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The rotors of the driving motors and the drive wheel, connected by the short rigid 
shaft are in rotary motion. Moreover in the rotary motion, elements of the supporting 
ropes, are in motion with the driving wheel in a semicircular arc. The skip tubs, as well 
as supporting and the counterbalance ropes are in reciprocal motion. 

These considerations will be restricted to one stage of the facili ty of the operation, 
namely the operational braking, as this process highly hazardous situations for 
operational reliabili ty, which may cause a failure of the fr ictional connection between the 
rope and the dri ve wheel (Knop, 1975), (Gerl ich & Horstmann, 1993), (Wolny, 2000 a). 

The characteristic feature of mine winding machinery is the distribution of the 
mechanical components between the hoisting machinery and the bottom of the shaft. 
Furthermore they are distributed unequall y throughout the system. Rotating masses, 
which form a considerable component in the total mass of the hoist, are located in 
the tower and masses of both parts of supporting and balance ropes are located 
within the depth of the shaft. Disproportion in the mass distribution will be once 
more increased (Wolny, 2000 a), when a full mining tub reaches the surface. 
Therefore, for deep and medium depths of extraction by means of winding gear it 
would be reasonable to consider the ropes as "distributed masses" and the 
respectively loaded or empty tubs as concentrated masses. 

On the other hand, some mechanical properties of the assembly e.g. the rigidity of 
particular elements are differ considerably. It could be then accepted that rotating 
masses and tubs are ideal rigid bodies whilst supporting and balance ropes are 
flexible parts of the assembly. 

Considering the case shown in Fig. 1, which is the most interesting for practical 
purposes in operational situations of skip tubs, i.e. when one tub is near the shaft top 
and the other is approaching the shaft's bottom (braking being applied as the fi lled 
tub approaches the shaft top) the hoist could be substituted by the model presented 
in Fig. 2 (Wolny, 2000 a, Wolny 2000 b). 

In this model we have: 

1 
M; = -(G1 +q! " l;) (i= I, 2), 

g 

where: G1, G2, G0 - the weights of tubs and the reduced weigh of rotating elements 
of the hoist including the guide wheels. Masses of short parts of ropes /1 (between the 
upper tub and the drive wheel) and #$(below the bottom tub near the reverse in the 
sump) are, for purposes of calculation, included in the masses of the tubs. 
The following simplifications have been made to the model presented in Fig. 2 
(Knop, 1975), (Wolny, 1987): 
- the drive wheel, rope wheels and armatures of electric motors are considered 

as a single rigid mass of the M.1./ % = IL+ I N+ I, due to the high torsional rigidity of 
the short drive shaft and the considerations give in (Knop, 1975), 
- both tubs are considered as rigid bodies, 
- structural damping in ropes is negleced due to the short time of the 

operational braking process, 
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Fig. 2. The model of the hoist facility 

vibrations from one side are no transferred across the balance rope loop onto 
the other side; thus a closed assembly of model masses (Fig. 2) could be isolated 
under this circumstance. 

The assembly from Fig. 2 could be described, after rationalisation (Fig. 3) as a one 
- dimensional, inertial system of a finite number of concentrated rigid masses 
located along a straight line and the elastic masses distributed in a continuous mode. 

f'wAw,Ew ("A E 

dx X 

lw 

Fig. 3. The model of hoist facility the case of operational braking condition after straghtening: 
Qhltl - braking force in the drive sheel, M 1 - mass of the tub with the output, MO - reduced masses 
rotating in the tower, M 2 - reduced masses of the hoist in the sump, I 1 - length of supporting ropes 
between the upper tub and the drive wheel, I., - length of balance ropes, IN - length of supporting ropes, 
AwEw, ANEN - tension rigidity of balance ropes and supporting ropes, Yw, YN - linear density of balance 

ropes and supporting ropes 

In this model - where the reaction of the short element of the balance rope /2 from 
the reverse to the bottom tub is negligibly small - the mass of this part has been 
included into the mass of the tub. 

(1) 

The model, strucured in this pattern has been verified so long as the total axial 
force in any cross-section of the rope exceeds zero. 
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Masses MO and M 1 relate to the weightless spring of the elasticity coeffi cient: 

k = ANEN 
/ 1 

(2) 

which is equal to the elasticity on the section of the supporting ropes between from 
the upper tub and the drive wheel. 

2. Operational braking of the mining hoist 

The operational braking effect of the mining hoist is the result of the action of the 
force exerted by the exerted braking applied to the drive wheel (in Fig. 3 the force 
Qh(i> is applied to the mass M 0). 

