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ABSTRACT 

An experimental  facility for  investigating computer 

control of a manipulator is described. 

of pa r t  of the computer/machine interface a r e  presented, 

including circui t  details of a digital-to-analog convertor,  an 

R .  C .  Active f i l ter ,  and a phase-switching servo-amplifier.  

The packaging of the var ious components is displayed. A 

basic manipulator control program i l lustrates  the general  

function of the facility. 

The design features  
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CHAPTER I 

INTRODUCTION 

Objectives 

Considerable in te res t  has  been shown recently in 

improving remote manipulation''). One promising possibility 

is the inclusion of a P r o c e s s  Control Computer in  the sys tem.  

An advantage of this approach is that the computer can  organize 

and even partially assume the control of a multitude of in te r -  

re la ted functions; presenting the operator with a new se t  of 

commands that is smal le r  and s impler  but m o r e  meaningful. 

The  goals of the manipulation studies a t  Case a r e  to  demonstrate 

the feasibility of computer -ass is ted control, and to develop 

computer programs that augment the manipulator 's  effective- 

nes s .  

Faci l i t ies  

T o  permit  the investigation of such a system, a test 

facility has  been established. This  consists of the following 

equipment: 

1. A Computer Control Corporation DDP-116 p rocess -  
control computer is available fo r  real- t ime on-line 
use.  

- 1 -  
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2 .  A general  Mills Model 100 overhead manipulator 
has been modified and installed in  an adjacent laboratory.  

3 .  An Interface sys tem has been designed and constructed 
to permit  direct  control of the manipulator by the computer. 

These components a r e  pictured in F igures  1, 2, and 
3 respectively.  

Capabilities 

The Case DDP-116 ha a m e m  ity f 8, 192 

16-bit words, with a 1 .7  micro-second memory  cycle t ime.  

Hardware for  multiplication, division, and direct  memory  

access  is included; and the 1/0 equipment consis ts  of an ASR-33 

teletype, a high-speed paper tape reader  and punch, a magnetic 

tape t ransport ,  an IBM-card reader ,  and a general  purpose 

interface.  

with subroutines.  

Software includes DAP and F o r t r a n  IV a s semble r s  

The modified Model 100 manipulator consists of an 

overhead support s t ruc ture  which provides north-south, eas t -  

west, and ver t ical  mobility. This s t ruc ture  c a r r i e s  an a r m  

which can  be rotated about the ver t ica l  axis,  and has  art iculated 

shoulder, elbow, and wr i s t  joints. The  a r m  is terminated by 

a hand o r  a hook that can g r a s p  o r  twist, giving it a reach of 

56 inches.  The manipulator can c a r r y  50 pounds in  any position, 
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FIGURE 1: THE DDP 116 COMPUTER 



-4 -  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 

I 

I 

BRIDGE MOVEMENT 

720' ROTATION 

SHOULDER PIVOT 

'N 

F I G U R E  2: T H E  M O D I F I E D  MODEL 100 MANIPULATOR 



I 
I 
I 
I 
I 
I 

I)- 

- 

-5- 

F I G U R E  3 :  THE I N T E R F A C E  SYSTEM 
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and has an average hand speed per  controlled axis of 100 inches 

per  minute.  The nine driving points with their  respective 

functions and ranges a r e  l isted below: 

1. The bridge provides north-south t rave l  
of 175 inches. 

2 .  The car r iage  provides east-west  t rave l  
of 146 inches. 

3 .  The hoist provides ver t ical  t rave l  of 48 inches.  

4.  The shoulder rotation provides two revolutions of 
rotation about the ver t ical  axis.  

5. The shoulder pivot provides 220 degrees  of 
rotation about a horizontal axis.  

6 .  The elbow pivot provides 270 degrees  of 
rotation about a horizontal axis.  

7 .  The wr i s t  pivot provides 280 degrees  of 
rotation about a horizontal axis.  

8 .  The wr is t  rotation provides continuous rotation 
of the hand about its axis.  

9 .  The hand gr ip  may  be opened o r  closed. 

System Structure  

The control s t ruc ture  of the manipulating facility 

is diagrammed in  F igure  4. The teletype is  used to instruct  

the computer to per form a par t icular  manipulating task.  The 

computer operates  on these instructions according to  its p r e -  

viously entered program and produces the appropriate manipulator 
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control signals.  The Interface consists of two sections.  The 

data handling (digital) section routes  the computer commands 

to  assigned s torage locations. 

section converts these commands to a corresponding geometric 

configuration of the manipulator. 

p rocessor  and drive system. 

control the manipulator. 

the manipulator through the signal processor  and data handling 

sys tem to the computer.  

The data conversion (analog) 

This in  turn  requi res  a signal 

A manual controller ciin directly 

In this mode information flows f rom 

Organization 

The detailed descriptions of the manipulator modifications, 

the data handling and s torage portion of the interface,  and the 

computer techniques appear elsewhere (2,  3) . This  paper  is 

devoted to the conversion section of the Interface.  

ization is as follows: 

The organ- 

Chapter I1 discusses  the specifications and requirements  

on the Interface system, and descr ibes  its operating principles.  

The design philosophy of the data conversion section is outlined. 

Chapter I11 descr ibes  in detail the design and implement- 

ation of the signal processing equipment. 

Chapter IV descr ibes  in detail the design and i m p l e w n t -  
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ation of the pr ime movers  and drive amplif iers ,  

Chapver V descr ibes  the physical layout and packaging 

of the circui t ry .  

Appendix A presents  a simple manipulator control 

p r og r am , 



CHAPTER I1 

THE DATA CONVERSION SYSTEM 

Function 

The original plans fo r  the manipulation t e s t  facility 

specify that the computer have control of seven axes of the 

manipulator. 

over these parameters ,  with a resolution of one pa r t  in  1024. 

In other words, the computer specifies the des i red  configuration 

of the manipulator by giving a vector  of seven ten-bit  binary 

numbers .  

in which case  the controlled axes assume velocit ies proportional 

to  the control signals (the deflection of a lever ) .  The remaining 

driving points, the hand gr ip  and wr i s t  rotate,  have two-speed 

manual control, with simple on-off computer control. 

