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Abstract. Article is devoted to a problem of decrease in the dynamic loadings arising in
transitional operating modes of the mine lifting installations leading to heavy oscillating
motions of lifting vessels and decrease in efficiency and reliability of work. The known
methods and means of decrease in dynamic loadings and oscillating motions of the similar
equipment are analysed. It is shown that an approach based on the concept of the inverse
problems of dynamics can be effective method of the solution of this problem. The article
describes the design model of a one-ended lifting installation in the form of a two-mass
oscillation system, in which the inertial elements are the mass of the lifting vessel and the
reduced mass of the engine, reducer, drum and pulley. The simplified mathematical model of
this system and results of an efficiency research of an active way of reduction of dynamic
loadings of lifting installation on the basis of the concept of the inverse problems of dynamics
are given.

1. Introduction

The high speeds of movement of mine lifting installations lead to the emergence of large dynamic
loads, elastic deformations of structural elements and oscillating movements, causing excessive stress,
fatigue, increased wear and, as a result, deterioration of durability and safety in operation. The tighten
of characteristics of safety and reliability of modern lifting installations places high demands on the
level of their dynamic calculations and necessitates taking into account the elastic properties of the
design and development of methods and tools for reducing dynamic loads and vibrations [1-3].

To solve this problem, in [4-7] proposed a special mathematical model that takes into account all
important features of the mechanics of mine lifting installation under braking, and in [8] considered
the impact of different parameters on the dynamic behavior of mine lifts during extreme braking. The
various circuit designs that can be configured to implement dynamic braking on a mine hoisting
system are offered and selection of the load resistance for the desired dynamic braking system
performance is addressed [9]. The present state of knowledge of dynamics of hoisting systems and
available modern computer hardware enable to develop and analyze simulation models used for
optimizing of dynamic characteristics of the system of mine lifting installations [10-12].

In reference [13], computer monitoring systems and registers of the parameters of the lifting
installations are proposed, which allow to determine the occurrence causes of additional loads and to
develop measures for their elimination. The system of automatically controlled safety braking is
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proposed in [14] for minimize dynamic overloads in the mechanical part and increase the safety of the
mine lifting installations. This system is designed for use on all types of inclined drum and vertical
multi-channel lifts with radial and disc brakes. In reference [15-17] the use the smooth laws of motion
of the lifting vessels are encouraged for reduce the dynamic loads in mine hoisting installations. The
possibilities of application of the retarding force on the vessel during the working of mine lifts in
mode of lifting are investigated in [18]. The main disadvantages of these methods reduce the dynamic
loads are either low efficiency under varying operating conditions or the performance of the mining
installations.

In this regard, particular interest is the use of the method of reduction of dynamic loads and elastic
vibrations of the links of managed machines based on the use of the concept of inverse problems of
dynamics, proposed in [19-23]. The results of research, related to the implementation of this method
to reduce of dynamic loads and damping of elastic vibrations on the example of one-ended lifting
installation, are given in this article.

2. Problem statement

Currently the developed methods of dynamic synthesis, which would allow to realize a controlled
movement with the desired dynamic properties, are absent in the dynamics of controlled machines
with elastic links. Most of the known solutions in this field based on engineering experience and
intuition than on scientific — methodological basis. Analysis of known work in this area has shown that
an effective method of problems solving of control synthesis, providing the mechanical movement
with the desired properties, is the use of methods of solution of inverse problems of dynamics for a
given type of vibrational motion. A principal scheme of one-ended lifting installation is shown in
figure 1, for which considered the implementation of this approach for problem solving of reducing of
dynamic loads.
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Figure 1. A principal scheme of lifting installation: 1 — electric engine; 2, 6 — clutch; 3 — reducer;
4 — gear; 5 — gear wheel; 7 — drum; 8 — rope; 9 — pulley; 10 — lifting vessel.

