 6 . . ,move stat dynS S S S= + + N.   (35)

Below is an example of the calculation of emerging belt 
tension jumps in an extending, working conveyor, spreading 
from the drum of a mobile station. For calculation using the 
Mathcad software, the following initial data are accepted:

Jmotor rotor.=3 kg·m2; Rstars=0.5 m; l(3-6)=835 m; 

тtensioner.=150 kg; J1gear wheel=0.01 kg·m2; f=0.8; 

J2gear wheel.=25 kg·m2; g=10m/s2; msta.=1,000 kg; 

l(9-6)=915 m; l(9-2)=65 m; mdrum=100 kg; 

Ωempty=5.33 N/m; Мstart=700 N/m; тharvester=35000 kg; 

βmotor.=2 N·m/s; l(7-8)=800 m; Ωcargo=12.5 N/m;

Е0.dyn=2,600,000 N; ireduction.=0.0064; qbelt=10 kg/m; 

тconveyor drive =1250 kg; Vc=1.6 m/s.

Fig. 8 shows the result of calculating the speed and ac-
celeration over time of the mobile station of the lengthening, 
working conveyor.

Fig. 9 shows the result of the calculation of the speed 
change over time of the upper and lower branches of the ex-
tending, working conveyor.

Fig. 10 shows the result of calculating the change in the 
static jump of the belt load on the drum of the mobile station 
of the extending, working conveyor.

Fig. 11 shows the result of calculating the change in the 
dynamic jump of the belt load on the drum of the mobile 
station of the extending, working conveyor.

Fig.	8.	Plot	of	time-dependent	changewhen	the	working	
conveyor	is	extended:	a	–	speed	of	the	mobile	station;		

b	–	acceleration	of	the	mobile	station
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Fig.	9.	Plot	of	time-dependent	change	when	the	working	
conveyor	is	extended:	a	–	speed	of	the	upper	branch;		

b	–	speed	of	the	lower	branch
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Fig. 12 shows the result of calculating the belt load on 
the drum of the mobile station of the extending, working 
conveyor.

6. Discussion of results of investigatingthe parameters of 
belt conveyors operating during the change in the length 

of transportation

The result of the current research is the development of a 
methodology for the design of belt conveyors with a variable 
length of transportation. In the study, it was considered how 
the change and acceleration of the transportation length of 
the working conveyor affects the tension of the belt. The result 
is very important because it provides an understanding of the 
causes of changes in belt tension during unevenly accelerated 
changes in the length of transportation of a working convey-
or. The result is also important because it makes it possible 
not only to perform calculations during design but also gives 
recommendations for the correct operation of such conveyors.

In contrast to the mathematical model built in [11], our 
result allows for the design of a conveyor that changes the 
transportation length unevenly at an accelerated rate. It 
became possible to correctly design the mechanism for mov-
ing the end station of the conveyor, taking into account the 
characteristics of its electric motor.

It was studied how the speed and acceleration of the 
mobile station and the belt of the working conveyor changes 
during the change in the length of transportation. Depen-
dences were derived that make it possible to calculate the 
emerging dynamic jump tension of the belt, which occurs at 
the beginning of the movement of the mobile station during 
the extension of the conveyor.

With we determined the speed, according to formu-
la (16), and the acceleration, according to formula (17), of 
the mobile station of the working conveyor, the characteris-
tics of the electric motor of the movement mechanism of the 
final station were taken into account.

When determining the jump in the dynamic increase in 
belt tension according to formula (33), the speed and accel-
eration of the mobile station were taken into account

On the basis of the mathematical model built,by using 
Mathcad software, the procedure for designing belt con-
veyors with variable length of transportation was verified 
based on numerical simulation. This made it possible to 
establish that the static jump of the belt tension on the drum 
of the mobile station is greater, the greater the difference 
between the absolute speed of the belt of the upper and lower 
branches of the conveyor. Also, the distance from the drum 
of the mobile station to the drum of the mobile carriage of 
the telescopic device and the specific static resistance to the 
movement of the lower branch of the conveyor significantly 
affect the amount of static increase in the tension jump of 
the belt. The magnitude of the dynamic increase in the belt 
tension jump with an elongated conveyor is primarily influ-
enced by the acceleration and speed of the mobile station. 
When extending the conveyor with a stopped drive, all these 
values will be larger.