The computer exerc ises  absolute positiQn control 

The manipulator may  a l so  be controlled manually, 

In addition to specifying a des i red  configuration fo r  the 

manipulator, the computer m u s t  a l so  be able to  determine the 

cu r ren t  configuration. 

numbers  corresponding to  the configuration m u s t  be assembled 

and returned to the computer on request .  It is  the purpose of 

the Interface sys tem to  execute these control functions. 

This  means  a vector  of seven ten-bit 

- 10 - 
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Requirements 

The s t ruc ture  of the interface i s  a s  follows: 

Seven ten-bit s torage r eg i s t e r s  a r e  provided, one for  each 

controlled parameter .  Logic c i rcu i t ry  permi ts  the computer 

to e i ther  output to, or input f r o m  these r eg i s t e r s  in a prescr ibed  

sequence. The reg is te rs  drive digital-to-analog convertors 

to produce a voltage proportional to  their  numerical  content. 

These voltages become the inputs to separate  servo-positioning 

systems,  in which an e r r o r  voltage is formed by comparison 

to  a feedback t ransducer  on the manipulator and amplified to  

dr ive an e lec t r ic  motor .  In the manual mode the drive amplif iers  

a r e  excited by manual controls to move the manipulator.  

e r r o r  voltages, gellerated as above, dr ive null detectors  which 

indicate whether the reg is te r  contents overstate,  agree  with, o r  

understate the t rue  manipulator position. 

logic, the null detector values can then be a r ranged  into a digital 

word and t ransmit ted to  the computer, which makes  successive 

approximation adjustments to the r eg i s t e r s  until agreement  is 

obtained. Alternately, the r eg i s t e r s  can be converted to bi-  

directional counters, and the null detector outputs used to gate 

a clock frequency into the forward or  backward inputs. 

method does not provide a s  rapid analog-to-digital conversion 

The 

In the data handling 

This  
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a s  that of successive appr oximation, but does enable the r eg i s t e r s  

to t rack  the manipulator while i t  is moving under manual control.  

The computer can interrogate the r eg i s t e r s  while tracking is 

in progress .  

Design Formulation 

The data conversion (or  analog) portion of the interface 

therefore  contains seven similar s u b s y s t e m s  each consisting of: 

1. A digital-to-analog convertor 

2 .  A position feedback t ransducer  

3 .  A voltage comparator 

4. 

5. A null detector 

An amplifier and pr ime mover  

The design of such a sys tem involves two basic  choices, 

namely the type of pr ime mover  and drive amplifier,  and the 

method of processing the low-level signals.  The first choice 

was resolved to series-wound universal  motors  with phase- 

switched SCR amplif iers  because: 

1. The speed, torque, and input power of a s e r i e s  
motor a r e  re la ted in a manner  well suited to driving a 
manipulator.  

2. The manipulator a l ready had four such motors ,  and 
the three  m o r e  required for  modification were  available 
with the des i red  gearheads at  low cost.  
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3. There  is no quiescent power dissipatipn i n  a s e r i e s  motor ,  
and it is well suited to  SCR drive.  

The second choice was resolved to d.c.  voltage signals 

because: 

1. The SCR drives  accept a d .c .  input. 

2 .  The cost  was minimal, since precision 
potentiometers can be used a s  feedback 
t ransducers  and no demodulation is ne-  
c e s s a r y  . 

3 .  It was determined that the desired resolution 
and noise rejection could be obtained with d. c .  

The result ing block diagram of a typical data conversion 

sub-system is shown in F igure  5.  The differentigl comparator 

mus t  include some fo rm of noise fi l tering, as will be demonstrated.  

In addition to  the separate  but identical sub-systems,  per ipheral  

equipment such a s  common power supplies and control c i rcui t ry  

a r e  required.  
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CHAPTER 111 

THE SIGNAL PROCESSOR 

R equir ement  s 

A s  outlined in  Chapter 11, the inputs to the positioning 

sys tems f r o m  the computer a r e  s tored  in  binary f o r m  i n  separate  

buffer r eg i s t e r s .  These r eg i s t e r s  drive digital to analog con- 

ve r to r s ,  whose outputs a r e  compared with the position feedback 

signal to obtain the e r r o r .  The e r r o r  signal has  two functions: 

1. During automatic (computer controlled) operation of 
the manipulator, the e r r o r  is amplified by the servo-  
amplifier to drive the motor .  

2 .  During manual (operator controlled) operation, the 
e r r o r  is used to  control the amount and direction 
of a s e r i e s  of correct ions to  the reg is te r  contents. 

A precis ion servo-potentiometer with d. c.  voltage 

feedback is  used a s  the mos t  economical method of obtaining 

a position feedback signal. The problems associated with 

this  approach a re :  

1. Forming the e r r o r  signal with the necessary  
resolution (one par t  per  thousand). This r e -  
qu i res  either a ve ry  high reference voltage 
and a comparator which can  accept such voltages, 
o r  a ve ry  low drift,  high gain comparator .  

2 .  Removing line-syncronous noise.  The servo-  
amplifier is sensitive to  noise at frequencies 
which are even multiples of the line frequency; 
and the wi re s  f r o m  the potentiometers,  being 
adjacent to  the motor  power leads,  will encounter 

- 15 - 
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such noise. 

Design Philosophy 

T o  circumvent the first problem, the feedback potentio- 

m e t e r  and the digital-to-analog convertor a r e  connected in  a 

bridge configuration. 

e r r o r ,  o r  difference signal directly, s o  that a high reference 

voltage is possible and no comparator is needed. 

variations in  the reference voltage affect  the gain but not the e r r o r ,  

s o  that a precis ion source is unnecessary.  However, it requi res  

the digital-to-analog convertor,  the potentiometer, and the 

reference source to be isolated f r o m  ground, S O  that  a separate  

re ference  supply for  each channel is required.  To  isolate the 

digital-to-analog convertor, it is driven with r eed  re lays ;  which 

a l so  contributes to the accuracy of conversion. 

This has the advantage that it fo rms  the 

Fur ther ,  

To eliminate the induced line-syncronous noise, a low- 

pass  f i l ter  precedes the input to  the servo-amplif ier .  

this f i l ter  mus t  provide good rejection at 60  cps.  without destroy- 

ing the closed-loop stability, it mus t  be moderately sophisticated. 

Due to the s ize  and expense of inductors f o r  low frequencies and 

high impedance levels,  the R .  C .  Active technique of filter 

realization is adopted. 

levels required additional gain preceding the servo-amplifier,  

Since 

It developed that rea l i s t ic  reference 
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and the R .  C .  Active f i l ter  a l so  per forms this function. 

