
ZESZYTY NAUKOWE POLITECHNIKI 1989

S eria : GÓRNICTWO z .  180 Nr kol. 1043

INTERNATIONAL CONFERENCE: DYNAMICS OF ¡MINING MACHINES 
DYNAMACH '89

Józef WOJNAROWSKI,
Andrzej NOWAK

I n s ty tu t  Mechaniki i  Podstaw K on stru kcji Maszyn 
P o lite c h n ik i ś l . ,  G liw ice

MODELLING OF MINING MANIPULATOR IN MOTORS FORMALISM

Summary. I n  t h i s  p ap er  th e  way o f  m o d e llin g  o f  m in in g  m an ip u la tor  
b a sed  on th e  m otors fo r m a lism , a s  i t  i s  u n d ersto o d  b y  M isea , has  
b een  fo r m u la te d . The range o f  m o d e llin g  in c lu d e s  th e  k in em a tic  ana­
l y s i s ,  i n  th e  se n s e  o f  screw s v e l o c i t y  and a c c e le r a t io n  and th e  
dynamic a n a ly s i s ,  from  th e  d e s c r ip t io n  o f  wrench program s. I t  h as  
b een  p o in te d  o u t th a t  k i n e t o s t a t i c  b a la n c e  o f  th e  m an ip u la tor  can  
be a c h ie v e d  when th e  c e n t r a l  l i n e  o f  wrenoh fo r c e s  i s  c o l l i n e a r  to  
th e  screw  a x is  o f  w rench v e l o c i t y .  G raphic r e p r e s e n t a t io n  o f  r ecu r­
r e n t  p ro ced u re  o f  c a lc u l a t i o n s  h as b een  a ch iev ed  b y  term o f  wrench  
g r a p h s .

1. INTRODUCTION

The in c r e a s e  o f  m in in g  o u tp u t from th e  d eep er  and d eep er  d e p o s i t s  cau­
s e s  th e  change o f  m ethods te c h n o lo g y  and means o f  r e a l i z a t i o n ,  by  th e  u s e  
o f  a u to m a t iz a t io n  and r o b o t s ,  in  th e  m in in g  p r o c e s s e s .  M o d e llin g  th e  raa— 
c h in e s -m a n ip u la to r s  i s  one o f  th e  ways o f  f u l f i l l i n g  co m p lic a te d  m in in g  
works w ith  m inim al p a r t  o f  mom—o p e r a to r . Such t r i a l s  have been  d e sc r ib e d  
in  th e  work . In  th a t  p ap er g r e a t  a t t e n t io n  has been  d r iv e n  to  th e  
k in em a tic  and dynamic a n a ly s is  o f  m in in g  m a n ip u la to rs  as on e s s e n t i a l  
s t e p  i n  th e  m o d e llin g  o f  th e s e  m ach in es.

The method o f  m a tr ix  tra n s fo rra a tio n  o f  c o -o r d in a te s  s o - c a l l e d  m a tr ix  
o f  k in em a tic  p a ir s  t r a n s i t i o n  h as b een  a p p lie d  in  our r e se a r c h  c o n s id e ­
r a t i o n s .  In  t h i s  p ap er  th e  way o f  m o d e llin g  o f  m in in g  m an ip u la tor  w ith  
th e  u se  o f  m otors form alism  has been  fo rm u la ted  £2] .  Such an approach  
s i m p l i f e s  th e  k in em a tic  and dynamic a n a ly s is  o f  m a n ip u la to r  on th e  way 
o f g e n e r a t in g  a n a ly t ic  a lg o r ith m s ^ 3 j. The u se  o f  wrench r e d u c t io n  graphs 
makes e a s i e r  th e  o r g a n iz a t io n s  in  g ra p h ic  r e p r e s e n t a t io n s .
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2 . KINEMATIC ANALYSIS OF MANIPULATOR IN REPRESENTATION OF WRENCHES