The following assumptions are adopted to obtain the dynamic model of the mine lifting installation:
e the rigidity of the gear reducer 3, the couplings 2, 6 and shafts is much higher than the
stiffness of the rope 8;
e the mass of the rope 8 is concentrated at the drum 7 and lifting vessel 10, the rope is a
weightless and non-viscous elastic system with a constant stiffness coefficient;
¢ the aerodynamic air resistance and friction force in the conductors of the shaft are absent;
e the movement is considered from the position of static equilibrium of the lifting vessel;
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o the influence of dynamic processes in the drive motor or braking device is not taken into
account.
A design scheme of the mine lifting installation can be represented as a two-mass mechanical
system, shown in figure 2.

c
m, _/\/\/\/\_ m
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q, q, Figure 2. Two-mass design scheme of the

lifting installation.

An inertial elements of the lift installation are the mass of the lifting vessel with part of the rope
mass and the resulting mass of the engine, reducer, drum, parts of a rope and pulley, connected by a
weightless elastic rope. The differential equations of motion of two-mass system, obtained on the basis
of the D'alembert principle, are as

M, Gp +¢(d —02) =Qp — F; 1)
md, +c(d, —0) =0, (2)
where m, — the reduced mass of the engine, reducer, drum, parts of a rope and pulley; m— the reduced
mass of the lifting vessel with part of the rope mass; ¢ — the reduced coefficient of rope stiffness;
Q.. F,— the reduced values of the driving force of the actuator and the braking force; ¢, — the
generalized coordinate of the mass movement m,; g, — the generalized coordinate of the lifting
vessel movement.
Summing to equations (1) and (2) and denoting the elastic deformation of the rope Aq=0q, —q,
obtain the equation of motion of the first mass
(m+mn)ql+mAq=Qn _Fm' (3)
The expression (2) takes the form
mMAG +md; +cAq=0. 4)
It is required to determine the law of change of motive (Q,,) or braking ( F,, ) forces in expression (1),

providing a minimum dynamic load and compensation of elastic vibrations of the lifting vessel, when
it goes up, by solving the inverse dynamic problem for a given law of change of elastic deformation of

the rope and limiting the movement acceleration of the first mass value |q‘1| <a.

3. Theor

Find the zontrol action Q,, by which the elastic vibrations of the lifting vessel is fully extinguished
for any valid values of acceleration time (deceleration) and the motion acceleration of the first mass
does not exceed a predetermined value |c'j1| <a. Consider the mode of the vessel lifting, assuming that
the elastic vibrations are absent in the initial time, i.e. Ag(0)=Aq(0)=0, in this case the elastic
deformation of the rope is changed under the harmonic law

Ag=y, -[1—003?—7“}, )

P
where y, —a constant value; T, — acceleration time (deceleration). Then the conditions Aq=Aqg=0

will be implemented when t=0 and t=T, and on the basis expression (5). After double
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differentiating in time (5), the law of acceleration change of the elastic deformation of the rope is
obtained

Ar?
AG = —ypcosz—”t . (6)
Tp Tp
Express from expression (1) when F,, =0 the acceleration
. Q, +cCA
fy =~ ™
mn

Combining expressions (7) with (4), is obtained
Aq."'a)qu:_Qn/mn , 8)

/c m+m _
where o= M — the frequency of free oscillations of the system.
mm,

Substituting expressions (5) and (6) into equation (8), the required law of change of driving
(braking) force is determined

2
Qn =—Myy,| @° 1-cos 2%t |+ ¥ cos 27t |, )
T, T2 T
p p
The definition of constant y ;. Substituting expressions (5) and (9) into equation (7) is obtained
2
b =—7, A7 cos2E i+ ol 1- cos 2t , (10)
e T Ty

where @, =+/c/m — the partial oscillation frequency of the mass of the lifting vessel.
After double integrating (10) the speed and coordinate the movements of the first mass are

