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OC servomotors as appl ied t o  robots and machine too l s  can be app l ied  e i t h e r  as torque con t ro l  devices o r  speed cont ro l  
devices. For torque con t ro l  the cur ren t  t o  the  motor i s  the  i npu t  var iab le ,  and f o r  speed con t ro l  the  vol tage i s  the  
i npu t  var iab le .  The se lec t i on  o f  the  appropr iate type o f  con t ro l  va r iab le  i s  based upon the  opera t ing  systems and i n  
each case a d i f f e r e n t  con t ro l  loop s t ruc tu re  i s  required'. The present paper i s  concerned w i t h  the  design o f  the  cont ro l  
loops and the  se lec t i on  o f  c o n t r o l l e r  types. Guidelines are presented f o r  choosing the  appropr iate type o f  con t ro l  loop 
f o r  robot systems. 

In t roduc t i on  
Most small t o  medium s i ze  robots u t i l i z e  DC servomotor actuators.  
Two a l t e r n a t i v e  approaches e x i s t  t o  the  con t ro l  o f  the  motion o f  
a robot  arm d r i ven  by DC motors [l]. One approach i s  t o  con t ro l  
the  torque o f  t he  robot  arm by manipulat ing the  motor current.  
Another approach i s  t o  con t ro l  t he  motor r o t a t i o n a l  speed by ma- 
n ipu la t i on  o f  t he  motor voltage. The f i r s t  approach, based on ma- 
n ipu la t i on  o f  cur ren t , t rea ts  the  torque produced by the  motor as 
an i npu t  t o  the  robot  j o i n t  as shown i n  Fig.  1. The second ap- 
proach, based on manipulat ion o f  vol tage, t r e a t s  the  robot  arm as 
a load disturbance ac t i ng  on the  motor's sha f t ,  as shown i n  
Fig. 2. This  basic d i s t i n c t i o n  i s  no t  merely a ph i losoph ica l  one, 
and has important p r a c t i c a l  consequences f o r  the f i n a l  con t ro l  
system design. 

A s t r a i g h t  forward approach t o  the  con t ro l  o f  robot  arm mot ion i s  
t o  apply a t  each j o i n t  the  necessary torque t o  move the  manipula- 
t ed  ob jec t  and t o  overcome f r i c t i o n ,  g r a v i t y  forces, and dynamic 
torques due t o  the moment o f  i n e r t i a .  Torque con t ro l ,  based on 
manipulat ion o f  DC motor current,  u t i l i z e s  usua l ly  a cur ren t  
am l i f i e r  i n  the motor 's d r i v e  un i t .  A cur ren t  a m p l i m a  de- + vice w i c h  suppl ies a cur ren t  p ropor t iona l  t o  i t s  i npu t  vol tage, 
and has a h igh  output resistance. 

The a l t e r n a t i v e  approach i s  t o  con t ro l  t he  speed o f  the  robot  
arm by manipulat ion o f  t he  DC motor vol tage, u t i l i z i n g  a vol tage 
am l i f i e r  i n  the  motor 's d r i v e  un i t .  S im i la r  approach i s  
+ .  usua y used i n  hydrau l i c  d r i ven  robots.  A vo l tage a m p l i f i e r  
provides an output vol tage propor t iona l  t o  i t s  i npu t  voltage, 
and i s  capable t o  supply the  cur ren t  requ i red  by the  motor. 

The present paper canpares the  two approaches and provides re -  
commendations t o  the  adjustments o f  t he  gains i n  the  two loops. 
The c o n t r o l l e r  i n  a l l  cases i s  a microprocessor, but  the  ana lys is  
neglects the  e f f e c t  o f  sampling i n  the  con t ro l  loop. This i s  
allowed since the  sampling per iod  i s  much smal ler  than the  domi- 
nant t ime constant o f  t he  con t ro l  loop. 