The control signals to  co r rec t  the reg is te r  contents 

a r e  generated by a null detector which is  driven by the f i l ter .  

A switching re lay  connects the servo-amplifier to  the filter 

for  automatic operation o r  to  an external voltage divider fo r  

manual operation. The block diagram of this sys tem is 

shown in  F igure  6.  

Digital-to -Analog Convertor Design 

The method of digital-to-analog conversion chosen i s  

the voltage-controlled ladder network. This  converter  c i rcui t  

is shown in  F igure  7. It consis ts  of a sequence of voltage 

sources  in an i terative r e s i s to r  ladder.  The output of this 

ladder  is  (4) : 

N 

If the voltage sources  can assume only two values, 

V and zero ;  we have: 
ref 

(2= 

where d. is ei ther  one o r  z e r o  and indicates the 
1 

condition of e . 
the value of an N-bit binary number: 

But the summation i n  equation (2) is just  i 
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Thus: 

= d .  2 O  -t d22 1 t - - -  t dN2 (N - 1) 
DN ( 3 )  

Hence the ladder output is  proportional to  the binary 

number represent ing the voltage source  conditions. 

were  replaced by double-throw switches which selected ei ther  

ground o r  a single reference source,  then D would represent  

the condition of the switches. 

If the  sources  

N 

A pract ical  switch fo r  such use is  shown in Figure  8. 

Two reed  re lays  replace the double-throw switch, one for  ground 

and one f o r  the re ference  source;  because this  arrangement  gives 

l e s s  than one mill isecond bounce t ime as opposed to  about six 

mill iseconds for  a double-throw reed. 

penalties for  this speed a r e  slight. 

is determined as follows: An input of logical 'tone't sa tura tes  

Q,, energizing Coil 1. 

ohrn coil and the 1000 ohm res i s to r  a r e  sufficient to  cause about 

a six volt drop a c r o s s  the 180 ahm res i s to r ,  which r e v e r s e -  

biases  Q 

off, so that the four-volt base level of Q 

enough to  energize coil 2.  

The space and cost  

The condition of the switch 

The combined collector load of the 600 

and keeps it off. An input of logical llzerolt holds Q, 2 

causes  it to conduct 
2 

The two diodes and the 560 ohm 
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r e s i s to r  limit the inductive pulse when a coil is de-energized. 

Thus the binary value of the input determines whether the ladder 

source  is  z e r o  o r  equal to  the reference voltage. Note that it i s  

conceivable that both reeds  could briefly be closed simultaneously, 

shorting the reference source.  

therefore  incorporate cur ren t  limiting. 

The reference source m u s t  

F igure  9 shows the circui t  of the ten-bit digital to 

analog convertor.  The input requirements  are compatible with 

the logic c i rcui ts  used in  the reg is te rs ,  and the ladder itself is 

indeed floating. Note that only one value of res is tance is used in  

the ladder .  This  is because mi l i ta ry  surplus precis ion r e s i s t o r s  

were  available f o r  this purpose, a factor rewarding the choice of 

this  type of convertor.  In a ten-bit convertor,  the final-stage 

r e s i s t o r s  m u s t  have a tolerance of no m o r e  than plus o r  minus one- 

tenth per  cent; involving considerable expense. 

used, 21,600 ohms, gives an output impedance of 10, 800 ohms and 

permi ts  conservative operation with a forty-volt re fe rence .  The 

left  end termination shifts the z e r o  reference by one-half bit, t o  

permi t  balancing the bridge without the complete shorting of the 

potentiometer wiper to e i ther  side.  

power fo r  the driving circui t .  

The value of R 

The logic interface supplies 
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Reference Voltage Source 

The reference sources  supplying the digitalrto-analog 

convertors and the potentiometers a r e  shown in  F igure  10. The 

special  t ransformer  with seven secondaries permi ts  the isolation 

required.  The 1800 ohm res i s to r  limits the current ,  and the 

Zener  diode limits the voltage to thirty-nine volts.  This  value 

yields a reasonable sensitivity requirement (one bit equals forty 

millivolts), yet  permi ts  moderate  impedance levels without large 

power dissipation. The potentiometers a r e  10, 000 ohms, two-watt 

units, for  example. 

Bridge Conne c ti on 

The connection of the Potentiometer, reference source, 

and ladder convertor a r e  shown in  F igure  11. By equation (4), 

the voltage at the ladder,  r e f e r r ed  to the negative supply line, is: 

The one-half is due to  the ladder termination mentioned 

above. If the potentiometer angle is a and its maximum elec t r ica l  

t rave l  is (T then its wiper voltage r e f e r r e d  to  the negative supply 

line is: 

a ref = 3 9 7  a V  E = -  
P a  
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If the potentiometer wiper is grounded, the ladder  out- 

put, r e f e r r ed  to ground and unloaded, is: 

DlO+ 1 /2  -a 1 
0 ut = 39 1024 (3 

E 

Thus balance occurs  when: 

which is  the des i red  condition. 

The R .  C .  Active F i l t e r  

The choice of the f i l t e r  configuration f r o m  the many 

documented (5y 6, depends on the design requirements  other than 

the attenuation specifications. In  this case,  the requirements  

a re :  

1. 

2 .  

3. 

4. 

5. 

The output impedance m u s t  be low to drive the 
servo-amplifier and null detector.  

The source impedance va r i e s  f r o m  10, 800 ohms 
to  13, 300 ohms due to  the varying potentiometer 
output impedance. 

The gain at D. C . is  to  be five. 

The f i l ter  should not ser iously load the bridge. 

I t  should be simple enough to  be an improvement 
over a passive (L.C.) f i l ter  with an amplifier.  
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The configuration which appears  mos t  amenable to  these 

requirements  is the unity-gain amplif ier  technique using one 

four - te rmina l  R .  C .  (5) network. The re  a r e  other techniques 

permitt ing higher gains(6), but they a r e  inefficient i n  the use of 

e lements .  I t  was therefore  considered preferable  to modi fy  

( i f  possible '  the unity-gain technique to  permi t  higher ga ins ,  

The genera l  c i rcui t  chosen is shown in F igure  12, toge ther  

with its t ransfer  function. 

ation produced these values:  

With the gain se t  a t  five, experiment-  

c = 1  1 g1 = 1 

g2 = 1 C2 = 215 

c = 1  
3 g3 = 112 

The t r ans fe r  function becomes. 

