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Abstract. The dynamic processes of the system of stabilization of the speed of the conveyor belt with a built-in hydraulic drive on the basis of an improved
mathematical model, which takes into account the physical phenomena occurring in the hydraulic system during the action of alternating load.
The influence of the main parameters of the hydraulic system and the magnitude of the load on the course of dynamic processes is analyzed
and recommendations for their selection are formulated. The proposed scheme of the built-in hydraulic drive of a conveyor belt with system of stabilization
of speed of movement automatically provides its uninterrupted work. The use of an additional hydraulic pump allowed to stabilize the speed
of the conveyor belt to 7.8%, provided that the load on the working link is 2.3 times.
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DYNAMIKA SYSTEMU STABILIZACJI PREDKOSCI PRZENOSNIKA
PRZY ZMIENNYCH OBCIAZENIACH

Streszczenie. Rozwazono procesy dynamiczne uktadu stabilizacji predkosci tasmy przenosnika z wbudowanym napedem hydraulicznym w oparciu
0 udoskonalony model matematyczny uwzgledniajqcy zjawiska fizyczne zachodzqce w ukladzie hydraulicznym podczas dzialania obcigzenia zmiennego.
Przeanalizowano wplyw gtownych parametrow uktadu hydraulicznego i wielkosci obcigzenia na przebieg procesow dynamicznych oraz sformutowano
zalecenia dotyczqce ich doboru. Zaproponowany schemat wbudowanego napedu hydraulicznego przenosnika tasmowego z systemem stabilizacji predkosci
ruchu automatycznie zapewnia jego nieprzerwang prace. Zastosowanie dodatkowej pompy hydraulicznej pozwolito ustabilizowaé predkosé tasmy

przenosnika na poziomie 7,8% przy zalozeniu, ze obcigzenie ogniwa roboczego jest 2,3 razy wigksze.

Stowa kluczowe: dynamika, przenosnik tasmowy, wbudowany napgd hydrauliczny, system stabilizacji pr¢dko$ci, zmienne obcigzenie

Introduction

The belt conveyors are the important components of current
production technologies in various industries and the national
economy. To a large extent, the efficiency of their use
is determined by the technical characteristics of the drive device,
the technical and economic indicators of which must provide
the operating conditions of transport machines and their modes
of operation [1, 4, 16].

Receipt and distribution of cargo moving on the conveyor belt,
as a rule, can occur according to various laws.

Therefore, belt conveyors are mainly used in conditions
of variable loads, the maximum excess of which in comparison
with the nominal can become significant. When operating belt
conveyor drives, conditions arise under which, due to the large
load increase, the drive needs to be stopped immediately
to prevent breakage of the drive. This reduces the productivity
of the conveyor [3, 6, 14].

To increase the productivity of conveyors operated
in the above conditions, it is proposed to use built-in hydraulic
actuators with a control system for switching on an additional
hydraulic motor. This will ensure uninterrupted operation, as well
as greatly simplify the kinematic scheme according to the work
[9, 13, 18]. Such drives work in the mode of constant supply
of working liquid therefore the hydraulic system does not allow
to provide stability of speed of movement of a belt of the conveyor
[8,10]. When the additional hydraulic motor is switched on,
the fluid flow is reduced by the value of the characteristic volume
of this hydraulic motor and the speed of cargo transportation
is reduced. The instability of the speed of movement
of the conveyor belt leads to a decrease in productivity
and reduces the efficiency of the control system with hydraulic
automation [15, 19, 20].

1. Statement of the research problem

The purpose is to study the dynamic processes in the hydraulic
drive conveyor speed stabilization system (SSS) of the belt
and recommend the choice of parameters of the drive system.

To achieve this goal, the following tasks were solved
in the work:

e for the developed hydraulic system of the belt conveyor,
what operates in the modes of variable cargo flows, in which
the means of hydro- and electroautomatics ensure the stability
of the speed of the belt movement [11];

e the analysis of the influence of the main parameters
of the hydraulic system and the magnitude of the load
on the course of dynamic processes in the built-in hydraulic
drive with the SSS was carried out.

2. Research and modeling method

Theoretical studies of the dynamic processes of the SSS
of the conveyor for the action of variable loads were carried
out by methods of physical and mathematical modeling.
The solution of the improved mathematical model was performed
using the software package MATLAB Simulink, which was used
in previous studies of the hydraulic system [2, 12, 13].
0.1% modeling accuracy and the 2nd order Rosenbrock research
method have proven to be a qualitative way to calculate such
systems.

