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ANALYSIS OF THE DYNAMIC REGIME OF
THE ACTUATING ELEMENT IN DISC BRAKES
OF MINE HOISTING SYSTEMS

VALENTIN POPESCU!, LAURA COJANU?,
FLORIN DUMITRU POPESCU?

Abstract: For extraction installations equipped with drum brakes, disadvantages such
as the large size of active elements, heating, cooling, and deformation of passive elements during
braking can be mitigated by using disc brakes. These brakes enable automation and the control
of braking phenomena with the help of process computers. This paper proposes an analysis of the
transient regime of the actuating element in disc brake systems for mining extraction machines
from the perspective of systems theory.
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1. THEORETICAL CONCEPTS

The main components of a surface-based mine hoisting systems are shown in
Figure 1. These include: the hoisting tower 1, the support structure (buttress) 2, the
deflection sheaves 6, the hoisting cable 7, the hoisting vessels 8, and the hoisting
machine, which consists of the cable winding mechanism 3 (in the presented case, in the
form of drums), the reducer 4, and the drive motor 5.

The operating principle of mine hoisting systems can be summarized as follows:
when the cable winding mechanism is set in motion by the drive motor, one branch of
the traction cable winds onto the drum, lifting the transport vessel associated with that
branch. Simultaneously, the cable on the other branch unwinds, causing the associated
transport vessel to descend. When the two transport vessels reach the ramp levels,
loading and unloading operations are performed, after which the transport cycle is
repeated.
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Fig. 1. The principle diagram of a surface-based hoisting systems

2. PRESENTATION OF THE TECHNICAL CHARACTERISTICS OF
THE MINE HOISTING SYSTEM AND THE SOLUTION FOR
MOUNTING THE BRAKE DISCS

Given that the MK 5x2 multi-cable mine hoisting system has been and continues
to be one of the most widely used machines in the mines of the Jiu Valley, this hoisting
installation was chosen as a reference model. For the design of the disc braking system,
the following operating conditions of the MK 5x2 extraction installation were
considered.

- Extraction capacity 1,4 mil tons/year
- Skip capacity 12t

- Daily operating time (365 working days per year) 15 hours/day

- Hourly capacity 348 tons/hour

- Daily capacity 5220 tons/hour

- Maximum transport speed 14 m/s

- Maximum unbalanced static mass of the extraction machine 20 tons
- Drive power 2x1200 kW

- Supply voltage for electric motors 720 V c.c.
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In Figure 2, the modification of the mine hoisting system drum required for the
use of brake discs is shown, while Figure 3 presents the constructive characteristics of
the disc as well as the placement of the active braking elements.

Fig. 2. Modification of the extraction machine drum
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Fig. 3. Constructive characteristics of the disc and placement of
the active braking elements



216  Analysis of the Dynamic Regime of the Actuating Element in Disc Brakes ...

3. CALCULATION OF THE HYDRAULIC PARAMETERS OF THE
ACTUATING ELEMENT

In Figure 4, the principle diagram of the braking hydraulic cylinder as an
actuating element, coupled with a distributor, is presented.
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=

Fig. 4. Principle diagram of the hydraulic cylinder

The natural frequency and damping ratio are determined by the hydraulic
capacity, the system mass, the oil volume in the hydraulic cylinder, as well as flow losses
dependent on pressure and velocity.

To achieve high characteristic frequencies, which influence the dynamic
stability of the hydraulic cylinder, the hydraulic capacity must be minimized. This
requirement can be fulfilled by using a proportional distributor mounted in close
proximity to the cylinder.

The natural frequency of the hydraulic cylinder with operational springs is given
by the following relationship:

o= 5[] (1)

where:
k,=6734700 N/m is the static constant;

» =50,14 kg is the mass of the moving elements.

[6734700 _
0, = 5072366 ':S 1:|

The damping ratio is:

2
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where:

_ ﬁ'dj B 7-0,01*
*U128-7-1 128-3.72:1072-0.1
d_,=0,01 m is the diameter of the supply pipe;
1 =0,1m is the length of the supply pipe;

=6.6-10"[m’ /(Ns)]

A =37,7-10"* m? is the active area of the piston;
n=3,72-102 N-s/m? is the coefficient characterizing the dynamic viscosity.

37.7°-107°

-8
E= 6.6-10 =5.86-107 <1
2.6734700-50.14

Since the value of ¢ is subunitary, it results that the system is underdamped.