2 5  

(10) 
3 

T(s)  = 
4s + 1 6 s 2  + 9 s  + 5 

The magnitude of this  function on the imaginary axis is 

plotted i n  F igure  13, along with t h e  normalized actual resu l t s  

obtained with ten p e r  cent componeiits. 

angular frequency of one-half pe rmi t s  a sharper cut-off and 

actually provides some lead compensation to  the se rvo  sys t em.  

The peaking nea r  a n  

The impedance level of thc: components was scaled up so  

that the variation in source  impedance would have l i t t le effect  
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on the f i l ter  (the equations assume ze ro  source impedance). The 

frequency was then scaled to obtain cut-off at twenty cycles per  

second. The resul ts ,  using standard values, a r e :  

= 150, 000 o h m s  
R1 

R = 150, 000 o h m s  

= 330, 000 ohms 

2 

R 3  

C = .05 micro-farad 

= . 02  micro-farad 

1 

Cg = .05 micro- farad  

The Operational Amplifier 

The amplifier was assumed to have infinite input impedance 

and z e r o  output impedance in  calculating the t ransfer  function. 

In addition, it must  have ve ry  stable gain as this quantity affects 

the frequency response.  

off-set l e s s  than the forty millivolt sys tem sensit ivity desired.  

These requirements  demand a design resembling operational 

amplifier techniques. 

14. 

It mus t  a lso have a combined drift  and 

The circui t  developed is shown in  F igure  

To obtain the high input impedance field effect t r ans i s to r s  

(FET's )  a r e  employed in  the first stage(7).  Silicon N-Channel 

F E T ' s  a r e  used due to their  exceptionally low offset cur ren t ;  and 

a matched pair ,  in  a differential c i rcui t  and on a common heat 

sink, minimize the thermal  drift .  Balance is obtained by adjusting 

the 250 ohm t r i m m e r .  

not expensive and was quickly available. 

The 2N3368 FET is used because it is 

The FET drains  drive 
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a pa i r  of 2N3702 t r ans i s to r s  directly to minimize changes in  drain 

cur ren t .  One of these t r ans i s to r s  drives the F E T ' s  source r e s i s to r  

to  improve the common mode rejection; the other dr ives  the out- 

put through the complementary emi t te r  follower consisting of 

the 2N1304 and 2N1305 t rans is tors .  

source  load to increase  the gain and voltage swing. 

has  a gain near  2000 but is stable under heavy feedback. 

divider formed by the 470, 000 ohm and 120, 000 ohm r e s i s t o r s  

holds the gain stable a t  near ly  five by feedback to  the negative 

input, and reduces the output impedance considerably. Since 

an F E T  can be injured by excessive gate voltage, and the bridge 

is capable of producing for ty  volts;  the back-to-back diodes hold 

the input to plus or  minus seven-tenths of a volt. 

follow the f i l ter  elements they cannot introduce e r r o r  by 

rectifying noise. 

The 2N3706 ac ts  as a cur ren t  

This amplifier 

The 

Because they 

The Null Detector 

The null detector is  a l so  shown i n  F igure  14. Its function 

is to ground a "high" e r r o r  line if the f i l ter  output is  m o r e  than 

slightly positive, and to  ground a "lowt' e r r o r  line i f  it is m o r e  

than slightly negative. In brief, it consists of a complementary 

pair  of greatly over-driven amplifiers,  with an invertor  (ZN1305) 

in s e r i e s  with the NPN (2N1304) to provide negative voltage on 



- 35 - 

I 



I 

I 
I 
I 
I 820 

- 36 - 

+ 20v 

f 

d 
- 20v 

F I G U R E  1 6 :  TRACKING O S C I L L A T O R  



CHAPTER IV 

THE DRIVE SYSTEM 

Basic Principle 

As implied in  Chapter 11, the servo-amplifiers drive 

series-would D.  C. motors  by phase-switching the sixty-cycle 

A . C .  line. F igure  17 shows the connection of the output stage 

to  the motor .  When SCR's 1 and 2 a r e  switched on, point A is 

driven positive and cur ren t  flows through the motor  by the 

route A-B-C-D. 

is driven negative and cur ren t  flows through the motor  by the 

route D-C-A-B. 

without revers ing the field current ,  revers ing the torque of the 

motor .  

When SCR's 3 and 4 a r e  switched on, point €3 

Thus the a rma tu re  cur ren t  may  be r eve r sed  

Advantages 

The circui t  of F igure  17 has a number of advantages for 

this application. I t  requi res  a near  minimum of two wires  per  

motor,  plus a ground r e tu rn  common to  all motors ;  to  be run  

between the amplifiers and the moto r s  on the manipulator.  The 

only electronic components which mus t  be mounted at the motor  

a r e  the two diodes. The SCR's provide a ve ry  efficient, simple, 

low-impedance, and high-gain output stage.  The connection of 

-. 37 - 
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the motor  field between points A and B limits the fault cur ren t  

i f  forward and r eve r se  drives should appear simultaneously, 

and the natural  commutation of the SCR's a lso contributes to the 

reliability. A s  will be shown, the circui t  a l so  permi ts  simple 

and elegant methods of rate damping, slew limiting, and friction 

compensation. 

Proportional Control 

Since the SCR is a switching device, the mean  output of 

the amplif ier  can be var ied  only by varying the phase angle of 

the A.  C .  power a t  which the SCR's a r e  switched on. 

accomplished by providing a syncronous pulse t r a in  to the appro- 

pr ia te  SCR's. When the gate of an SCR is pulsed, it will switch 

on i f  its anode to cathode voltage is  positive and remain on until 

the p rogres s  of the sinusoidal input r e v e r s e s  that voltage. 

18 i l lustrates  the wave forms result ing from this method of control. 

The average and peak values of this wave fo rm a re :  

This is 

Figure  
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Se r i e  s Motor Character is t ics  

The amplifier design depends on the behavior of a s e r i e s  

motor  under such a drive.  The basic equations of a s e r i e s  motor  

(8). a r e  . 
2 = K I  AV2 

(N + B R ) ~  T =  (3; 

Where A, B, R, and K a r e  motor  constants. 

