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OPTIMIZATION MODEL FOR A MINE
HOISTING SYSTEM CYCLE
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Abstract: A model of optimum operational regime of a mine hoisting system in a
vertical shaft with the criterion of minimizing electric energy consumption subject to
kinematic constraints, is analyzed and discussed in the paper. Solutions for an optimum
three-period cycle covering unbalanced, balanced and overweight hoisting, restricted by
velocity, acceleration, time of hoisting at a constant speed and the third derivative of

distance per time, are proposed.
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1. INTRODUCTION

Selection of the equipment and operational regime of the hoisting plant in
vertical shafts represents a complex engineering task for which there are no generally
accepted calculation methods and therefore it can be performed on the basis of
recommendations from different references.

Operational regime of the hoisting system is defined by static forces during
movement of the hoisting system, by change of rates within one hoisting cycle and by

a dynamic force resulting from a change in movement velocity .
When designing a hoisting plant it is indispensable to select a hoisting system

and its kinematic diagram that will provide, under given conditions, minimum energy

consumption in the cycle of the hoisting system.
The kinematic diagram of a hoisting cycle has to satisfy the following

requirements:
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y |
f X()dt=H (1.a)
0
X(0)=X(D)=0 (1.b)
X(0)=w(0)sv,,, (1.¢) (1)

X()= d;t(t) <@y, (1.d)

X)<py, (1.e)
f;zu (1)

where: H-hoisting depth, [m]; T-total time of shaft vehicle movement, [s]; t, -
time of movement by at a constant rate, [s]; u - the ratio between the time of movement
at a constant rate and total time of movement, according to recommendation u=0.6; v,
- a maximum permitted rate, [m/s]; a;, - a maximum permitted acceleration-
deceleration, [m/s’];py,, - a maximum permitted value for the third derivative of a
distance per time, [m/s’].

In expression (1), the conditions (1.a) and (1.b) define the requirements that the
run distance should be equal to the hoisting depth within a cycle and the rate at the
beginning and the end of cycle should be zero. The conditions (1.c) and (1.d) are
defined by technical norms and refer to a maximum permitted constant rate and to
maximum values of acceleration-deceleration. The condition (1.e) that, in fact, defines
the maximum rate of change of force, has been frequently used when elaborating the
control of the hoisting system. Condition (1.f) defines the minimum time of movement
at a constant rate with the aim to secure the minimum request for cooling of electric
drive by its own ventilation during the hoisting cycle.

When a system with a constant radius of winding up the hoisting rope is

concerned, the force at the periphery of the drum or Koepe wheel is given by the
following expression:

) (2)
F=g[kQ,~(q-p)(H-2X)]+MX

where: g-gravity acceleration,[m/s?]; k-coefficient that takes resistance to
movement into account; Q-mass of the useful load, [kg]; p-a mass of hoisting rope per

meter, [kg/m]; g-a mass of balance rope per meter, [kg/m]; M-referred mass of the
system, [kg].
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2. OPTIMIZATION CRITERION

In case of hoisting systems with a constant radius of winding up the hoisting
rope, the quantity of separated heat q,, within one cycle, is represented by the following
equation:

T
q‘=ch2dt
0

(3)

where: c-coefficient.

As a criterion on the basis of which the consumed electric power for a process
under investigation can be minimized, the following functional can be written:

7 &
) 4
J= f & (X.X)dt )
0

where:

@ ={ g[kQ,~(g-p)(H-2X)]+MX *

3. INTEGRAL CURVES OF A FUNCTIONAL (4)

Establishment of the function of the law on motion X(t), regarding to the fact
that integral (4) represents a function of a higher order than the first denivative, [1]-[3],
can be done through the Euler-Poisson’s equation:

s B WL L S 5)
oX dt j5x dt* oX

On the basis of expression (5) and having in mind the expression (4) we can obtain:

2
4 2 (6)
..“!_X.-i-a ﬂ-{-ﬁX:b
Yl Tk I
where:
A . p _ABH-O)

SRR , Q=gkQ, ; A=g(q-p)
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As in expression (6) the difference A, between the weights of the hoisting rope

per meter and the balance rope per meter may vary, thus consequently three
characteristic cases can be distinguished when solving equation (6): case a. A = g(q-p)

<0 when roots are real values; case b. A =g(q-p) > 0 when roots are imaginary
values; case c. A =g(q-p) = 0. In the last case the following equation for defining the

requested function X(t) can be obtained on the basis of equation (4),and from expression
3):
d*X (7)

On the grounds of the aforesaid, we shall consider the solutions, [4], for all the

three cases of balanced hoisting that can be encountered in practice:
3.1. Case A=0, namely BALANCED HOISTING. The solution of equation (7)

and the expression for velocity, acceleration and the third derivative for a distance per
time are represented by the following expression:

X=C,+C,t+Ct*+C¢t?
X=C,+2C,t+3C,t> (8)

3.2. Case A<0, namely UNBALANCED HOISTING. The solution of equation
(6), the rate, acceleration and the third derivative of a distance per time read as follows:

X=e“(C,+C,t)+e *(C,+C,1)+p

X:Clae 4 € *(1+a1) -C,ae "“+C4e “(1 -a) 9)
X=C, a’e “+C e *'2+ar)+Cya’e *+C,ae *(at-2)
X=a’e*(C,+C,f)+3C,a’e “'~a’e “*(C,+C,1)+3C,a’e

where:

3.3. Case A>0, namely OVERWEIGHT HOISTING. The solution of equation
(6), the rate, acceleration and the third derivative of a distance per time can be written
as follows:
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X=cosat(C,+C, 1) +sina{(C;+C,1) +p
X=sinar(—C1a -C,at+C ) +cosat(C,+C a +C al)
X=cosat(-C,a’*-C,a*+2C,a)-sinat(2C,a +C,a*+C,a’%)

whg;.a?‘(cl +C,f)sinat _a3(C3 +C, r)cos at-3C2azcosat -3C 4azsina i

(10)

4. OPTIMIZATION MODEL

Having in mind the expression (3), integral curves of functional (4) and the
conditions (1), the mathematical model of optimization of a three-period hoisting cycle,
using the expression for equivalent force F_, [5]-[6], can be written in the following
form:

[T
fFldt (11)
_ |0 e
F."\ — min

conditions at the beginning and at the end of cycle:

X(0)=0 ; X(=H
X(0)=v(0)=0 ; X(T)=W(T)=0

for the conditions per periods:
in the first period:

O<r<t,
0<X(r)<S,
0<X(®)sV__
a, m<X(s<a, . (12)
XO<|P g pa |
X(0)=0 ; X(z,)=S,
X(0)=W0)=0 ; X(t)=wt,)=V,

max

in the second period:
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£, <t<t, +1,
S, <X(1)<S§,+S,
X(t)=Vm=consr (13)

X(1)=0
X(t)=S, ; X(,+t,)=S,+S
in the third peniod: = Ny i

1, +t,st<T
S, +8,<X(t)sH
0<X(f) < Voo
|Gy i | S X< ay | (14)

f(t)S ‘ p3,m.u|
X(t, +t,)=S,+S, ; X(T)=H

Xt +t)=v(t,+1) =V, ; X(D)=A(])=0

where: w - a coefficient, takes into consideration the aggravation of cooling the
motor within the period of both acceleration and deceleration; V. - constant velocity
of vehicle movement; a. -restriction of acceleration (deceleration); pi - restriction of the
third derivative per distance; S.,t. - distances and time of the corresponding periods,
1=1,2,3.

The solution for the model of optimization of the hoisting system subject to
(1.a) and (1.b) from (1) 1s given 1n [4].

S. ILLUSTRATIVE EXAMPLE

The example presented here will enable us the practical presentation of the
developed model covering investigation of the degree of influence of static balanced
hoisting on the optimum hoisting cycle. With this aim we shall try to use an almost equal
referred mass of the hoisting system in all studied variants. We shall not use, .in this
example, the third denivative of the distance per time, as a restriction factor, but we shall
present its value.

Interpretation of the suggested model will be exemplified by the hoisting plant
having the following properties:

- Hoisting system - frictional, Koepe system; hoisting depth 1000 m; height
of a headgear 60 m;

- Type of shaft vehicle-Cage; Mass of empty cage 4775 kg; number of trams
in a cage: 1; Mass of one empty tram 2940 kg; Total mass of useful load is 5880 kg;

= Number of hoisting ropes 1; Number of balance ropes 1;

— Diameter of Koepe wheel 6.44 m; flywheel moment of wheel 273000 kgny’;
diameter of sheave at the headgear 5 m; flywheel moment of sheave 96000 kgm’;
flywheel moment of motor rotor 213000 kgm?; system engine without reduction gears;
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- Diagram of winding three-period; total time of wind is 100 s: constant
velocity V_..=12 m/s; minimum ratio between a period with a constant rate and time
of movement u=0.6; interval value for acceleration and deceleration 0.6 < |a| <1.2
m/s’.

- Optimum solutions obtained by computer program CIKOPT under development,
are given In first approximation with the time step of 1 s and the distance step of 1 m.
The results and elements of calculation at w=1 are presented in Table 1.

TABLE 1. The elements of calculation and results

A=g§q-g):N E |-9._81 . IO ‘9.81 -

p, kg/m 11.10 10.60 10.10

M, kg 62877.30 62862.30 62847.30
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'
LS e
b3, S 19 s e |
a, _, m/s’ -0.6011 -0.6316 -0.6149

8, /S -0.648

[3.mac | /S’ 0.0045 ‘
Fomior kN 15.47 7175
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6. CONCLUSION

This paper presents the optimization model for a three-period cycle of a hoisting

system with the criterion of minimum electric energy consumption during the cycle,
subject to the constraints given by expression (1). The presented model allows

optimization of the parameters of hoisting kinematics, expression (1), and the parameters
of force at the border of the drum, expression (2).

Definition of optimization model of hoisting cycle, expressions from (11) to
(14), was carried out by using calculus of variation with a functional given by the
expression (4).

The functions of optimum laws on movement of the hoisting vehicles were
obtained from equation (6) and for three characteristic cases: The case of unbalanced
hoisting, the solution of which are given by expression (9); the case of overweight
hoisting, the solution of which are given by expression (10); the case of balanced
hoisting, equation (7), the solutions are given by expression (8).

Recognition of the optimum law on movement of hoisting vehicle can represent
a basis for a correct selection of concrete parameters of hoisting cycle, 1.e. a basis for

selecting a real hoisting cycle that is almost equal to the optimum one.
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