The m odel o f  m in in g  m a n ip u la to r  has b een  shown in  th e  diagram  1 , The 
mechanism o f  th e  m a n ip u la to r  c o n s i s t s  o f  th e  open c h a in  o f  fo u r  l i n k s ,  
th e  l a s t  one b e in g  th e  g ra b . L ea v in g  o u t th e  l o c a l  m o b i l i t y  o f  th e  g rab , 
th e  th ir d  and th e  fo u r th  l in k s  w i l l  be c o n s id e r e d  as o n e . The l i n k  0 
b u ild s  up th e  fram e a t  th e  some tim e b e in g  th e  body o f  th e  m ach in e. There 
are  th r e e  s p h e r i c a l  J o in t s  in  th e  m echanism i th e  J o in t  A h as two de­
g r e e s  o f  freed om , th e  J o in t  B h as th r e e  d e g r e e s  o f  freedom  and th e  
J o in t  C a g a in  h as two d e g r e e s  o f  freed om . To eaoh  o f  th e s e  l in k s  a r e ­
l a t i v e  sy stem  o f  c o -o r d in a te s  h a s  b een  c o n n e c te d , th e  sy stem  (x q , y o , z q) 
i s  m o t io n le s s .  The c h a in  h as m o b i l i t y  s e v e n  l e a v in g  o u t th e  l o c a l  move­
m ents o f  th e  g ra b , b eca u se  o f  th e  sp h e r ic a l J o i n t s , to  k in e m a tic  and dy­
namic d e s c r ip t io n  o f  m a n ip u la to r  we h ave ta k en  E u le r 's  a n g le s  a s  g e n e r a l  
c o - o r d in a t e s .  They a re  shown i n  diagram  2 f o r  ea ch  J o in t  s e p a r a t e ly  w ith  
th e  l i n e s  o f  n o d e s . S e a r c h in g  k in e m a tic  a n a ly s is  o f  m a n ip u la to r  w ith  th e  
u se  o f  m otors m ethod, th e  d i v i s i o n  o f  J o in t  movement has b een  a c h ie v e d  
in t o  th r e e  em pty r o ta r y  m ovem ents, w h ich  d oes n o t  demand th e  c o m p lic a te d  
from o f  m a tr ix  o f  t r a n s i t i o n  f o r  J o in t .  In  th e  p r e s e n te d  method we have 
taken  f o r  each  J o in t  a s e p a r a te  ( r ^ - l )  l in k s  o f  z e r o  le n g t h ,  w here r^ 
means a d eg ree  number o f  freed om . Such an approach makes p o s s ib le  r e s e a r ­
c h in g  k in e m a tic s  o f  m a n ip u la to r  by  th e  c o m p o s it io n  o f  s im p le  r o ta r y  move­
m ents r  l i n k s ,  w here r  means m a n ip u la to r  m o b i l i t y .

In  th e  diagram  3 we have shown th e  graph o f  th e  compound m otor v e lo ­
c i t y  o f  th e  mechanism f o r  se v e n  r o ta r y  movements as th e  r e s u l t s  o f  th e  
d iv i s i o n s  o f  r o ta r y  J o in t  movements in t o  th e  com ponent r o ta r y  m ovem ents.

Fig. 1.
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Fig. 2.
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R educing  th e  graph we d eterm in e  th e  m otors v e l o c i t y  o f  p o le :
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w here: B n r , a r e  a n t y sy m m etr iea l m a tr ic e s  o f  c o -o r d in a te s  o fA5 BC OJJ
p o in t s  B ,C ,D  in  th e  l o c a l  sy stem  o f  l in k s  c o - o r d in a t e s ,

CO* = [ o ,  0 ,  cp j'1' < 2  = [ v  0 , o ]
(15)

C0* = [ ° ,  0 , ?3] < 2 = [°> °1

co*3 = [¥V 0 . °]T > “ 31 = [°’ °> ̂ 7f .  “ 32 = [V6’ °’ °]

N ext we d eterm in e  th e  m otors o f  p o le  a c c e l e r a t io n  on th e  b a se  o f  equa­
t io n s

aA = °  ,

aB = aA + ®AB 6 1° + °AB “ i °  » CAB = ®AB “ l ’

aC = “ b + ®BC £ 2° + CBC W2° * °BC X ®BC W2 *

®U = a C + ®CD ^3° + °CD “ 3° ’ CCD = ®CD W3 ’

fi,° « W 11 * “ t2

62°  = " l l  * W2° + “ 21 X " 2 2  + W21 X W23 + " 2 2  X "23 (17)

63°  = <o2°  x o>3°  + <0° ,  x  w32

and th e y  a r e :

A- = { £ 1°» aAJ 9 AB = i £ 2 * “bJ*

c 0 
3

A

Ac = (e3°* ac) ' ad =  ̂̂ 4 » ^d)‘
( 1 8 )