Rearranging: 

] v / I ]  = K / A ( N ~  BR) (4) 

These equations a r e  plotted in  F igure  19.  It is c lear  

that during plugging (rapid deceleration) there  is  a c r i t i ca l  speed 

N at  which the motor  impedance vanishes;  that  i s ,  N = -BR. 
C C 

If the voltage source is st iff ,  a s  is an SCR controller;  a theoret i -  

cally infinite cur ren t  will flow and produce an infinite torque. 

This will instantly decelerate the motor  until IN 1 < BR . In 

pract ice  an infinite cur ren t  is impossible,  principally due to  the 

field inductance; but a sudden voltage r eve r sa l  can be accompanied 

by a large cur ren t  pulse i f  the speed exceeds N . 
possible, the cr i t ical  speed can be increased  by adding a small 

s e r i e s  r e s i s to r .  

C 

Where this is 
C 

In equations ( 3 )  and (4), V represents  the average voltage. 

of equation (1) when During s ta l l  this may  be taken as V 
ave 
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operating f rom an SCR controller,  but when the motor  speed is 

not z e r o  the a rma tu re  E .M. F . will back-bias and commutate 

the SCR's at a phase angle other than n .  

between power pulses the motor  r a i se s  the effective average 

voltage. Under light torque loads, then, the a rma tu re  E . M . F .  

can approach V 

(1) the SCR will be back biased when the pulse occurs  (the E . M . F .  

will exceed the instantaneous line voltage). In  this  condition the 

motor  speed will pulsate; that is  the speed will increase  a s  i f  the 

input were near ly  V peak 

it will then decay down until firing resumes .  Since the power 

pulses  a r e  large fo r  small values of 6 , one or  two pulses will 

accelerate  the motor  speed considerably, requiring seve ra l  

cycles to  decay back to  the speed a t  which f i r ing resumes .  

E . M . F .  is sustained because the field cur ren t  can circulate 

between SCR conductions by returning f rom B to A through the 

diodes (see Figure 17). 

the f lux  in the motor  a i r -gap m a y  decrease  as slowly as the 

a rma tu re  speed does. 

it mus t  be avoided. 

Thus by coasting 

* s o  that for  smal l  values of 4 in  equation 
peak' 

until the E .  M.  F. blocks the SCR firing, 

The 

Since the field inductance is appreciable, 

If this  pulsation condition is  intolerable 

C ombine d Charac te r i s t ics  

The preceding ideas a r e  i l lustrated in  F igure  20. The 
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a rma tu re  E . M . F .  is proportional to the product of the speed 

and the instantaneous field current .  If the field inductance is 

z e r o  the field cur ren t  will always equal the SCR current ,  and 

commutation will occur a t  a phase angle of n . 

tion (1) applies.  

tance will hold the E . M . F .  constant a t  steady state,  and V 

can be computed a s  indicated. F o r  finite values of field induc- 

tance, the steady-state E . M . F .  will decay between power pulses 

due to the field res is tance and the diode drops, and some in te r -  

mediate value of V F o r  a positioning sys tem the 

exact behavior is usually of in te res t  only near  the null, then N 

is small and equation (1) may be used. 

to compute the high-speed E . M . F .  to determine what value of 

phase angle will produce pulsating, but experience has  shown 

that with real is t ic  loads the value is small enough that clamping 

d, to be above that value involves little performance penalty. 

As will be shown, such clamping is simply obtained. 

In this case  equaA 

At the opposite extreme,  an infinite field induc - 

av e 

will occur.  
ave 

It might be desirable  

Pulsing Requirements 

We  are now able to  define the requirements  for  the pulse 

generator that f i r e s  the SCR's .  

amplif ier ' s  output is maximum for a phase angle ( 4  ) of zero;  

and diminishes with increasing 4 until a t  4 

As seen in  equation ( l) ,  the servo  

= IT the output is zero .  
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Thus with a maximum (saturated) positive input, the pulse gen- 

e r a t o r  should produce pulses only in the forward SCR's a t  a min-  

imum phase angle limited to the pulsating value discussed above. 

As the input decreases ,  4 should increase  until a t  no input 

= I T .  

the negative SCR's, and 4 should diminish until a t  minimum input 

(negative saturation) the phase angle is again clamped a t  i t s  

minimum value. Fur thermore ,  some provision to prevent both 

a forward and a r eve r se  SCR being f i r ed  during the same half 

cycle of the line voltage should be made. 

otherwise i f  the input changed rapidly. 

4 

As the input goes negative, the pulses should be shifted to 

This could happen 

Pulse  Generation Principle 

Figure 21 shows the block diagram of such a pulse 

generator .  

produces syrnetrically opposed outputs. 

cur ren t  sources  whose outputs a r e  integrated by capaci tors .  

Level detectors  monitor the capaci tors  and t r igger  one -shot 

pulse genera tors .  

appropriate s e t  of SCR's. 

amplifier is  used to se t  the common level of the outputs with no 

input so that the integration delay corresponds to 4 

outputs a r e  unbalanced by an input one capacitor will charge 

The input drives a differential amplifier which 

These outputs control 

Each  of these genera tors  t r igger  the 

The bias cur ren t  of the differential 

= I T .  If these 
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f a s t e r  and the other m o r e  slowly. 

f i r s t  s e t s  the latching shunt to shor t  out the power supply, p re -  

venting fur ther  pulses.  It a lso discharges the capacitors.  A 

syncronizing shunt a lso shor t s  the supply a t  the end of each half 

cycle. This opens the latching shunt, o r ,  i f  it was open, dis-  

charges  the capaci tors ;  s o  that when the syncronizing shunt opens 

the next control cycle begins. 

syncronizing shunt, the phase of the ea r l i e s t  possible pulse can 

be determined (since it cannot occur before the shunt opens). 

This feature  is used t o  se t  4 

Which ever  one-shot t r i gge r s  

By varying the duration of the 

to  prevent pulsating . min  

Refinements 

This  sys tem permits  severa l  refinements.  By increasing 

the bias cur ren t  to the differential amplifier, the no-input value 

of (b can be reduced to be l e s s  than T T .  This  means  that a s  the 

input decreases  f rom positive saturation, the SGR output (V 
ave 

in equation (1) will decrease to some finite value when the input 

reaches zero .  As the input goes negative, V will jump to 

the equivalent negative value, as the pulses a r e  t ransfered  to 

the r eve r se  SCR's;  and m o r e  negative inputs will reduce 

and cause m o r e  negative values of V 

effect of giving the se rvo  amplifier negative deadband and can be 

used to  cancel the motor deadband by avoiding the low voltages 

ave 

. This property has  the ave 
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at which friction is  grea te r  than the motor  torque. 