Dispalcements and strains of cross-sections of supporting and balance ropes after 
the initiation of the operational braking process could be determined after solution 
of the following equations: 

o2u(x,t) 2 o2u(x,t) 
ot2 - aw OX2 = O, 

(3) 

o2v(y, t) 2 o2v(y, t) 
Ot2 -aN 0y2 =0, 

within the boundary conditions: 

o2u OU 
M1---;:;-z = AwEw --k[u(x = O,t)+v(y = O,t)], 

ot ox X= O, 

OU 
ox= O, 

y = O, 

(4a) 

(4b) 

(4c) 

(4d) 

and assuming zero initial conditons. 
In the above relations we have: u(x, t), v(y, t) - displacements of any cross-section 

of ropes within a distance (for t = O) x, y from the origins of movable co-ordinate 
systems connected with the masses M 1 or M 0; displacements are calculated for 
systems whose origins at the moment t = O were identical with masses M 1 and M 0 

and they move with the velocity v0 = const, which is assumed to be the same as the 
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- for the supporting rope 

where: 

-1 

a, ( 1, 2, 3) - are the roots of the equation 

a3+Aa2+Ba+C = O, 

and 

(7a) 

(7b) 

(8a) 

(8b) 

(8c) 

(8d) 

(9) 

(10a) 

(10b) 
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(i= 1,2,3). (1 Od) 

Analytical formulae (7a) and (7b) determining displacements in any cross-section 
of supporting ropes and balance ropes made it possible to formulate relations that 
lead to the determination of the load of any cross-section of ropes including loads of 
tubs suspension and balance ropes: 

a) suspension of the upper tub 
3 

S,N = k[u(x = 3451) 6$7 = O,t)J = A;~N{
2
89./ .: ; " -5) ; "&) ! " #$%&'()

i=O 
3 

+ :
0
~J ! +-5) ! +&) LW;ea'']}, (11) 

i=O 

c) suspension of the bottom tub 

3 

< = A E ov(y = IN,t) = _--3:!b_ ANEN[W, +L => a,(,-!:)] 
1No N N ::1 M M 01 ' 4 4? =uy o 1 aN 

i=O 

( 12) 

(13) 

Fig. 5 shows an exemplary diagram illustrating the change of load of the upper 
tub (fi lled and approaching the upper loading level) at the stage of operational 
braking (relation 11). The experiment was made with a winding facility of the 
following parameters: 
- reduced masses rotating in the tower; * O = 40000 [kg], 
- tension rigidity of supporting ropes; ANEN = 308 [MN], 
- distance between the upper tub and the drive wheel; / 1 = 100 [ m]. 
The drive wheel was arrested by the a facility of the following parameters (relation 

(5) and Fig. 4): Q" = 248 [kN], 5+ = 0.9 [s], ' + = 2.11 [1/s] and with variable masses 
of the tub: , 1 = 30000 [kg], 35000 [kg], 40000 [kg], 45000 [kg], and 50000 [kg]. 

The curves illustrate the change of load in the suspended tub for subsequent 
values of the ratio C = M0/M1: namely: 1.33, 1.14, 1.00, 0.89, and 0.80. 
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The below simpli fication have been assumed (for the "tower" hoist): 

and (14) 

<1s1. 50 ,-----,------,----~--~---,-------, 
I kN] 

0 h;------,---~_M,'---=-30_00_0-=kg-'-' M--',/M~,=_1.3_3 

M,= 35000kg, M,/M,=1.14 

-50 t---\----+---t-t 
M,= 40000 kg, M,/M,=1.00 

-300 ~--~--~---~---'-----~--~ 
o 0.5 1.5 2 2.5 3 

time Is I 

Fig. 5. Changes of load of the upper tub suspension (fi lled) reaching the upper unloading level at the time 
of operational braking and the steady braking force (Qh = 248 [kN], 10 = 0,9 [s], a0 = 2.11 [1/s]) 

and the following solutions were obtained: 
a) displacement of cross-sections of balance ropes 

2(AE)2(AE _ ao) AE + 
Ma Ma Ml1 

+ 4(AE)2 
Mil 

AE ( AE)J AE ( AE )2 x 2-+a a +- 2--- -- 
Ml1 ° 0 Ma Ml1 2Ma 

( 15) 



! "

7[ <P = --arctg 
2 

b) displacement of cross-sections of supporting ropes 

! (ao 1) 
Mao+AE ~+T; e -aa('- a:)_ 

# $ % AE !$&' ( )!
AE] (AE)

2
a] a a0- 2- ~ - +2- ¾+2 - - 0 Ma Ma M/1 Ma /1 

*&+' *( )*+*&,*- (*.+) e -1:A(r- :N)+ AE 
! * -+a /

Ma Ma 0 Ml 
1 

AE ( AE) J AE ( AE )
!