The above d ep en d en c ie s  and e q u a tio n s  are e a sy  to  be programmed w it ­
h ou t th e  n e c e s s i t y  o f m u l t ip l i c a t io n  o f  m a te r ic e s  and w r it in g  in  co m p li­

c a te d  e x p r e s s io n .
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3. MOTORS IX KINETOSTATICS DESCRIPTION OF MANIPULATOR

The aim o f the a n a ly s is  i s  to  determ ine the d r iv in g  moments fo r  lin k s  
and the r e a c t io n s  in  k inem atic p a ir s .  Ve assume th a t v e l o c i t i e s  and 
a c c e le r a t io n  o f l in k s ,  d e sc r ib in g  the movements o f the grab in  th e space  
are known. The k in e to s ta t ic  a n a ly s is  i s  conducted in  th e co n v eo tio n  mo­
vement s e t t in g  o f  the mechanism.

In the diagram (4 )  the a c t iv e  and p a s s iv e  power system s and the r e s i s -  
■ance to  m otion th a t work on the each l in k  have been shown. 
stand  fo r  the in sta n ta n eo u s p o s i t io n s  o f  a x is  o f  r o ta t io n  o f lin k s  along  
which there are s itu a te d  the v e c to r s  o f  d r iv in g  moments and moments o f  
f r i c t i o n  in  j o in t s .

Forces o p era tin g  on l in k s  are d escr ib ed  by th e corresp on d in g  motors 
of f o r c e s .  The a n a ly s is  begun w ith  th e l a s t  l in k  o f  m anipulator and i s  
proved in  th e lo c a l  system s o f  c o o r d in a tes  o f  l in k s .

1 . Link 3

The main motor o f a c t iv e  and p a ss iv e  fo r c e s  in  the p o le  C i s  d efin ed

_Q___

F ig . 4 .

(19)

where s  + IF.3 " 3 3 3 ’ 03 • ( 20 )

(21)
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i s  th e  moment o f  i n e r t i a  co u n ted  a c c o r d in g  to  E u le r ’ s  form ula , 
i s  th e  a b s o lu te  a n g le  v e l o c i t y  o f  th e  l i n k  determ in ed  in  th e  system  

o f c o o r d in a te s  o f  th e  l i n k  3 ,  i s  a b s o lu te  a n g le  a c c e l e r a t io n  o f  the
l i n k .

The m otor o f  r e a c t io n  i n  th e  p o le  C i s  d eterm ined:

c • *3

and th e r e la t iv e  motor o f  v e lo c i t y :

(22)

v: = H »  °)» ( 2 3 )

where <*>3 i s  the r e la t iv e  an g le  v e lo c i t y  o f  the l in k .
The d r iv in g  moment M o f the l in k  we d e f in e  from th e equation  o f  po­

wer:

*3° "3 + (Mc * Mcr) Vc = 0 ( 2«0

from which we have:

«3* = M 3* - ^ 3  + rcc3 * V 3> »3 *

M 3° = M 3° C3 ’ «3 = - 3  / I “ 3 I

(25)

( 26)

The r e a c t io n  in  the p o le  C i s :

r £3) = - v 3 = - (b 3 + c 3 + f 3). ( 27)

The k in e m a tic  en erg y  o f  th e  l i n k  in  a b s o lu te  movement i s  determ ined:

E3 =  ° * 5  (Vc3 B3 V c 3 }  =  ° * 5  <»3Vc3 +  W 3  J c 3
( 28 )

w here

Vc3 = i^3 » V c3) ( 2 9 )

i s  th e  a b s o lu te  m otor o f v e l o c i t y  in  th e  c e n te r s  o f  m ass,

B3 =
c3

(30)

i s  th e m atrix  o f in e r t ia  o f  the l in k .
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On th e  b a s i s  ( 2 8 ) wo co u n t th e  red u ced  moment o f  i n e r t i a  o f  th e  l i n k  

J * - 2 \  - V°3 \r3 k P  K r
* 2 E_ vj B V* 3 = _£3__ ? c3 (31)

2 . L ink 2

We make th e  r e d u c t io n  o f  m otor ( 2 2 ) to  th e  c o o r d in a te s  sy stem  o f  the  

l in k  2 :