A second refinement permi ts  damping feedback to be 

taken directly f rom the a rma tu re  of the motor ,  without a separate  

tachometer .  

is proportional to the field cur ren t  and to the speed of the a r m -  

a ture .  

flows and the attendant I-R drop obscures  the E . M .  F.  at the 

a rma tu re  te rmina ls .  However, when no SCR is  conducting there  

is no a rma tu re  cur ren t .  Fur thermore ,  the field cur ren t  is  

circulating through the diodes, s o  that they a r e  forward biased 

and have smal l  voltage drops.  Thus the E . M .  F.  is available at 

the servo-amplifier without running ex t r a  wires  by averaging the 

The equations of Figure 20  show that the E . M . F .  

After an SCR i s  pulsed and is conducting a rma tu re  cur ren t  

voltages a t  A and B (see  F igure  1 7 . )  

tion of the latching shunt the pulse generator r eac t s  to inputs 

only before an SCR is pulsed. 

averaged with a res is t ive divider and applied to the negative input 

of the differential amplifier.  

dependence of the velocity feedback s o  obtained, the damping 

appears  to be satisfactory in moderate-gain sys tems.  

Conversely, due to the ac -  

Thus the two output l ines may  be 

Despite the cur ren t  o r  torque 

Analysis 

W e  can now derive a t r ans fe r  function for the complete 

servo-amplifier.  In Fgiure  21, the outputs of the voltage 
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controlled cur ren t  sources  will be: 

i = g ( e l - e )  t k i  1 2 0 

- e ) t k i  
0 

i 2 = g (e2 

(5) 

The time required for the capacitor voltages to reach  

the trip-point of the level detectors is given by: 

i dt 1 

0 2  
i dt e C  = 

0 1  f 
e C =  

f 

or, i f  i and i a r e  assumed constant: 

e C  f 
T1 = - 

1 i 

1 2 
e C  f 

2 
T2  - i 

- -  

The phase angles resulting f rom these delays 

and T the delay due to the syncronizing pulse, a r e :  
0' 

Combining these resu l t s  with equation ( l) ,  we have 

2: 
for  e > e 

1 -  

and for e > e 2 -  1 '  
we C 

f 

1 
) I  = I 1 t cos (wT t 

0 
0 g ( e 2  - e  ) t k i  ave li 

V 
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These equations a r e  plotted in Figure 22. Note that when: 

There  is no discontinuity in  control, but that otherwise 

there  is a deadband, r e f e r r e d  to  the input, of: 

i 2k 
g o  

2 efC 
- -  D . B .  = 

g w w  - To) 

Clearly,  this G d b a n d  can be negative. 

Side -Effects 

I t  should be noted that with negative deadband as described 

there  will be power dissipated in  the motor  even with no input. 

This is avoidable by advancing the turn-on of the syncronizing 

shunt until it just  deletes the no-input pulses .  However, since 

a l l  seven servo-amps a r e  syncronized f rom the same source,  

in pract ice  the shunting time is set a t  a compromise value and al l  

the pulse generators  a r e  se t  so  that their  no-input pulses a r e  

deleted. 

Like any sampling amplifier,  the SCR driver  is suscep-  

tible to  syncronous noise. 

i and i cannot be assumed constant in  equation (7), and equation 

(6)  mus t  be used. It is seen  that many sinusoidal signals imposed 

When input noise is  present  then 

1 2 

on i and i could vary  T o r  T but that only those a t  multiples 
1 2 1 2’ 
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of the  sampling ra te  (120 cps . )  could produce an accumulative 

effect over many cycles. Unfortunately, this is exactly the type 

of noise generated by the phase-switched SCR's. Hence the 

need for  a low-pass fi l ter  is i l lustrated.  

Circui t  De ta i ls  

F igure  23 shows the pulse generator .  The two 2N3704 

t r ans i s to r s  f o r m  the differential amplifier,  and were  chosen 

fo r  their  low cost and low drift  with temperature .  

cur ren t  is set  by adjusting tk 50k reostat .  

trolled cur ren t  sources  a r e  the 2N3638 t rans is tors ,  a l so  chosen 

fo r  low drift  and cost. 

to  improve the differential gain. The functions of level detector 

and one shot a r e  performed by the 5329 unijunction t rans is tors ,  

which a r e  coupled to the SCR's through pulse t r ans fo rmers .  

The latching shunt i s  a composite complementary switch con- 

sist ing of the cross-coupled 2N1304 and 2N1305, and is turned 

on by either unijunction through the 1000 ohm res i s to r s .  

1N459 diodes then discharge the timing capaci tors .  

ing 2N1304 is the syncronizing shunt, and is driven by a c i rcui t  

in the power supply. The RC networks supplying the upper base 

of each unijunction prevent interactions,  and the 47 o h m  r e s i s to r  

and one -tenth micro- farad  capacitor prevent junction 

The bias 

The voltage con- 

They share  a common emi t te r  r e s i s to r  

The 

The remain-  
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capacitances in the latching shunt f r o m  causing turn-on. 

The common power supply was shown in  Figure 15. Little 

comment is  required except to  observe that the width of the positive- 

going syncronizing pulse can be var ied  by the 10K potenticmeter.  

The SCR output stage of the servo-amplifier is shown in 

F igure  24. 

inexpensive. 

can be var ied  by the 1 OOKpotentiometer. 

motor  shows the use of slew limit switches with dynamic braking. 

When, for  example, the forward l imit  switch is opened the forward 

SCR's a r e  disconnected and the r eve r se  input grounded through 

an auxiliary diode and res i s tor .  

E .  M .  F .  a c r o s s  the field in  9 direction to  cause regeneration 

and a rapid stop. 

to be employed in  a normal  way. 

the manipulator have limit switches, and only the hoist has dynamic 

braking; but the omissions a r e  obvious. 