2-+a a #* 2-- -- 
Ml1 1 2 Ma Ml1 2Ma 

·si{ J ~~ -(2:aY(t- :J+<P ]}- (16) 

Moreover, the stress in any cross-section of ropes could be determined from the 
following relationships: 

a) for the balance rope 

-2EQ 
a*(x, t) = --; 

awM 

AE ( x) 
M·ae-2Ma1-aw 

3

AE ( x) M. a e - 2Ma ,- aw 
3

AE(AE ) 2- -+a 
Ma Ma 2 2 2AE +a (a # AE)J; AE -( AE )

!

M/4 1 2 Ma M/4 2Ma 
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·sin[J2~-(~)
2(t-~)+<P;] , (17) 

Ml1 2Ma aw 

where: 

n 
<P1 = --arctg 

2 
J AE ( AE )

2 

2ML
1 
- 2Ma 

b) for the supporting rope 

-2EQ M2a 
a*(y, t) = _2_h 

M aN 2AE 

[ (
a. ] )] ao(,-a:) 

Ma5+AE _2_+- e 
a I 1 

[ 
3 AE 2 [(AE)2 

AE] (AE)2a] a0+2-a0+ - +- a0+2 - - 
Ma Ma Ml1 Ma 11 

~ y) 
M. a e - 2Ma\

1 
- GN 

+-=====o==c-----;===== 
2 2AE+a(a +AE)J2AE_(AE)

2 

Ml1 ° 0 Ma Ml1 2Ma 

___ M_a_0 __ _,,-11¾(1 
- :N)+ 

2(AE) (a + AE) 
Ma O Ma 

(18) 
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The load of the upper tub suspension loaded may be determined from the 
relationship: 

SLN = k[ u*(x = O,t) + v*(y = O, t)] = 

AE 2--eaot 
ML1 +~----~-I . (19) 

[al+ AE ao + 2 AE] 
Ma M/1 

Moreover, the force in the supporting rope at the point of disengagement with the 
drive wheel (y = O) is: 

S* = AE-óv~(y_=_O,_t) = 2AEQh 
LNcy=oi óy M2·aN 

2AE ( AE)[ ( AE) AE] ao + Ma ao ao+ Ma +2 Ml, 
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3. Measurements of forces in the tub suspension made in practice during operational 
braking of the real object 

3.1. N#. #&J I )#' " . %I %L/ ' J 1 KJ) J %$ )" # "%/, ) P"#&# )" #
#G- #&/( #. ) PJ, -#&$%&( #K

N#. #&J9 )#' " . %9%L/' J9
! 8- # %$ ( J' " /. #
S&/O#
UJ)#K &#O%9+)/%. ,
CJG/( +( &J)# %$ J,' #. )
CJ,, %$ )"# J,,#( *9#K #( - )8 )+* /. '9+K/. L /),

KJ)J %$ )"# "%/,) /. ,)J99J)/%. 4
Z[ 5ZYYY\@] YY
D/C ( %)%&F @] YY kW 
^^ &- (
u= B_ `( \,:

,+,- #. , /%. mk., 0 B_aYY `ML:



! !

" ##$%&'( $ ) *++
, $- &. / # 0 '12'13
4 / ) $1&+ / # '1$5&'* / # 5/&*&'13 $6$) $1&+ 78 , 2

) 

*9 #6: 0 . $$6 $##$%&/ #&. $ 25;)
<9 #6: 0 . $$6$##$%&/ #&. $ ) / &/ 55/&/ 5
%9 #6: 0 . $$6 $##$%&/ # &. $ 3; '2$ 0 . $$6+

mku = >?@@AB3C
H = >@D@A) C

GD; = >EFEGE [kNm2
] 

GD; = >H?I G! ABJ ) 2
] 

GD; = DH? ABJ ) 2
] 