* i 2) = - K 2 ^ 3) = K 23W 3 = W 32) * (32)

m ;(2) = - k 23m ;<3>, k 23 = 4 2)- (33)

In  th e  p o le  B we d e f in e  th e  main m otor o f  l i n k  2:

«B = iW 2* * b ) * (3*0

w here

V 2 = ®2 + C 2 + R i2) * ®2 * °2 + V 32)* (35)

«B  + * b 2  + r BC2 1 W2 * r C2C 1 V 32) * (3 6 )

w here

* b 2 = -  [Jc 2 6 2 + ( J c 2
(37)

In  th e  p o le  B th e  m otor o f  r e a c t io n  i s  d e f in e d :

Mg ={4 2) (38)

W© d eterm in e  th e  d r iv in g  moment o f  th e  l i n k  u s in g  th e  e q u a tio n  o f  

power:

M 2e<°2 + <MB + MB,*> VB = ° • (39)

where

<  ={<•  o). < ° < Z <  °- (,t0)
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U sing th a  eq u ation  (3 9 )  we count:

M e  -  (*L  + r  x V  + r  x V 12 )̂2 2 t**b2 BCg 2 rc2C 3 '

< / | » * |

(2),

«I#
2 =

The r e a c t io n  in  th e  p o le  B i s :

4 2> ,  -  V 2 = -  (B2 * o 2 4 V<2>) .

We count th e k in e t ic  energy o f  th e  l in k  by:

E2 = ° * 5 (Vc I  B2 VC2) = ° ’ 5 (» 2 VC2 + W2T JC 2 t° 2 ) *i

where

(M)

(*•2)

(**3)

(W.)

VC2 = { «2* VC2) » B2 =
0 Jt02

(4  5)

and the reduced moment o f  in e r t ia :

r2 ( M )

3 . L ink  1

The k i n e t o s t a t i e  a n a ly s is  o f  th e  l i n k  1 i s  done a t  th e  l a s t  s t e p .  We 
make th e  r e d u c t io n  o f  m otor ( 38 ) to  th e  sy stem  o f  c o o r d in a te s  o f  th e  

l in k :

®( 1 ) _ Tic -  k  V -  1 )
*B = K 12 B “ K 12 * 2  ‘  * 2

-  -  SC M ^ 2  ̂ K = ^  SĈ 2  ̂ .2 = -12 2 ’ 12 12 12 12

Ve d e f in e  th e  main m otor in  th e  p o le  A:

*A = ( v i*

where
,(1)

ri = ® 1 + ° 1 + V 2 « B 1 ----------- 1 "C1

( 2*8 )

(<*9)

(5 0 )

(5 1 )
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M A = *bt + rACl * W 1 + * C $B f  V i 0  (52)

“bl * - [JC1 £ 1 * W 1 X (JC1 w i>] (53)

The m otor o f  r e a c t io n  in  th g e  p o le  A i s  d eterm in ed :

MAr  = <5<0

U sin g  th e  e q u a tio n  o f  power:

M18 <  + (»A + MAr) Vt = °* (55)

where

V* = {cn* , 0 }

i s  th e  r e l a t i v e  m otor th en  we d e f in e  th e  d r iv in g  momennt o f  l in k :

M1 = M1 “  (*S>1 + r AC1 x  W 1 + ® *  * (5 6 )

M l" = M l" ®* ’ ®T = W 1 / \ w * \  (57)

The r e a c t io n  i n  th e  node A i s :

R i l) = - W 1 = " (®i + G 1 + (58)

The reduced  moment o f  i n e r t i a  o f  th e  l i n k  d e term in es  depend ence:

v T D V, *  ... c i  U1 C1 . .
r  =  7 - 7 -  (59)
1 («* )

where

VC1 = ’VCl}

i s  th e  a b s o lu te  m otor o f  v e l o c i t y  in  th e  c e n te r  o f  m ass.
The reduced  moments o f  i n e r t i a  o f  l in k s  r e f e r  to  t h e i r  in s ta n ta n e o u s  

a x is  oi r o t a t io n .  Now we ta k e  under th e c o n s id e r a t io n  th e  k i n e t o s t a t i c  
b a la n c e  o f  th e  m a n ip u la to r  w hich  w i l l  be d e s c r ib e d  on th e  b a s i s  o f  th e  
l i n k  1.  The main m otor i s  red u ced  to  th e  w rench o f  f o r c e s :
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F1 = i V 1 * «Si! <60>

whore

* S1 = *, « V l » i l

Ve d e f in e  th e  e q u a tio n  o f  th e  c e n t r a l  l i n e  o f  th e  wrench o f fo r c e s :

1 , = xQ1 + t  ^  ( 62 )

where
x^ 1 means th e  c o o r d in a te s  o f  the a r b it r a r y  p o in t  o f  s t r a ig h t  l i n e .