The 2N3898 SCR is conservatively rated and f a i r ly  

The damping signal is obtained a s  described and 

The connection of the 

This effectively imposes the 

The use of the diode permi ts  the r eve r se  drive 

Only five controlled axes on 

Figure 25 shows the manual control potentiometers and 

Two relays were  used to the manual-automatic input selector .  

obtain the necessary  number of poles; they a r e  driven in  paral le l  

by the 2N3638 t rans is tor  f rom a control signal produced by the 

inter-face logic, The 2, 200 ohm r e s i s t o r s  insure  that during 
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switching the pulse generators  have a grounded input. 

control voltages a r e  generated by potentiometers which a r e  spr ing-  

loaded to  r e tu rn  to their  center position. Grounded taps  in  these 

potentiometers insure that no voltage will be produced in  this 

center  position. 

the R C  Active f i l ters ,  and the gain in this mode can be var ied 

with the 10, 000 o h m  potentiometers.  

The manual 

The automatic control voltages a r e  provided by 

I 

I 
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CHAPTER V 

DESCRIPTION OF HARDWARE 

Packaging 

With the exception of the manual controller,  the digital- 

to-analog convertors,  and the motors  and potentiometers on the 

manipulator;  the ent i re  data conversion sys tem is housed in  three  

and one-half cubic feet  of cabinet space.  

in  Figure 2 6 .  

a r e  hinged for access .  

subsystems a r e  mounted i n  the lower half of the chass i s ;  the pulse 

genera tors  and f i l t e rs  a r e  on ca rds  plugged into the top. All 

connections a r e  made along the side i n  back; all controls and 

adjustments a r e  on the front panel. 

The package is shown 

Vert ical  heat-sinks in  back mount the SCR's,  and 

The power supplies and other shared  

The manual control panel is  shown in  F igure  27. I t  is 

normally placed in the computer room. In addition to  seven 

proportional-control levers ,  it includes a power -on switch, a 

computer over -ride switch, and two-speed control l eve r s  for  

closing and rotating the hand. 

The digital-to-analog converters  a r e  built on five by seven 

inch ca rds  and mounted in  ca rd  cages with the data handling logic. 

F igure  28 shows one of these cards .  F igure  29 shows the R .  C .  
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FIGURE 2 6 :  MAIN DATA CONVERSION CHASSIS 
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F I G U R E  27: MANUAL CONTROL PANEL 
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F I G U R E  2 8 :  D I G I T A L  TO ANALOG CONVERTOR CARD 
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F i g u r e  29: FILTER AND NULL DETECTOR CARD 
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Active F i l t e r  and Null Detector card .  

pulse generator .  

Figure 30 shows the SCR 

Response 

F igure  31 shows the e r r o r  signal during the  reac'tian of 

one channel to a s tep input. 

bridge output, and the lower t r ace  the f i l ter  output. The s tep 

corresponded to  128 bits, o r  one-eighth the total  t ravel .  The 

t ime required fo r  this distance was 5 . 2  seconds, during virtually 

a l l  of which the SCR drive was saturated.  There  is  ve ry  l i t t le 

over-shoot ringing, and the noise present  on the bridge output 

is effectively removed by the f i l ter .  

The upper t r ace  represents  the 

c o s t  

The ma te r i a l  costs  fo r  the data conversion section 

including motors  and potentiometers are approximately $200 

per  channel. 

I 

I 
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FIGURE 30: PULSE GENERATOR CARD 
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V e r t i c a l  scale : 
2 volts per d i v i s i o n  

Horizontal scale : 
1 second p e r  division 

F I G U R E  31: SYSTEM STEP RESPONSE 



APPENDIX A 

A SIMPLE MANIPULATOR CONTROL PROGRAM 

Objective 

Ea r ly  in  the manipulating studies at Case, a simple 

program was developed to i l lustrate  computer ass i s ted  control 

of a remote manipulator. 

assumption that the operator would somehow specify the 

des i red  location and orientation of the manipulator hand, and 

that the computer would generate the motions required to attain 

them. 

figurations were assumed. 

This program was based on the 

No concern was given to  ensuring that only legal con- 

Re dundancie s 

Only five variables a r e  necessary t o  define the desired 

hand locatim and orientation. However, it was assumed that 

the manipulator had seven degrees -of-freedom. Thus two 

redundancies exist. F o r  simplicity, the hand co-ordinates 

were constrained to  move l inearly with t ime, and the redundancies 

were to assume optimum valves on the basis  of the program 

cr i ter ion.  

- 67 - 
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0 ptimiz ati on Scheme 

The program cr i te r ion  chosen for  optimizing is the 

minimization of the sum of the momenta of the seven degrees-  

of freedom. As the hand moves toward its objective, the 

redundant variables adopt successive values that minimize 

the total  instantaneous momentum. Because of its point- 

by-point approach this c r i te r ion  does not optimize the total 

path of the manipulator, but it does provide an insight into 

the problems involved. 

M ani pul a t  o r M ode 1 

The seven degrees -of-freedom of the manipulator 

were estimated to  have the following m a s s e s  or iner t ias :  

Degree -of -F re  e dom 

X-axis (Bridge) 51 slugs 

Iner t ia  

Y-ax i s  (Carr iage )  40 slugs 

Z-axis (Hoist) 21 slugs 
2 (1) 

S -pivot (Shoulder) 7.6 slug-ft 

E -pivot (Elbow) 

w -pivot ( W r i s t  ) 

2 

2 

4.6 slug-ft 

2 .0  slug-ft 

2 2 

rotation) t 8.4sin(S) sin(E) 
8 -pivot (Shoulder 6.2sin (S) + 4.2sin (E)  

slug-ft2 
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F o r  the interpretation of the nomenclature see Figure 2. 

The iner t ia  of the shoulder rotation depends on the configuration 

of the arm of the manipulator. 