To construct an improved mathematical model of the
dynamics of the SSS of the conveyor, which operates under
variable loads, a cyclogram of the operation of the hydraulic drive
with the specified control system has been developed. For each
phase of the cyclogram, differential equations were added, which
took into account the physical processes characteristic of the
corresponding time interval.

Fig. 1 shows a calculation scheme of the hydraulic system
of the conveyor drive, operating in the mode of alternating cargo
flows, for theoretical studies of dynamic processes.

The moving parts of the conveyor are represented by two
discrete masses (12 and 14). The masses of rotating parts of drive
devices with the moment of inertia 75 are reduced to the first mass,
to the second — moving links of the transporting part
of the conveyor with the moment of inertia 7, The moment
of resistance of the useful forces M, acting on the conveyor
is applied to the tail drum. The tensile forces of the tape F, F,, F3,
F, are applied to the discrete masses 12 and 14. The conveyor belt
is presented by Voigt's rheological model with elastic-dissipative
connections.
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SSS contains main 1 and additional 2 hydraulic pumps with
characteristic volumes q,; and q,, respectively. The maximum
pressure created by them is determined by adjusting the safety
valve 3. The executive units of the SSS hydraulic drive
of the conveyor are the main 9 and additional 10 hydraulic motors
with the corresponding characteristic volumes ¢n: and Qpmo.
The flow of working fluid from the pumping station is supplied
to the hydraulic motors with the corresponding supply.
The executive link is a plunger 8 with a corresponding mass ms
of friction clutch 7, which turns on the transmission mechanism
of the additional hydraulic motor 10. The plunger 8 is loaded
with a spring with a stiffness ks;. The working cavities
of the hydraulic motors and the pressure plunger are connected
to the corresponding cavities of the main component of the SSS
by short hydraulic lines. The control device (CD) of the valve type
performs the function of a distributor [5, 7, 17].

=

Fig. 1. Calculation scheme of the built-in hydraulic drive with system of stabilization
of speed of movement of a belt of the conveyor

The main components of the CD are the valve of the first stage
6 (sensor), the ball shut-off element of which mass m; is loaded
by a spring with stiffness k;. The valve of the second stage 5
in the form of a shut-off and distribution element (SDE) with
a mass of m;, is loaded with a control spring of stiffness k.
A control throttle with a cross-sectional area fy, is installed
between the intermediate and drain cavities of the sensor.
In the hydraulic line between the cavities of the shut-off
and distribution element is a control throttle with a cross section
of area fy. The shank of the shut-off and distribution element
is equipped with a magnetic ring. On the side surface of the case
there is a sensor type reed switch RS. Friction clutch 7 is activated
when the set value of the pressure in the hydraulic system, which
corresponds to the increased load. After that, the second
transmission mechanism is activated by the additional hydraulic
motor 10.

To compensate for the losses of the working fluid entering
the main hydraulic motor 9 when the additional hydraulic motor
10 is connected to the hydraulic system, it is necessary to make
up for the losses of the working fluid from the pumping station
in the hydraulic system. This is ensured by switching on an
additional hydraulic pump 2. Automation of this process is carried
out due to operation of the sensor of the reed switch RS type at the
beginning of movement of the shut-off and distributing device.
According to the specified cyclogram with a small delay in time,
it connects an additional hydraulic motor 10, and then triggers
the friction clutch 7 of the drive gear of its transmission. The reed
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switch RS supplies an electrical signal to the switch R4 to turn
on the power supply of the hydraulic lock 4, which turns
on the supply of an additional hydraulic motor 10 to the hydraulic
system. Due to the replenishment of the flow of working fluid
in the hydraulic system, the speed of rotation of the shafts remains
unchanged, as in the nominal load on the conveyor. The speed
of the conveyor belt remains unchanged

The improved mathematical model of SSS is built on the basis
of the calculation scheme (Fig. 1). D’Alembert's principle
is applied to the forces acting on the moving elements
of the mechanical system and the balance of the working fluid
flow [13]. In the differential equations of change of the moment
of forces of useful resistance, action of forces of viscous friction
on rotating elements of hydraulic motors, change of directions
of movement of working liquid in the course of work of CD,
energy dissipation during movement of moving elements
of system are considered.

The given mathematical model is an improved model
of the adaptive hydraulic drive of the belt conveyor, the hydraulic
system of which works in the mode of constant liquid
consumption [13, 14].