Control  Loop Using Current Amp l i f i e r  

One approach t o  the  con t ro l  o f  robot  j o i n t  motions i s  t o  apply 
an appropr iate torque t o  overcome grav i ty ,  f r i c t i o n ,  and dynamic 
torques due t o  the  moment o f  i n e r t i a ,  J. Several such con t ro l  
loops are discussed i n  the l i t e r a t u r e  C2-81, and a r e l a t i v e l y  
soph is t i ca ted  loop w i t h  a compensation f o r  the  moment o f  i n e r t i a  
and g r a v i t y  torque i s  discussed i n  t h i s  paper. 

The block diagram o f  the  compensated torque con t ro l  loop i s  shown 
i n  Fig. 3. I t  contains a p ropor t iona l -der iva t ive  (PD) con t ro l l e r ,  
where the  propor t iona l  gain $ causes a f i n i t e  steady-state e r r o r  
( f o r  a s tep  i n p u t )  and the  de r i va t i ve  gain must be added f r o m  
s t a b i l i t y  considerat ions.  Compared w i t h  basic con t ro l  loops, the  
compensated loop i n  Fig. 3 contains the  fo l l ow ing  features:  

1. An es t imat ion  o f  the  mcment o f  i n e r t i a  j i s  inser ted  as a 
programmed gain. The gain J can be introduced e i t h e r  as i n  
Fig. 3,[7] o r  i n  the  acce le ra t ion  feedforward block alone, 
i.e., Jsz [el. 

An es t imat ion  o f  t he  s t a t i c  torque due t o  g rav i t y  T 
gramed i n  o rder  t o  reduce (o r  e l im ina te )  the  r e l e v j n t  
steady-state e r ro r .  

An acce le ra t ion  feedforward term i s  added i n  order t o  improve 
the  accuracy i n  ob ta in ing  the  requ i red  dynamic torque. 

2.  i s  pro- 

3. 

The equations o f  t he  compensated loop are as fo l lows: 
T 

T = ( [ (e r -e )  ( K ~ S + K  P ) + s2a r i j  + ~ I K ~ K ~  ( 1  1 

( 2 )  and e = (T - TS)/Js2 

Combining Eqs. (1 )  and (2) y i e l d s  the  closed-loop equation: 

where 

K = K K K and K ,  = KaKtKp. 
I a t d  

Equation (3 )  represents a second order system w i t h  a damping 
fac to r  o f  

K1 f3-  
5 ' 7  T g  

and a na tura l  frequency o f  

w -  f i  
n T  

I n  t h i s  system the  a m p l i f i e r  ga in  i s  adjusted such t h a t  

Ka\ = 1 (61 

Consequently, Eq. ( 3 )  becomes 

and the  steady-state p o s i t i o n  e r r o r  f o r  a step i npu t  i s  

( 4 )  

where T 
steady h a t e  i s  a constant T 

i s  t he  Laplace t rans form o f  a torque which a t  the  
caused by the  g r a v i t y  force,  namely 

9 
T 

9' If the estimated torque f 
the steady-state pos i t i ong  e r r o r  i s  zero. 

S im i la r l y ,  i f  the  est imated i n e r t i a  J i s  equal t o  the  ac tua l  
i n e r t i a ,  J, Eq. (7) y i e l d s  the  i dea l  s i t u a t i o n  e'er and conse- 
quent ly,  from Eq. ( 2 )  

i s  equal t o  the  actual  torque T 

T 

T = JszBr + 2 
so t h a t  t he  motor always produces the  requ i red  dynamic and 
s t a t i c  torques. 