In  p a r t i c u la r  we d e f in e  th e  p o in t  s i t u a t e d  n e a r e s t  to  th e  p o le  A:

rA Q
%  x  M

-1   (63)
lV ll

The r e d u c t io n  o f  th e  v e l o c i t y  m otors o f  th e  l in k  to  the k in em atic  
wrench i s  d on e , to o :

si = i“ r  v sil » {6k)

where

u ) 1 f V .

V S1 = ^  1 “ V  i * t  = ■j j y  • ( 6 5 )

B ecau se  v e l o c i t y  v  = 0  wrench S i s  red u ced  to  m otor:
A  1

si = W 1 (66)

and th e  wrench l i n e  ( t h e  w rench a x i s )  o v e r la p s  w ith  th e  in s t a n t  a x is  of
r o t a t io n  P^.

The l in k  s i  b a la n ced  k i n e t o s t a t i c a l l y  when th e  c e n t r a l  l i n e  i s  p a r a l l e l  
or o v e r la p s  w ith  th e  w rench l i n e ,  in  t h i s  c a s e  w ith  th e  in s ta n ta n e o u s  
a x is  o f  r o t a t io n  o f  th e  l i n k .  I t  means th a t  th e  d r iv in g  moment o f  the  
l in k  i s  th e  r e v e r s e  v e c t o r  to  th e  moment o f  r e s i s t a n c e  to  m otion  and the  
r e a c t io n  in  th e  node A has th e  d ir e c t io n  o f  th e  in s ta n ta n e o u s  a x is  o f  
r o t a t io n .  The m a tte r  o f  k i n e t o s t a t i c  b a la n c e  o f  open ch a in  h as been  
d e s c r ib e d  in  d e t a i l s  in  works F1*, 5] .
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. CONCLUSIONS

The Form alism  o f  th e  m otors th e o r y  makes p o s s i b l e  fo r m u la t in g  th e  
k in e m a tic  and dynamic a n a ly s is  m ethod o f  m in in g  m a n ip u la to r s . I t  makes 
e a s i e r  th e  in t e r p r e t a t io n s  o f  b a la n c in g  o f  th e s e  m ach ines a s  th e  a rra n g e­
ment o f  ch a n g ea b le  s t r u c t u r e .  The p r e s e n te d  way o f  m o d e llin g  and d e s c r i ­
bed a lg o r ith m s  c a n  b® u se  i n  th e  d e s ig n in g  p r o c e s s e s  s p e c i a l l y  i n  th e  
m in in g  r o b o t i z a t io n .
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MODELOWANIE MANIPULATORA GÓRNICZEGO W FORMALIZMIE MOTORÓW

S t r o s z c z e n i e

W p racy  b a zu ją c  na fo r m a liz m ie  motorów w s e n s i e  M ise sa , sform ułow ano  
sposób  m odelow ania m an ipu latorów  sto sow an ych  w g ó r n ic t w ie .  Z akres m odelo­
w ania obejm uje a n a l iz ę  k in em atyczną  w u j ę c iu  motorów p r ę d k o ś c i i  p r z y ­
s p ie s z e ń  o ra z  a n a l iz ę  dynam iczną w o p i s i e  sk rę tn ik ó w  s i ł  aż do generow a­
n ie  a lgorytm ów  i  programów o b lic z e n io w y c h . W p ra cy  p onadto w ykazano, że  
wyrównoważenia k ln e t o s ta t y c z n e  m a n ip u la to ra  można u z y sk a ć , gdy l i n i a  cen ­
tr a ln a  s k r ę tn ik a  s i ł  j e s t  k o lin e a r n a  z  o s i ą  śrubową s k r ę tn ik a  p r ę d k o ś c i .  
D z ię k i z a sto so w a n iu  grafów  sk rę tó w  u zysk ano g r a f ic z n ą  r e p r e z e n ta c j ę  
rek u ren eyJn ej p roced u ry  o b l i c z e ń .
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