The response time for underdamped system is calculated using the following
relation:

T
S 3
tr (L" ’ 1 52 [S] ( )

—1 = i =8.6-107 [s]
2
366-\/1—(5.86-10’3)

The determination of the calculation coefficients «,, k,and ., is done by using
the following relations:

F
ky=—— |m’ (4)
’ PP [ }
where:
£ =550N;
p =1000-10* N/m? is the maximum pressure in the cylinder.
p, =100-10* N/m? is the residual pressure in the cylinder.
550
k, = =0.61-10" |m’
* (1000-100)-10° (]
H
k=== [s/m’ (5)
where:

H__. = 0.004 m is the maximum stroke of the piston;

ma

0.. =160 I/min=2.6-10" m?/s is the pump flow rate.
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0,004
4 =W=1503 [S/mz]
N
ks =—— (6)
Op

where:
N is the hydraulic power.

O is the oil flow rate in the cylinder, m*/min.

N=22? (7)
n,

where:
» =3-10 m/s is the piston speed in the cylinder;

7, =0.92 is the efficiency.
-4 -4
Q=A v _377-107-3-107 _ 5 18 [m’/s]
n, 0.92
123-10°°-1000-10"
No 3-107-1000-10 ~134
0.92

From (6) and (7), it results that:

(.}

P

k=N _ 0 1 0gy
Qp Qp n

The variation of pressure along the piston stroke will be:

pota N _L503 134 1853 1y o1
ks H 1,087 H H

®)

The variation of the flow rate as a function of the piston stroke is determined by

the following relation:
H
O="= [m'/s] )
k,

H and @ are the current values of the stroke and flow rate. For different values

—
z|=
W

of H within the limits (0 .. 0, 004] m, the variation curves of pressure and flow rate are

determined.
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4. ANALYSIS OF THE TRANSIENT REGIME OF THE ACTUATING
ELEMENT

For the study of the transient behavior of the hydraulic actuating element, the
principle diagram shown in Figure 5 was analyzed.
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Fig.5. Principle diagram for the analysis of the transient regime of the actuating element

The oil pressure in the system acts on the piston surface, generating a hydraulic
force that balances the resistance forces from the springs and the dynamic forces.
The equilibrium equation is:

F,=F+F,+F, [N] (10)
where:
F} is the hydraulic force in N:
F, =A.p_A_2.H [N] (11)
' ky dt
where:

A =37.7-10* m? is the active area of the piston;
ky =6.6-107[m*/(Ns)];
P =1000-10° N/m?

F=k,-(p-p,) [N] (12)
%, =0,61-10% [m?]
d*x
Fzzm-yﬁm-a [N] (13)

max

« 1s the current displacement of the piston, in m;
= 1S the mass of moving parts reduced to axis of the actuating element, in kg;
a,, isthe maximum acceleration of the piston, in m/s’.
2-x
ms /s | (14)

max 2

t

min
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x,,,, ~H=0.004 m is the maximum stroke of the piston;
¢ 1s the minimum acceptable settling time, in s;
F, 1s the forces in the disc springs.

F =k -(x+x,) [N] (15)

, 1s the deflection of the spring due to precompression ( x, ~ 0 );
k, 6734700 N/m is the stiffness of the springs.

X,

F, =k -x [N] (16)
Thus, we obtain:
d*x A% dx
. +——+kx=A-p—k,-(p— 17
m 47 K, di 1 X p—k,-(p—p,) (17)

For a variation Ap of the pressure, equation (17) takes the following form:

d>x 4% dx
mo— Tk x=A-Ap—k, - (Ap— 18
i Tk ath p —k, - (Ap— p,) (13)

The corresponding transfer function is:

1

T(s)= (19)

2
m-s’+ "2 s+1
3

1 1
Is)= 37.7210° T 501452 +215-5+41
50,1457 + 2L 0 ;
6.6-10

Analyzing the differential equation of the dynamic behavior of the hydraulic
cylinder, it is observed that the real part is composed of three terms that oppose the input
variable represented by the oil pressure:

— the inertial term, which is proportional to the acceleration of the piston;

— the damping term, which is proportional to the velocity;

— the elastic term, which is proportional to the displacement of the piston.

By substituting the previously determined values, equation (18) becomes:

2
50,14-d—f+215-?+6734700~x=37,7-104 :Ap=0,61-10"-(Ap—100-10*) (20)
t t
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By substituting the values of the natural frequency and damping ratio into
equation (18), the following is obtained:

2
m’(itﬁz'awﬂ%mﬁ-xj”ﬂp—kz‘(w—m) 2D

where:
¢ 1s the damping ratio;
o, 1s the natural frequency of the hydraulic cylinder;
The transfer function of the actuating element can be written in the form:

T(s)= 1 (22)

BEzaE
a)n a)n

The real part of the response is given by the roots » and .

rl,2 :_g.wniwn. V§2_1

For undamped system, where & <1 we have:

x=e¢“-[C sin(m)+C, cos(w,t)]=k, e -cos(a)n 1= -t—l//) (23)
where:
w =arccos4/1— &7

The system’s response to a unit step input signal depends on ¢. Thus, for & <1
we have the following relation:

x:%.{l_ L oo -cos(a)”t—l//)} (24)
2

1-&2

The system’s response to a sinusoidal signal of type x = sin(a)t) was analyzed
using the transfer function, where s = jo was substituted.