The obvious problem w i t h  t h i s  type o f  system i s  the  need t o  have 
an accurate est imate o f  t he  changing g rav i t y  torque and moment 
o f  i n e r t i a  i n  order t o  ob ta in  the desired p o s i t i o n  and dynamic 
response. I f  the  moment o f  i n e r t i a  i s  w e l l  estimated, then 
J = 2 and the  i dea l  response e ( t )  = e,. i s  obtained regardless o f  
5. I f ,  however, J = J. ca tas t roph ic  r e s u l t s  might occur. This i s  
demonstrated i n  Fig. 4. Assume t h a t  t he  gain J "as adjusted so 
t h a t  c = 0.71 f o r  3 = Jav and consequently the  corresponding 
response i s  an i dea l  step. I f  the  ac tua l  J becomes 8 t imes 
la rger ,  then the  damping f a c t o r  i s  reduced t o  0 . 7 1 / a  = 0.25. 
which r e s u l t s  i n  an overshoot o f  46%. A s i m i l a r  phenomenon 
occurs a lso  w i t h  the  basic loop. However, i f  the  ac tua l  J be- 
comes 8 t imes smal ler  than 9 ,  then e(0)  ? 8ed and the  correspon- 
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d ing  overshoot i s  7005! This must be avoided by a l l  means. 

The compensated loop can operate e i t h e r  w i t h  a va r iab le  gain. 
where 3 var ies  du r ing  the  arm motion, o r  w i t h  a f i xed  gain J. 
I f  j i s  a f i xed  gain, the  best performance is-obtained by ad- 
j u s t i n g  i t  t o  J = Jmin. This guarantees t h a t  J /J  ( 1. When the  
ac tua l  i n e r t i a  i s  a t  i t s  minimum, the  maximm damping fac to r  i s  
achieved, as car! be seen from Eq. (4 ) .  The min i run  damping 
fac to r  occurs a t  Jmax,.so t o  avoid la rge  overshoots i t  i s  desi-  
rab le  t o  ad jus t  the  gains such t h a t  :min > 1 .  This Min-Max ad- 
justment method produces 

7 

K, J’min 
‘ m i n = T   ax > I  

and 

II 

Figure 5 demonstrates responses obtained by t h i s  method, when 
va r ia t i ons  o f  1O;l are expected i n  the  e f f e c t i v e  i n e r t i a .  (This 
r a n p  o f  va r ia t i ons  i s  used i n  [91).The minimum damping f a c t o r  
i s  adjusted t o  6 = 1.05, and r e s u l t s  i n  a maximum overshoot o f  
11%. For a smal ler  i n e r t i a  the overshoot i s  smal ler  as we l l .  For 
J = Jmin = 0.1 Jmax the  response i s  an i dea l  step. However, i f  
f o r  any reason J<Jmjn an overshoot occurs a t  t = 0, as i s  shown 
by the  dashed l i n e  i n  Fig.  5. 

The compensated loop might provide a sa t i s fac to ry  solutio:! f o r  
var iab le -ga in  loops, i n  which the  value o f  J i s  cont inuously ad- 
j us ted  by the  robot computer. I n  p rac t i ce ,  however, commercial 
robots  operate w i t h  f i xed  gain loops. and i n  these cases the com- 
pensated loop has the fo l l ow ing  drawbacks: 

There always e x i s t s  an overshoot t o  a step response. This 
s i t u a t i o n  can be remedied i f  a tachometer feedback i s  added 
t o  the  con t ro l  loop. !n t h i s  case, however, the loop i s  no 
longer a torque cont ro l  loop. 

The double de r i va t i ve  ( s z )  does not ac tua l l y  func t ion  when 
s tep  and ramp inputs are provided. The above sna lys is  assured 
l i n e a r  model, and consequently the  response o f  a d e r i v a t i v e  
t o  a step o r  a double de r i va t i ve  t o  a ramp input  i s  an i n -  
f i n i t e  impulse. But the al lowable cur ren t  t o  the  motor i s  li- 
mited. This means t h a t  dur ing  the  i n i t i a l  s t a r t i n g  per iod  the  
respoiise o f  the  motor i s  

KtImt2 

B=T 

regardless o f  the value o f  J o r  e . This  response continues 
u n t i l  t he  cur ren t  i s  reduced belog the Im value by the  feed- 
back. La ter  on the  i npu t  i s  constant ( f o r  a s tep)  and the  
double de r i va t i ve  has no e f f e c t .  Thus the  compensated loop 
behaves f o r  step o r  ramp inputs  s i m i l a r l y  t o  the  basic loop. 