T
4 =-7p 2—7rsin2—”t+a}§ t——psinz—”t +Cy; (11)
Tp Tp V4 Tp
2
27 2 t2 Tp 27
=y,C08s—t—-m —+——cos—t [+Cit+C,. 12
U1 7 Tp pr(z 47[2 Tp 1 2 ( )
The constants of integration C, and C, are found using the initial conditions g, (0)=q;(0)=0
w2T2
C1=0; Cy=—yp[1-——1|. (13)
A

Constant y, is defined using the boundary conditions ¢;(T,) =V
state value of the movement speed. Substituting the last condition in expression (11) is obtained

where V., is the steady-

yem? m

Yp=——r. (14)
T,

Given expression (14) the laws of change of the driving (braking) forces and acceleration of the
first mass are of the form

m+m, )V, 4z®m\V,.
n :M(l_co&_’ft} A o o 27 ()
T, T, T, Tp
\Y; 2 4V 2
iy =ﬂ{1—cos—”t]+#cos—”t. (16)
To p oo Ty Ty
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Substituting in expression (16) instead ¢, of its limit value ¢;” =a, the expression for
determining of the permissible value of acceleration time (deceleration) is

vV 2
a=—"1-|1- 4,? - cos 2t (17)
Tp oy Ty Ty

It is obvious that the maximum acceleration will occur in start and end moment of acceleration
time (t =0and t=T). In this case expression (17) takes the form

2
B 47N yem

a - H
a)ng

where permissible acceleration time

2r
Tp >—, (18)
2

4. Discussion of results

A comparison of the effectiveness of the obtained compensating exposure with the optimal movement
of two-mass system at a predetermined distance is held. We define the control providing a system
movement from resting state

0 (0) = 6« (0) = Aq(0) = AG(0) (19)
at a predetermined distance q, with vibration damping
0=(Tp) =do: G«(T,) =Aq(T) =Aq(T,) =0. (20)
When F,,, =0 from expression (3) and (4) the acceleration is
AG =-w?Aq+u(t), (21)

where u(t)=—-Q,/m, — the driving force.
Assume that the driving force is limited in absolute value
ut)| <uq. (22)
Neglecting the influence of elastic oscillations on the actuator movement, the driving force
according to expression (1) for the minimum time T, taking into account (22) is
U= Q. (23)
Present expressions (21) and (23) in the form
21=2y; 1,=U; 13=124; 1,=-w’13+U, (24)
where z; =Q«; Z, = AQ.
The Hamilton function for the system (24) can be written

H =y12, + WU+ w32, + 1y, (U - 0°23), (25)
where vy, v», 3, ¥, are auxiliary variables that can be determined from the system of equations
1 =0y =y, W3 =W, W4 =—V3. (26)
The optimum control, providing the maximum of the function (26), has the form
U=Ugsgn(y, —y4). (27)

According to expression (27) the optimal control u(t) is a relay function taking values +u,. The

number of switching points and their positions are unknown. As an example we consider the control
with one switching point t=T, /2 of function u(t)
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ut)y=up npu 0<t<T,/2; -
u(t)=-up npu T,/2<t<T,. (28)
Integrating the motion equation (24) with u=u, and initial conditions (19), we obtain
ugt® | - .
ql* = Zl = T, ql* = 22 = Uot,
(29)
Up . Ug

AqQ = ;

o’ (1-cosat) 1= osinat

Similarly we find the solution for u=-ug on the interval [Tp/Z,TpJ and the end conditions (20)

up(Tp —1)* )
Q1= =do —{OpT} Gpx =Uo(Tp —1);

(30)
Ug

Ug .
. AG=-——— 0
a osino(T, —t)

- a)z[cosw(Tp —-1) —1]’
The found solutions expressions (29) and (30) must be continuous at t=Tp/2. The continuity of

Aq

the values of ¢. and Aq takes place at any values of the coordinate q, the continuity condition for
g+ and Aq is secured if

ueT T,
= ; co§ — [=1. 31
Qo =— { . (3)
On the basis of expression (31) are
472' 472'2U0k
Pk 0 w?

where k =1,2,3...