! GHG K. $ ) $*+; 5' 1 3 *- - * 5* &; + #/ 5 5$%/ 52 ' 1 3 #/ 5%$+ ' 1 &. $ &; <
+; +- $1+'/ 1 5/ - $+

K. $ +%. $) $ / #&. $ ) $*+; 5'13 *- - *5*&; + #/55$%/ 52'13 #/5%$+ '1 &. $ +; +- $1+'/ 1+ / #
&; <+ '+ +. / 0 1 '1 L'3G FGK/ / <&*'1 ) $*+; 5$) $1&+ +&5*'1 3*; 3$ +$1+/ 5+ MN OPM/ #&. $
#/66/ 0 '13 &$%. 1'%*6 2*&* 0 $5$ $) - 6/ : $2 7Q) '$R*S H@@@9T

4 $*+;5$) $1& 5*13$ U>@@BJ
V; &- ; &( / 6&*3$ UI (
W; *6'&: 5*&'13 X@GFY
Z5'23$ ( / 6&*3$ UI [
O'31*6+ 0 $5$ 5$%/ 52$2 ; +'13 * \ P] U> +$& 0 '&. * HP <*&&$5: - / 0 $5 +/ ; 5%$

7HGFU>H( 9G 4 $*+;5$) $1& +'31*6+ 0 $5$ 3*&. 5$5$2 #5/ ) $'3. & +$1+/ 5+ 7&0 / &/ $*%.
5/- $9S*12 0 $5$ +*) - 6$2 *&* #5$̂ ; $1%: / #D@B_ `GK. $ +'31*6+ 5$%/ 52$2 #5/ ) $*%.
%. *11$6 0 $5$ %/ 1( $5&$2 &/ &$a&#'6$+ &. $1 +; ) ) $2U; - *12 #'1*66: - 5/%$++$2 ; +'13 &. $
%/ ) - ; &$5 - 5/35*) ) $ Matlab5.2. P$5'- . $5*6 ( $6/ %'&'$+ / # &. $ 25'( $ 0 . $$6 0 $5$
5$%/ 52$2 '1 *66 ) $*+; 5$) $1&+G

9. supporting ro pes 
8. screened cable 
7. box SRI 
6. ind icato r WSP 
5. recorder ZPR 1 
4. locating pad 
3. tens ion member 

1. head tubs 

L'3G FG O%. $) $ / # &. $ ) $*+; 5$) $1& 6'1$ *12 2'+&5'<; &'/ 1 / # +$1+/ 5+

! G! G ] $+; > &+ / # ) $* + ; 5$) $1 &+ / # #/ 5%$+ ' 1 & ; < +; +- $ 1 + ' / 1 + b 1
&. $ / - $5*&'/ 1*6 <5*B'13 +&*&$

b1 &. '+ - *5&/ #&. $ - *- $5&. $ 5$+; 6&+ / #) $*+; 5$) $1&+ / ##/ 5%$+ '1 &. $ +; +- $1+'/ 1 / #
&. $ &; < *- - 5/*%. '13 &. $ +. *#&&/ - '1 &. $ %/ 12'&'/ 1 / #/ - $5*&'/ 1*6 <5*B'13 / #&. $ . / '+&
#*%'6'&: / # *</ ( $ 2$+%5'<$2 &$%. 1/ 6/ 3'%*6 - *5*) $&$5+ *5$ - 5$+$1&$2G , / &&$2 6'1$ '1

! UArch. Górn ictwa 



! "

#$%& ' () * () +) , -+ -. ) () / 0 01/ 2 13 -. ) -45 +4+* ) , +$1, / * * (1/ 6. $, % -. ) +. / 3- -1*
789 : ; << = > $, -. ) -$= ) 13 1*)(/ -$1, / 0 5(/ ?$, %&

!"# $ %& '

#$%& ' & @$/ %(/ = 136. / , %) 13-. ) -45 01/ 2 $, -. ) 61, 2$-$1, 131*)(/ -$1, / 0 5(/ ?$, %31( -. ) 2$+-/ , 6) 5)-A)) ,
-. ) -45 / , 2 -. ) 2($B) A. ))0 89 : 9<< C= D

E01/ 2 15-/ $, )2 $, -. )1()-$6/ 0 61, +$2)(/ -$1, 761, -$, 414+ 0$, )>
E()/ 0 01/ 2 13 -. ) -45 15-/ $, )2 $, = )/ +4()= ), - 721--)2 0$, )>