Er ro rs  due t o  approximations i n  modeling (e.g., T=Je t T ) 
and system non l i nea r i t i es  prevent the i d e a l  response eveh 
f o r  J J. 

Grav i ty  torques must be computed i n  r e a l  t ime i n  order  t o  be 
compensated. This requ i res  a la rge  program and a lengthy 
computing t i m e  [6]. 

Control  Loop Using Voltage Ampl i f ie r  

An a l te rna t i ve  approach i s  t o  cont ro l  the  speed o f  the  robot 
j o i n t  by manipulat ion o f  the  motor vol tage u t i l i z i n g  a vol tage 
amp l i f i e r  110-123 as shown i n  Fig.  2 .  A block diagram o f  a 
basic con t ro l  loop i s  shown i n  Fig. 6. The output o f  the  loop i s  
de f ined as e i t h e r  the  speed o r  the p o s i t i o n  o f  the  robot  j o i n t .  
The torque T i s  mainly due t o  coup l ing  i n e r t i a  and g r a v i t y  acts 
as a d i s t u r b h c e  on the motor. 

The cont ro l  loop i n  Fig. 6 includes an inner  loop cons is t ing  o f  
t he  vol tage amp l i f i e r  w i t h  a gain Ka,.the DC motor and a tacho- 
meter as a v e l o c i t y  feedback device w i t h  a gain Kf. The t rans fe r  
func t ion  o f  the  inner  loop i s  der ived  as fo l lows. 

The inpu t  vo l tage t o  the motor i s  

V(S)  = Ka[VU(s) - K f u ( ~ ) l  (12) 

Combining the  motor ‘s speed equation, 

w i t h  Eq. ( 1 2  ) y ie lds :  

where we have def ined an a t tenuat ion  fac to r  

1 
. &  = ‘ + KaKfKm 

The e f f e c t  o f  the  tachometer feedback i s  t o  reduce the t ime con- 
s tan t  (s ince a < l ,  then C I T < T ) ,  t o  reduce the  e f f e c t  o f  the load 
torque, t o  reduce any non l i nea r i t i es  o f  the  vo l tage amp l i f i e r ,  
and t o  f a c i l i t a t e  the  adjustment o f  the ove ra l l  gain by ad jus t ing  
the  gain Kf. 

Comparing the  loop s t ruc tu re  i n  Fig. 3 and Fig.  6 shows t h a t  t he  
de r i va t i ve  c o n t r o l l e r  i s  no longer necessary and a propor t iona l  
con t ro l l e r ,  w i t h  a gain Kc, i s  s u f f i c i e n t .  The corresponding 
equat ion i s .  

where K i s  the  open-loop gain def ined by 

K = r tK K K a m c  

K i s  a gain def ined by 
q 

and 

The cha rac te r i s t i c  equat ion o f  the  closed loop i s  of the second 
order where the  damping fac to r  i s  

1 

2 “T 
/, I __ 

and the  na tura l  frequency i s  

1 0  = n ,  

The ac tua l  p o s i t i o n  response t o  a p o s i t i o n  step i npu t  ( f o r  T =0) 
i n  a c r i t i c a l l y  damped system (i. = 1 )  i s  shown i n  Fig. 7. No& 
t h a t  i n  t h i s  case the  overshoot i s  zero, canpared w i t h  11:: i n  
Fig.  5. The problem i s ,  however, t h a t  s ince T ’  i s  p ropor t iona l  
t o  the  i n e r t i a  J,  the present loop a lso  has the  unfavorable s i t u -  
a t i o n  o f  a damping fac to r  which depends on a changing moment o f  
i n e r t i a .  I n  add i t ion ,  t h i s  loop has no t  remedied the problem o f  
t he  existence o f  a torque dependent p o s i t i o n  e r r o r  a t  the steady 
state.  