Thus, the control mode with one switching point satisfies the maximum principle only for
magnitude values of the displacement q, defined by expression (31). For prove the optimality of the
obtained control, it is sufficient to verify the existence of a nonzero vector of auxiliary variables, that
providing H(T,) = 0and satisfy system (26). Solving this system, we define

.
vy =—C; w2=0[t—7"} w3 =0, w,=0, (33)

where C =const<0.
Substituting expression (33) into (27), we have

-2
u=ugsgn|C t—7 . (34)

The calculation of the Hamilton function according to expression (25) leads to H(T,) > 0.

We compare the acceleration time, expended for control with one switching point, with time
expression (18), received for action, which provides the harmonic nature of the changes in the elastic
coordinates. On the basis of expression (32) the minimum acceleration time can't be less than the value

m-+m,

Tpmin

=2r/w. Given o=, <@g, we have T,  <T,, defined from the expression (18).

n
In this case, the time difference grows with decreasing mass m,, . Thus, management (34) provides
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higher performance compared to the found control (15). However, management (34) requires
instantaneous change in force, which makes difficult its practical feasibility using real drives.

The found the control law (15) is a software, independent on the regulator structure of the engine or
the brakes. As a result, the possibility of problem solving, not only parametric but also structural
synthesis of motion control system of the lifting installation appears, by using the expression of
obtained time dependence on generalized coordinates. Using expressions (5) and (14), trigonometric
function through elastic coordinate is expressed

2
T
cos 2% 1420 Aq. (35)
yem
Substituting expression (35) into (15), we obtain
Qn(t)=Qp —cAq, (36)
* 472'2 2 47[2 mnvycm
where ¢ =|| —-—w5 M, —c|; Qo :T — the constant component of the force.
p @o lp

We find the control as a function of acceleration of elastic vibrations. After double differentiating
expression (5) in time subject to (14), is obtained
2
Aq __ Az 2Vy?fm COSZ—”t ,
wOTp TD
from which
2 a)ng
CosS——t=——op—r
Tp A Vycm
Substituting expression (37) into (15), we have
Qn =Qp —m’Ad, (38)

A (37)

_ (m+mn)vycm
T

where Qo the constant component of the force;

P
o _ [MagTE +my (g Tg —47°)]

4r? .
The coefficients ¢*, m”in expressions (36) and (38) can be interpreted as an amplification
coefficients of additional feedback on the elastic coordinate Aq and its derivatives. Structural scheme
of two-mass system with an additional feedback of the form (36) is shown in figure 3.

kp

F Y

Qo

v 1 | mp? 1 Aq,

£ |mp mp

Figure 3. Structural scheme of the system with additional feedback on the elastic coordinate
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In this diagram, the amplification coefficient of the additional feedback on the elastic coordinate

are equal kp =—¢". Thus, the found control can be implemented using a closed-loop by the elastic

deformation of the rope of control system providing for active damping of oscillations and the
required level of dynamic load of mine lifting installation.

References

[1] Stepanov A G 1994 Dynamics of Mine Lifting Installations (Moscow: Science) p 203

[2] Stepanov A G 1999 Dynamics of Machines ( Ekaterinburg: publishing house of Russian
Academy of Sciences/ Ural branch) p 392

[3] Kuznetsov N K 2015 The Evaluation of the Safety Braking Modes of Mine Hoist Installations
Proc. of ISTU (Irkutsk) vol 11 pp 31-34

[4] Tejszerska D and Wojnarowski J 1989 Mathematical Model of Vibrations of Mine Hoists,
Coupled with Longitudinal Zeszity naukowe Politechniki slaskiej chapter 1 pp 107-118