Our results make it possible to determine the parameters 
for the design of a belt conveyor with a variable length of 
transportation, which is advisable to use in the construction 
of tunnels [16, 17], the construction of a rotary excavator 
with a telescopic boom [18, 19].

The current study is a continuation of previously per-
formed theoretical research [11] of loads in the belt that 
occur during the change in the length of transportation on 
the drum of the mobile station of the conveyor.

Due to the reduction of unproductive technological 
operations and the reduction inreloading devices, the use 
of a belt conveyor with a variable length of transportation 
makes it possible to improve productivity and reduce energy 
consumption in continuous flow technologies.

In the general case, the limitations inherent in this study 
are the stability of solutions to changes in factors affecting 
belt tension. It is recommended to perform calculations for 
predetermined, maximum output data such as productivity, 
transported cargo, length and angle of installation of the 
conveyor.

The next stage of research may involve the develop-
ment, based on numerical modeling, of a procedure for 
calculating the tension of a stopped conveyor belt during 
an unevenly accelerated change in the length of transporta-
tion. The implementation of such a study is associated with 
constructing a more complex mathematical model since 

Fig.	10.	The	plot	of	change	in	the	static	jump	of	the	belt	load	
over	time	on	the	drum	of	the	mobile	station	of	the	extending,	

working	conveyor
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Fig.	11.	The	plot	of	change	in	the	dynamic	jump	of	the	belt	
load	over	time	on	the	drum	of	the	mobile	station	of	the	

extending,	working	conveyor
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Fig.	12.	The	plot	of	change	in	the	belt	load	over	time	on	the	
drum	of	the	mobile	station	of	the	extending,	working	conveyor
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there is a mode of acceleration and steady movement of the 
belt during a change in length transportation. Devising 
such a calculation procedure based on numerical modeling 
couldmake it possible todemonstrate visually what increase 
in belt tension would occur when the stopped conveyor is 
lengthened. This is very important when writing recom-
mendations for the operation of a conveyor with a variable 
length of transportation.

7. Conclusions

1. Before extending the length of transportation, the 
speed of the working conveyor belt is equal to thespeed in 
specifications. When the length of transportation is extend-
ed, the absolute speed of the cargo branch of the conveyor 
is reduced by the speed of the mobile station. The absolute 
speed of an empty branch of the conveyor increases by the 
speed of the mobile station.

The speed and acceleration of the mobile station depend 
on the design parameters of the extension mechanism, the 
design parameters of the belt conveyor, and the acceleration 
time of the electric motor during start-up.

2. The magnitude of the dynamic increase in the belt ten-
sion jump when the conveyor is extended is affected by the 
acceleration and speed of the mobile station, the technical 
characteristics of the belt, the gradient of the increase in belt 
tension during the extension of the conveyor in the sections 
from the drum of the mobile station to the drum of the mo-
bile carriage of the telescopic device.

3. Verification of the design methodology of a belt con-
veyor with a variable length of transportation involves 
numerical modeling, the result of which is the traction cal-
culation of the conveyor and the determination of the change 
in belt tension on the drum of the mobile station during the 
extension of the conveyor.

Determining the change in belt tension on the drum of 
the mobile station during the extension of the conveyor in-
volves the calculation of the following:

– speed and acceleration of the mobile station;

– speeds of the cargo and empty branches of the con-
veyor;

– values of jump of the static load of the belt;
– values of the jump in the dynamic load of the belt;
– belt tension on the drum of the mobile station.
Analysis of the results of these calculations revealed 

that during the change in the length of transportation of the 
conveyor with a working drive on the drum of the mobile 
station, there was a slight jump in the tension of the belt. The 
maximum value of the jump is registered at the maximum 
acceleration of the mobile station. At zero acceleration, it is 
absent. At a constant speed of the mobile station, the belt 
tension jump is constant and persists as long as the station is 
moving. The tension of the belt at the maximum acceleration 
of the mobile station increased by 1.1 times, and at constant 
speed of the mobile station – by 1.07 times.
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