F. ) 5(/ ?$, %/ ++)= 50G13-. ) 6. / (/ 6-)($+-$6+ *()+), -)2 $, #$%& " / , 2 2)+6($5)2 5G -. )
()0/ -$1, 7H> 5(/ ?)2 -. ) . 1$+- 3/6$0$-G& I / (/ = )-)(+ 13-. ) 5(/ ?$, %/ ++)= 50G . / B) 5)) ,
2)-)(= $, )2 1, -. ) 5/ +) 13 -. ) -)6. , 101%$6/ 0 2164= ), -/ -$1, 13 -. ) 3/6$0$-G 7J= $)K/ L
M<<<>L / , 2 ()+40-+ 13 *()++4() = )/ +4()= ), -+ $, -. ) 5(/ ?$, %/ ++)= 50G 6G0$, 2)(& ;-+
6. / (/ 6-)($+-$6 2/ -/ 15-/ $, )2 $, 6/ 0640/ -$1, + / ()N

5(/ ?$, %31(6) Qh : M" O () * +
- a0 : M&99 C98+D
- t0 : <&P< C+D&
F. ) 61, -$, 414+ 0$, ) +. 1A+ -. ) 6. / , %) 1301/ 2 13-. ) -45 +4+*), +$1, 15-/ $, )2 3(1= L
-. )1()-$6/ 0 / , / 0G+$+ 7()0/ -$1, 799 >>&

Q$= $0/ (0G $, #$%& O $+ *()+) , -)2 -. ) 6. / , %) 1301/ 2 13-. ) -45 +4+*), +$1, 15-/ $, )2
3(1= = )/ +4()= ), -+ 721--)2 0$, )> $, -. ) 61, 2$-$1, 13 1*)(/ -$1, / 0 5(/ ?$, % 31( -. )
0) , %-. 13+4**1(-$, %(1*) 5)-A)) , -. ) 3$00)2 -45 / , 2 -. ) 2($B) A. ))0 ; 9 : OM< C= D
()/ 0$+)2 5G -. ) 5(/ ?$, % / ++)= 50G / + $, -. ) *()B$14+ 6/ +)& F. ) 6. / , %) 13 01/ 2
13 -. ) -45 +4+*), +$1, 15-/ $, )2 $, -. )1()-$6/ 0 61, +$2)(/ -$1, $+ *()+) , -)2 5G
61, -$, 414+ 0$, ) 7/ + $, *()B$14+ 6/ +)>&

R )/ +4()= ), -+ = / 2) $, -. ) 3$, / 0 +-/ %) 13 -. ) 1*)(/ -$1, / 0 5(/ ?$, % +. 1A -. )
+$%, $3$6/ , - $, 6()/ +) 13 -. ) -45 +4+*), +$1, 01/ 2 -. / - 61402 5) +)) , $, -. ) *()+) , -
2$/ %(/ = + 7#$%& ' / , 2 #$%& O>& S+ / = / --)( 13 3/6- $- $+ -. ) ()+40- 13 -. ) / 22$-$1, / 0
01/ 2$, %13-. ) -45 +4+*), +$1, 1A$, %-1 )0/ +-$6 2)31(= / -$1, 13 (1*)+ / 3-)( -. ) 2($B)
A. ))0 +-1**/ %)&



35 

700 r-----,--------,------,----.--~-~-~---.----,-------, 

,:~;,, ! i T + 1 ,,·:= 820 m :: ·:• H , 
\ 1 I I I , I ! 

600 -~- - - -7-- ---- : ---- -- : - -----: - ----- : - - ----1-- - --- ~ - - - - - - ~- - ~ , 
' ~ ' Theoretical load : 

1 

' { 

I I I I I I I I 1 t 1 

\ : '. '. / R:~I loo~ : : : r 

:: .. \ i j '\ ~ z : . j . : ! j ·/ \., : y : ~--,,/ : \ : : ,' ,;,- 
400 - ; t '{ t -;-i 1 \ ~ ,-~ ~ ,' ~ 

: /~,' '\_:,,' 

550 

350 ~-~-~-~-~-~-~-~~-~-~~ 
o 0.5 1.5 2.5 3.5 4.5 

time Isl 

Fig. 8. Diagram of change of the tub load in the condition of operational braking for the distance between 
the tub and the drive wheel 11 = 820 [m] 

- load obtained in theoretical consideration (continuous line) 
- real load of the tu obtained in measurement (dotted line) 
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Fig. 9. Run diagram made at the time of testing the suspension load in condition of operational braking 

Moreover in Fig. 9 is presented the diagram of the tub travel made at the time of 
testing the load in the tub suspension in operational braking condition at the 
stabilised running velocity of the tub u= 16 [m/s]. 

4. Conclusions 

The results of measurements (in this paper limited to the measurement of forces in 
the tub suspension) correspond to the predicted theoretical values based on the 
dynamic analysis presented in this paper. Differences in typical values for the process 
of operational braking may be seen in the time function diagrams of the measured 

3* 
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