Equation of equilibrium of moments on the shafts of the main
9 and additional 10 hydraulic motors during CD operation (y > 0;
Fa>Fy):

d
M +Mo =y P +mz - P~ fim - @)

The opening of the locking element of the sensor 6 occurs
under the condition of increasing the pressure in the hydraulic
drive to the value

P> (k- x)/ 2

The movement of the ball locking element after opening
the sensor, provided that the pressure in the drain cavity py = 0,
is written by the equation:

2
fz-m:m%+kl(x0+x)+q%+Fgl ®3)
where Fg; — hydrodynamic force in the sensor to be determined
Fg1=F'g1—F"g2 = pQuy -cos fy — pQuc = PQ(vy-cos fp —ve) (4)
If 0<x<h; h=hyg +hy flow rate through the sensor
Q=u 7-dy-xy2|pil/p-son(py) ()
The displacement of the shut-off element 5 for 0<y<h,
is written by the equation:

Pnf3=pifa+koyo, ify=0 (6)
d? d .
pnf3=m2?2y+k2(y0+y)+b2df>t[+p1f4+ng,Ify>0 (7)
where Fg, — hydrodynamic force in the SDE to be determined
Fg2=wgpPnf3 (8

Equation of working fluid flow balance in a pressure hydraulic
line:

d .
inszl*'Qfd*'ﬂWn%, ify=0 9)
d
Qua +Qn2 = Qra +Qmz + Qg + M 1

Quu + Q2 = Qi +Qma +Q1a + Qe + M T, ify=hy - (1)

there is an opening of the cavity of the plunger of SDE, where:
Qrd =4 fa/2[Pn — Pil/p -sgn(pn — P1) 12)
Q=p-7-da-(y—(hp +hg))2[Pn — P2/ -san(pn —p2) (13)

The flow rate of the working fluid Qqy after the choke with
a cross section fy; and the shut-off and distribution element
in the cavity of the plunger 8 Q¢ are determined by the
expressions:

Qtd =Q+,3W1dd¥|:1 (14)

dz d
fo- ot p-0a-(hy —y)2[pal/p -san(p2) + AW, 32 =0 (15)
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if y =0 ... hy — there is a drain of the working fluid from the cavity
of the plunger 8.

d d ;

f5_d7§+ﬁvv2%:0, ify=hy..hy (16)
_ _dZ dﬁ i =

Q= Ts dtJrgWZ it Jify=hg...h (17)

it is the working fluid is injected into the cavity of the plunger 8.
The equation of motion of the plunger 8 of the friction clutch:
2
pafs =ms' ' ka2 +2) sy 4 Fo 18)
The force F, begins to act at the moment of contact of the
plunger with the coupling.
Closing of the ball locking element of the sensor occurs under
the condition of reducing the pressure to the value [2]
p1=p-fi/fa+(ke-x)/ T2 (19)
The following notations are used in equations (1-19):
M — torque on the shafts of hydraulic motors; p, — pressure in the
hydraulic system at rated load on the working link; p; and p; —
pressure "opening” and ‘"closing” of the ball locking
element corresponding to the calculated maximum load
on the working link; p, — pressure in the cavity of the plunger
of the pressure mechanism; x, y, z — coordinates of movement
of the corresponding masses; Xo, Yo, Zo — initial deformation
of compression springs; f, — coefficient of viscous friction
in the hydraulic motor; g — coefficient of pliability taking into
account the compressibility of the working fluid; p — coefficient
of supply; p — the density of the working fluid; S = f,/f, — the ratio
of the area of contact of the shut-off element with the valve
seat to the area of the cylindrical part of the valve;
fa, 4, f5 — respectively, the surface area of the ends of the shut-off
and distribution element and the plunger 8; h, h, h,, — respectively
the course of the ball locking element 6, shut-off and distribution
element 5 and the friction clutch discs; W,, Wy, W, — the volume
of the pressure line, the cavity of the sensor 6 and the cavity
of the plunger 8, respectively; d;, d,, d; — diameter of ball locking
element 6, shut-off and distribution element 5 and friction clutch
disks, respectively; by, b,, by — viscous damping factor; By — the
angle of inclination of the jet of working fluid; vy, v, — the speed
of the fluid in the slit and the saddle, respectively; y, — force
factor; Qy, Qx — fluid flow rate for the throttle with a cross-
sectional area fd, in the cavity of the plunger 8, respectively; Fy,
Fg — hydrodynamic forces acting on the ball valve 6 and shut-off
and distribution element 5; F, — coupling reaction of couplings; Fy
— friction force between the clutch discs.