1 b . a

= —-J
e 2 at+b> T dt+b?
a)ﬂ a)n

T(jw)= (25)
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The amplitude ratio is given by the following relation:

1 1
= = 2 (26)

a’+b’ 2 2
SakRt
(’On OJH

Analyzing the attenuation-frequency characteristics, it is observed that the

RS
Ap

output amplitude can tend to infinity in case of resonance (a) =, ) ,butonlyif £=0.
For ¢ subunitary, the increase in amplitude at resonance is limited according to
the following relation:

X

A = |Ap|=2-&|x| (27)

= ﬁ
The phase shift ¢ of the response is also determined from the transfer function:
25w

p= “arctan L = — arctanL2 (28)

b 0]

1-] =

a)ﬂ

The system’s response to a unit step signal is given by:

¥ = arccos |1 —(5,86-107 )" =0,0086 [rad]

Apzz.g.llz_l.{l_ ! -ei”’"’-cos(a)”t—ﬁv)} (29)

N N

Ap=4.81-[1-e™""-cos(366-¢—0,0086) |

In Table 1, the value of are presented as a function of time, while in Figure 6,
the graph of pressure variation as a function of time is shown.

Tabel 1. The value of Ap

t[s] 0,01 | 0,02 | 0,03 | 0,04 | 0,05 | 0,06 | 0,07 | 0,08 | 0,09 | 0,10
Ap [INm?] | 101 184 | 255 | 313 | 360 | 400 | 432 | 458 | 479 | 496
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Fig. 6. Time variation of pressure

The amplitude ratios is:

X 1
Ap  (2.553.102) , (1)2 )
el RO R e I el B )
363 363
X 1

Ap J1+2,89-10% 0’ +5,76-10" 0"

The variation in the amplitude ratio is shown in Table 2, and the graph of this
variation is shown in Figure 7.

Table 2. The variation in the amplitude ratio

@ [rad/s] 100 200 | 300 | 400 | 500 600 700 800 900 | 1000
x/ Ap

0,983 | 0,909 | 0,76 | 0,58 | 0,433 | 0,324 | 0,248 | 0,194 | 0,156 | 0,127
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Fig. 7. Variation of the ratio x/Ap

The phase shift of the response is:

2-5,86-107 o
it e S ,
¢=—arctan366—2:_arctan 3,2 10 76(0 :
1- lj a)z 1_7,4610 ‘@
366

For the representation of the phase shift 4 depending on the pulsation @, a

program in C language has been developed. The screenshot of the phase shift obtained
with the help of the program is shown in Figure 8.

A
S

Fig. 8. Variation of response phase shift as a function of angular frequency
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The lower the damping ratio, the faster the system's response to the variation in
the input size, increasing observability and reducing the degree of stability.
If in the relation of the transfer function in its complex form:

. b . a
7(j0) = — i (30)

b
a’+b*
and y and obtain the mathematical form of the transfer place (Nyquist's place) proceed

It is noted: —x §i

. a =y . To remove the parameter @ between .
a +b

as follows:
2

—y =
4-52-(x2+y2) 0

X —x+y' -

€2))

The system will be stable if, following the graphical representation, the
coordinate point (-1; 0) remains to the left of the curve for any value of £>0.

To determine the transfer location, the transfer function (30) is used in the form:

T(jo)= 1142 (32)
m-(ja))2 +k—-(ja))+k1

3

Using the known parameters, the curve of the transfer site was drawn by means
of a program written in the C language.

Y

0.749 1

0.0025

Fig. 9. The transfer locus graph
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CONCLUSIONS

Given that during each extraction cycle multiple braking and un-braking
operations occur, both during acceleration and deceleration periods, the hydraulic
braking elements operate almost continuously in transient mode. For this reason, it was
necessary to perform a dynamic behavior analysis of the braking element.

In this context, the mathematical model of the element coupled with a
proportional distributor was studied, and the characteristic operating equations, time
constants, amplification factors, damping ratio, and transfer function were determined.

The hydraulic parameters of the braking element were determined. For the
working pressure in the hydraulic system, a value of 100 N/m2 was adopted.

Using the Nyquist stability criterion and plotting the transfer locus based on the
calculated coordinates, it was found that the system behaves stably in transient mode.
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