E l im ina t ion  o f  Sta t ionary  Pos i t i on  Er rors  

The steady-state p o s i t i o n  e r r o r  o f  the  cont ro l  loop shown i n  
Fig. 6 i s  

K T  
E L -  K (20) 

Namely a p o s i t i o n  e r r o r  due t o  g rav i t y  forces e x i s t s  a t  the  end- 
po in t .  The explanat ion o f  t h i s  e r r o r  can be found by s u b s t i t u t i n g  
the  values K and K from Eq. (16) i n t o  (20) which y i e l d s  

q 

Equation (21) means t h a t  when the j o i n t  i s  s ta t i ona ry  the  vo l -  
tage amp l i f i e r  suppl ies a vol tage V = E K a k  t o  counteract  t he  
e f f e c t  o f  the  g rav i t y  torque T . To generate t h i s  vol tage a pos i -  
t i o n  e r r o r  E must e x i s t  and co8sequently the  j o i n t  does not reach 
the  requ i red  end-point pos i t i on .  I n  the cur ren t -ampl i f ie r  loop 
t h i s  s i t u a t i o n  was remedied by programing an est imated g r a v i t y  
torque t o  counteract the  r e a l  one. Obviously, the  same approach 
can be a lso  appl ied here. However, since the  r e a l  g r a v i t y  
torque depends upon the  angle values o f  the  var ious j o i n t s ,  i t  i s  
d i f f i c u l t  t o  have an accurate est imate o f  the torque values f o r  
every p o s i t i o n  o f  the  manipulator,  and there fore  t h i s  method has 
on ly  low p rac t i ca l  usefulness. 

An a l t e r n a t i v e  approach t o  e l im ina te  the  s ta t i ona ry  (i.e., the  
steady-state) p o s i t i o n  e r r o r  i s  t o  add an i n t e g r a l  o r  a propor- 
t i o n a l - i n t e g r a l  (P I )  c o n t r o l l e r  i n t o  the  i n t e r n a l  loop o f  Fig.  6. 
The inpu t  t o  an i n teg ra to r  a t  steady s ta te  must be zero, and 
therefore w i t h  t h i s  loop ,W = V u  = 0. Since V i s  zero, t he  steady- 
s ta te  pos i t i on  e r r o r  E i s  zero as we l l ,  and !he j o i n t  reaches 
the  desired end pos i t ion .  The output o f  t he  P I  c o n t r o l l e r  y- nerates the  vol tage V requ i red  t o  overcome the  e f f e c t  o f  g r a v i t y  
a t  steady state.  

The proposed cont ro l  loop requires a ca re fu l  design since the 
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c h a r a c t e r i s t i c  equat ion i s  o f  the  t h i r d  o rder  r a t h e r  than second 
order  as i n  the  previous loop (see Eq. 15),  and inappropr ia te  
s e l e c t i o n  o f  t h e  loop gains w i l l  cause an unstable system. An 
improv2d s t a b i l i t y  i s  obtained by us ing  the P I  c o n t r o l l e r  i n  the 
i n t e r n a l  loop, r a t h e r  than an i n t e g r a l  alone. The P I - c o n t r o l l e r  
guarantees zero p o s i t i o n  e r r o r  when the j o i n t  i s  i n  no-motion 
together  w i t h  an u n o s c i l l a t o r y  response d u r i n g  the  mot ion i t s e l f .  