3. Results and discussions

Consider the case when the disturbance for the hydraulic
system is a change in load torque of 2.3 times compared
to the nominal. In Fig. 2 shows the dependence of the load torque
M and the angular velocity dg/dt of rotation of the drive drum
of the conveyor from time t without the use of an additional
hydraulic pump. The overload mode occurs when the moment
of force of resistance M increases from 4500 to 10500 N-m.
The mechanical system in this case perceives a decrease
in the speed of rotation of the drive drum by 27.7%. When
the additional hydraulic motor 10 is switched on, the angular
velocity dp/dt is exceeded by 13% relative to the nominal one.
After the overload disappears and the additional hydraulic motor
10 is switched off, the value of exceeding the angular velocity
deldt is 18.1%, which is negatively reflected in the dynamics
of the conveyor.

In Fig. 4 shows the influence of the characteristic volume
of the additional hydraulic pump 2 and the characteristic volume
of the additional hydraulic motor 10 of the conveyor hydraulic
drive on the accuracy of the speed stabilization ¢, the value of gy,
the excess of the angular speed dp/dt relative to the nominal one
when the additional hydraulic motor 10 is turned on and the value
of oo — during its shutdown at a constant overload value.
On the abscissa axis, point 1 corresponds to the specified
characteristics of the conveyor hydraulic drive at a ratio of 25%
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of the characteristic volume of the additional hydraulic motor 10
to the characteristic volume of the main hydraulic motor 9
and in the absence of an additional hydraulic pump 2.

When using the additional hydraulic pump 2 in the hydraulic
system, the dynamic and static characteristics of the conveyor
drive are significantly improved (Fig. 3). Consider the case
of using in the hydraulic system of the additional hydraulic
pump 2 with a characteristic volume of 25% of the main hydraulic
pump 1, and the same ratio of the characteristic volumes
of the additional 9 and the main 10 hydraulic motors

It is established that the accuracy of speed stabilization &
improves to 7.8%, and the dynamics of the drive drum improves
when turning off the additional hydraulic motor 10. The value
of exceeding the angular velocity dy/dt relative to the nominal
is 8.4%, which is 2.2 times less than when working with one
hydraulic pump and reduced belt speed of the conveyor.

It is established that the accuracy of speed stabilization ¢
improves to 7.8%, and the dynamics of the drive drum improves
when turning off the additional hydraulic motor 10. The value
of exceeding the angular velocity dg/dt relative to the nominal
is 8.4%, which is 2.2 times less than when working with one
hydraulic pump and reduced belt speed of the conveyor.

Point 2 — corresponds to the characteristics of the hydraulic
system, the design diagram of which is shown in Fig. 1,
with a ratio of 25% of the characteristic volume of the additional
hydraulic motor 10 to the characteristic volume of the main
hydraulic motor 9, and the same ratio of the characteristic volumes
of the additional 2 and main 1 hydraulic pump in the overload
mode. Point 3 — corresponds to the above ratio, which is 37.5%,
and point 4 — 50%.

The analysis of the obtained characteristics showed that with
the increase of the ratios of the characteristic volumes of hydraulic
motors and hydraulic pumps from 25% to 50%, the accuracy
of stabilization of the speed ¢ of the conveyor increases from 7.8%
to 4.4%. However, there is a deterioration in the quality
of dynamic characteristics: the value of a,, exceeding the angular
velocity dp/dt relative to the nominal when turning
on the additional hydraulic motor 10 varies from 20.7% to 51.9%,
and the value of o, when turning off the additional hydraulic
motor 10 — from 8.4% to 26.5%.
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Fig. 2. Dependence of loading moment M and angular speed of rotation of a driving
drum dep/dt on time t without the auxiliary hydraulic pump
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Fig. 3. Dependence of loading moment M and angular speed of rotation of a driving
drum dp/dt on time t with the auxiliary hydraulic pump
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Fig. 4. Static and dynamic characteristics of the hydraulic drive of the conveyor with
control systems at different ratios of characteristic volumes of hydraulic motors 9
and 10, and also hydraulic pumps 1 and 2
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4. Conclusions

1. The proposed scheme of the built-in hydraulic drive
of a conveyor belt with system of stabilization of speed
of movement automatically provides its uninterrupted work.
The use of an additional hydraulic pump allowed to stabilize
the speed of the conveyor belt to 7.8%, provided that the load
on the working link is 2.3 times.

2. Analysis of the transients of the dynamic characteristics
of the mechanical system of the conveyor for an advanced
mathematical model of the pressure pn in the pressure line
of the hydraulic drive showed a slight effect of increasing
the flow of working fluid when connected to the hydraulic
system of an additional hydraulic pump 2.

3. The most appropriate for this increase in the load
on the working link of the conveyor is the use of an additional
hydraulic motor 10 and hydraulic pump 2 with a ratio
of characteristic volumes of 25% to the main.
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