[5] Kaczmarczyk S and Ostachowicz W 2003 Transient Vibration Phenomena in Deep Mine
Hoisting Cables (Part 1: Mathematical model) Journal of Sound and Vibration vol 262 pp
219-244

[6] Hin SR, llina$S S and Samusia V | 2014 Mechanics of Mine Hoist (Dnepropetrovsk: National
mining University) p 247

[7] Srebnaia E G and Kondrakhin V P 2015 Mathematical Modeling of Dynamic Processes in one-
ended Lifting Machine Ropes of Great Length Materials handling equipment and logistics:
V regional student conf. (Donetsk: DonNTU) 20-21 may 2015

[8] Wolny S 2017 Emergency Braking of a Mine Hoist in the Context of the Braking System
Selection Archives of Mining Sciences 1 pp 45-54

[9] Barkand T D and Helfrich W J 1988 Application of Dynamic Braking to Mine Hoisting
Systems IEEE Transactions on Industry Applications 24 n 5 pp 884-896

[10] Tejszerska D and Switonski E 2000 Modelling of Vibrations of Hoisting Systems 2000
European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS (Barcelona 11-14 September)

[11] Tejszerska D 2001 Optimisation of Dynamic Features of Mine Hoisting Systems 10th Jubilee
Int. Scientific Conf. Achievements in Mechanical & Materials Engineering.

[12] Osypova T N and Nesterov A P 2014 On the Dynamics and Optimization of Mine Hoists
Machinery Manufacture: Collected Works 13 pp 74-81

[13] Zverev V Yu, Trifanov G D and Strelkov M A 2015 Analysing of Dynamic Loads Acting on
the Mine Hoisting Ropes Actual Problems of Increase of Efficiency and Safety of Mining and
Neftaraka-cost Equipment: Materials Il Int. Scientific-Practical Conf. Mining and Petroleum
Electrical Engineering (Perm) pp 26-32

[14] Vasiliev V | 2010 The ways of the Dynamic Loads Reducing in Ropes of Mine Lifting
Installations by Systems Automatically Controlled Safety Brake Steel ropes: collection of
proceedings (Odessa: Astroprint) 8 pp 18-29

[15] Korniakov M V 2007 Protection of Mine Lifting Installations from Dynamic Loads during
Movement of the Lifting Vessel in the Shaft (Irkutsk: Publishing house IrGTU) p 164

[16] Stepanov A G and Korniakov M V 2014 Dynamics of Machines (Irkutsk: Publishing house
IrGTU) p 412

[17] Stepanov A G 2013 The Theoretical Basis of the Dynamics of Shaft Hoisting Mining
Equipment and Electrical Engineering 7 pp 31-40

[18] Kuskildin R B 2014 The Vessel Slowdown with Cargo during Safety Braking in Mode of
Lifting the Load on the Mine Hoist Installations Proceedings of the of Il Int. Scientific-
Practical Conf. (St. Petersburg: National mineral resources University "Mining™) 1 pp 156—
160.

[19] Krutko P D 1987 Inverse Dynamics Problems of Controlled System (Moscow: Science) p 304



AMSD IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 944 (2018) 012070 doi:10.1088/1742-6596/944/1/012070

[20] Krutko P D 1991 Motion Control of Elastic Multimass Systems Journal of Machinery
Manufacture and Reliability (Moscow) 4 pp 90-96

[21] Krutko P D 2004 Inverse Problems of Dynamics in the Theory of Automatic Control (Moscow:
Machinery Manufacture) p 576

[22] Dovgan S M and Samoilenko A A 2003 Formation of the Control Laws of the Mine Lifting
Installations on the Basis of Solutions of Inverse Problems of Mechanics Mining
Information-Analytical Bulletin (Scientific and Technical Journal) 11 pp 188-191

[23] Kuznetsov N K 2009 Dynamics of Controlled Machines with Additional Links (Irkutsk:
Publishing house IrGTU) p 288