. Conclusions 

Two a l t e r n a t i v e  methods t o  the  c o n t r o l  o f  r o b o t  arms have been 
proposed: Torque c o n t r o l  u t i l i z i n g  a cur ren t  a m p l i f i e r  and speed 
c o n t r o l  u t i l i z i n g  a vo l tage a m p l i f i e r .  The main problem w i t h  the 
torque c o n t r o l  system i s  t h e  need t o  have an accurate es t imate  
o f  t h e  moment o f  i n e r t i a  a t  each j o i n t  o f  the  robot  arm i n  order  
t o  o b t a i n  the  des i red  t r a j e c t o r y .  I f  t h e  ac tua l  value o f  the  
i n e r t i a  i s  smal le r  than expected, then the torque app l ied  i s  
l a r g e r  than required. This torque i s  t r a n s l a t e d  t o  higher accele- 
r a t i o n  and consequently higher v e l o c i t y .  Th is  can have d isas-  
t r o u s  consequences, f o r  example, a p a r t  can be s t r u c k  and broken 
s ince  the  v e l o c i t y  i s  no t  zero as des i red  a t  the t a r g e t  p o s i t i o n .  
I n  o rder  t o  avoid t h i s  s i t u a t i o n ,  a Min-Max adjustment p o l i c y  
has been proposed i n  the  paper. 

An impor tan t  advantage o f  t h e  torque c o n t r o l  approach i s  t h a t  we 
can main ta in  a des i red  to rque o r  force.  Th is  i s  use fu l  i n  some 
r o b o t i c s  app l i ca t ions ,  such as screwing o r  assembly o f  mat ing 
par ts .  Another advantage i s  t h a t  when the  robot  arm enounters 
res is tance (e.g., the  g r i p p e r  touches a r i g i d  obs tac le )  i t  main- 
t a i n s  a constant t o r q w ,  and does n o t  t r y  t o  draw a d d i t i o n a l  
power from the e l e c t r i c a l  source. 

The a l t e r n a t i v e  method provides speed c o n t r o l  o f  the robot  j o i n t s .  
The main advantage o f  t h i s  approach i s  t h a t  v a r i a t i o n s  i n  the  
moment o f  i n e r t i a  e f f e c t s  o n l y  the  t ime constant o f  t h e  response 
bu t  do n o t  r e s u l t  i n  any d isas t rous  consequences, and does n o t  
a f f e c t  the  time requ i red  t o  reach t h e  t a r g e t  p o s i t i o n .  The arm 
always approaches the t a r g e t  smoothly w i t h  a very  smal l  speed. 
The problem w i t h  t h i s  approach i s  t h a t  the torque i s  no t  con- 
t r o l l e d ,  and the motor w i l l  draw from the  vo l tage a m p l i f i e r  what- 
ever cur ren t  i s  requ i red  t o  overcome t h e  disturbance torque. T h i s  
can lead t o  burn ing  o f  t h e  a m p l i f i e r ' s  fuse, when t h e  robot  arm 
encounters a r i g i d  obstacle.  Another disadvantage i s  t h a t  t h i s  
system i s  n o t  s u i t a b l e  f o r  c e r t a i n  assembly tasks,  such as 
press f i t t i n g  and screwing, which r e q u i r e  a constant to rque o r  
force.  

The se lec ted  c o n t r o l  approach should be dependent on the appl ica- 
t i o n  and the  environment i n  which t h e  robot  arm operates. When 
the  arm i s  f r e e  t o  move along some coordinate (e.g., spray pain- 
t i n g  r o b o t s ) ,  the  s p e c i f i c a t i o n  o f  v e l o c i t y  i s  appropr iate.  When 
the  r o b o t ' s  end-e f fec to r  might be i n  contact  w i t h  another o b j e c t  
i n  such a way as t o  prevent mot ion along a coordinate,  then the 
s p e c i f i c a t i o n  o f  torque i s  appropr ia te .  Note t h a t  e i t h e r  v e l o c i t y  
o r  to rque may be s p e c i f i e d ,  b u t  n o t  both. 
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F i g .  5 :  Position response i n  a cornpensaced 
loop adjus ted  accord ing  t o  t h e  Nln- 
Max method 
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