Analysis 

The criterionfunction, that is the sum of the rnome;.ts 

of the degrees of freedom, on an incremental  basis is: 

Where D implies a sma l l  increment occuring during 

a t ime interval  Dt. I is the wr is t  inertia,  etc. 
W 

The co-ordinates of the hand a r e  related to  the 

manipulator variables as follows: 

(hand aximuth) = 8 

e (hand elevation) = W 

x (hand or dinate) = 

X t cos ( e )  l.Ssin(S) t l .Ssin(E) t 1.7sin(W) 

y (hand absicca) = ( 3 )  

Y t sin(@) l,Ssin(S) t 1.5 sin(E) t 1.7sin(W)I 

z (hand height) = 

Z t l.Scos(S) t 1.5cos(E) t 1.7 cos(W) 

If the shoulder and elbow a r e  a rb i t r a r i l y  chosen a s  
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the redundant variables,  we can write: 

8 = a  

W = e  

X = x - cos (a ) Il.5sin(S) t 1.5sin(E) t 1.7sin 

Y = y - sin ( a )  ]1.5sin(S) t 1.5 sin(E) t 1.7sin 

Z = z - 1.5cos(S) - 1,5cos(E) - 1.7cos(e) 

4 I 
(4 1 

F o r  smal l  increments,  these become: 

DO = D a  

DW = D e  (5) 

DX = Dx - Da s i n ( a )  11.5sin(S) t l .Ssin(E) t 1.7sin(c)( 

- cos (a )]1.5DScos(S) t 1.5DEcos(E) f 1.7Decos(e)/  

DY = Dy t Da cos(a ) Il.EjDSpin(S) t l .Ssin(E) t 1.7D cos(e)  I 
- sin(a ) ]1.5DScos(S) t 1. SDEcos(E) f 1.7 e COB (e)  I 

DZ = Dz t 1.5DS sin(S) t 1.5DEsin(E) t 1,7Desin(e) 

When these expressions a r e  substituted into the 

c r i te r ion  function, it can be evaluated in  t e r m s  of the hand 

co-ordinates and the two redundancies. If all parameters  

except DE and DS are held fixed, t b  cr i te r ion  function 

takes  the form: 

6 

id 
F = I: (a.DE t b.DS t c.)  t k 

1 1 1 

Each of the t e r m s  of the summation is a l inear  equation 
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1 
I 

in two variables,  and the plot of its magnitude is a plane 

surface reflecting off the DE, DS plane a t  the line 

a.DE t b.DS t ci = 0. 

planar except over the s ix  reflection lines, where there  &re 

ridges.  It is easy  to  show that the minimum value of such a 

surface l ies  above one of the intersections of these reflection 

l ines.  

The s u m  of such surfaces  is  also 
1 1 

The minimum can only l ie  on one of the planar facets  

i f  that  facet is level; in  which case  we may arb i t ra r i ly  locate 

it at the edge, i.e., on a ridge. 

The minimum can only l ie  on one of the ridges if 

that ridge is horizontal; in  which case we may arb i t ra r i ly  

locate it at one end of the ridge, i.i., a t  a ridge intersection. 

Hence the minimum can always be found at a ridge 

intersection, or  directly over a reflection line intersection. 

But s i x  coplanar lines can intersect  i n  a t  most 1 / 2  (6) (6-1) = 15 

points. 

s e a r c h  to  find the minimum of F, we need only find the 15 

intersections of the reflection lines, evaluate F a t  each point, 

and choose the smal les t  value. 

choice of c r i te r ion  function. 

Thus ra ther  than employing a s ta t is t ical  two variable 

This is an advantage of this 
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The manipulator path is generated in  the following 

i terat ive manner: the computer has available f r o m  the in te r -  

face the initial values of the manipulator variables.  F r o m  the 

desired hand co-ordinates given by the operator,  it c o r !  vi tes  

the number and s ize  of the increments necessary.  It the,? 

advances through the following steps:  

1. All the coefficients a b., and c.  a r e  evaluated 
i’ 1 1 

i n  equation (6). 

2. The intersection of a pair  of reflection l ines 

= 0 and a.DE t b.DS t c = 0 is found through a.DE tb.DS t ci 

simultaneous solution, that is: 

1 1 J J j 

c . b  - c , b .  
i 1 1  

i j  j i  

DE= a.b - a .b  

3 .  The cr i te r ion  function is evaluated at this in te r -  

section point, using the coefficients calculated in step 1. 

4. A running variable,  F is compared with this mint 

new value of F; and if F is smal le r ,  then F assumes  
min  

the value of F. F is initially defined to be very  large to 
min 

insure that it assumes  the first value calculated. On completion 

of this s tep  the computer re turns  to s tep 2 .  Thus af ter  all 

15 values have been observed F min 

of them. Similar  running var iables  identify the values of 

will take on the smallest  
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DE and DS that gave the best  cr i ter ion.  

5. The best  values of DE and DS a r e  added on to the 

previous values to obtain the "initial conditions'' i o r  the 

next step. The increments  Dx, Dy, P z ,  D lX a r e  

a l so  added to their  previous values.  

var iables  a r e  computed f rom equations (4). 

new values, the computer re turns  to  s tep  1 and begins again. 

6 .  A running variable counts up the number of t imes  

The new manipu1ato:- 

Using these 

the above loop has been executed, and stops the process  

af ter  a specified number has been reached. 

This algorithm is i l lustrated in the flow cha r t  of 

Figure 32. An Algol realization of this program was written 

for  the Univac 1107 . Several  different simulations on this  

computer revealed the deficiencies of a point-by-point optimiz - 
ation scheme for long translations, althsugh it performs 

as designed. F o r  pract ical  manipulator control a considerably 

more  sophisticated program is r e q ~ i r e d ' ~ ) ,  but the basic  

principles a r e  s imi la r .  
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END O F  T H E  COMPUTE AND S T O R E  THE 
S I N E  AND C O S I N E  O F  
e , 4 , E ,  AND S RUN 

i 
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T I  

E N T E R  A LOOP T O  EXAMINE e- 
T H E  15 TEST P O I N T S  F O R  No 
T H E  MINIMUM VALUE O F  F. 

I 
1 
I 

v 

HAVE A L L  T H E  15 P O I N T S  
BEEN EXAMINED? 

I EVALUATE A L L  C O E F F I C -  I I ADD D x ,  Dy, D z ,  D e ,  D4? 
D E L B ,  AND DSHLD T O  T H E  
CORRESPONDING V A R I A B L E S  

I E N T S  OF T H E  C R I T E R I O N  

(a iDf i  + b i D S  + ci) 

I' Y E S 7  

F I N D  T H E  R E F L E C T I O N  LET F M I N  = F. 
L I N E  I N T E R S E C T I O N  P O I N T  LET DELB = DE. 
COORDINATES ( D E ,  DS  ) . LET DSHLD = D S .  

\ 

1 YES 
I _ ~ _  

EVALUATE F U S I N G  THE I S  F LESS THAN F M I N ?  
VALUES O F  ( D E ,  DS  ) No ( FMIH I S  I P Z I T I A L L Y  
DETERMINED ABOVE. SET TO l ; O O O , O t ) O  1 .  

F I G U R E  32: ALGORITHM FLOW CHART 
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