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ABSTRACT

Complgx automation systems, such as industrial robots, require
a computer-based control system for the effective utilization of the
advanced techmology.

A state-of-the-art was studied and presented in this thesis.

A disgtributed computer control system for a modified Unimate
2000 robot, is presented., The l6-bit" Intel 8086 microprocessor was
used as the master computer, and the 8-bit Intel 8748 micreprocessor as

the slave processor.

The system is effective and the experimental results agree

with the simulationm.
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CHAPTER 1

THE INDUSTRIAL ROBOT

1.1 Introduction

All industrial robots inclu?é three basic elements: an artic-
ulated arm, controls and power source. The arm mdv;s in up to six
different axes. Three are provided by the arm itself which may rotate
in an arc around its base and reaches up agd down vertically and in and
out horizontally. As many as three other motions are added at the wrist
which allods the hand or gripper attached to it to rotate, and move
in vertical and horizontal planes.
| These articulations enable the arm to move to some predeter-
mined point in space, work on an object, and then return to the orig-
inal position or to a sequence of other péints in spagce.

The pattern of movements depends on the neéed of the job and

the programming capacity of the controls.

/
7

1.2 The Major Coordinate Systems for Industrial Robots

The point in space accessible to a robot depends’on its de-
signed work envelope. There are four basic design categsries:
Cartesian, cylindrical, spherical, and articulated, that carve out
slightly different geometric work areas in space, as shown in Figure

1.1.



A) CARTESIAN
(3 Translative Coords.)

B) CYLINDRICAL
(1 Rotary,
2 Trans.)

R

D) ARTICULATED x
(3 Rotary Co-ords,)

]

C) SPHERICAL
(2 Rotary,
1 Trans.)

FOUR MAJOR ROBOT
COORDINATE SYSTEMS

FPigure 1.1 Major Robot Coordinatia Systems



1.2.1 The Cartesian work.envelope is created when the horizomtal

robot arm is attached to a vertical column and moves up and down and

in and out in relation t; this column. The column itself 1is mounted

on a third linear ;xis which moves in two directions. These three

m&vements combine to generate a work egyelope in the shape of a three-
\ .

\

dimensional rectangle.

1.2.2 The cylindrical work envelope is created when the horizontal
arm is attached to a vertical carriage and moves up and down and in

and out in relation to this c¢arriage. The carriage itself is mounted
on a pedestal which rotates. These three mévements combine to generate

a work envelope that is a portion of a cylin .

1.2.3 In a spherical work envelope, the robot is mounted on 4" base
somewhere near its mifpoint so that it can tilt up and down and in and
around its support point. The arm extends hori}ontally. These motions

combine to generate a work envelope that is a portion of a sphere.

1.2.4 In an articu{gted work énvelope, the arm is attached to a -
pedestal that rotates. The arm itself is j;inted, adding a kind of
elbow movement to the articulatioﬁs. Thus, as the arm rotates and
reaches.in the ﬁbrizontal and verfigal planes, it gemerates a portion
of a sphere in space and as the elbow bends, it enables the robot arm

to come in gldée to the base. The jointed action enlarges the work

area‘accessible to ‘the robot,



1.3 Power Sources

'Poger is delivered to robots by hydraulic, pneumatic, or
electic motors. Most robot makers have gone the hydraulic route,
which is especially good where heavy loads are involved. Electric
motors have the advantage of being less nolsy, cleaner, more accurate,
and may be less expensive. Pneumatically activated robots take advan-

tage of the coqpressed air supply that is commonly available.

1.4 The Controls

When classified according to the type control, robots fall\into

two general categories:

1.4.1 The non-servo are less f}exible than the servo controlled,

but are also less expensive and very accurate. In this typeyof robot,
each joint moves between two end points that are determined by mechan-
ical stops. Wﬁen hydraulic or pneumatic power 1is delivered to the
joints, the motors drive the joint until it reaches a mechanical stop.
A limit switch then signals the power off until the program calls for
another move. The valves then open and again deliver fluid to t;e
joints. ~
In thgse robots, céntrolled acceleration and deceleration
reqﬁire speciai designs. The number of different positions to which
the robot can go in sequence is limited.

~

1.4.2 The servo controlled robots can do many things the simplerq



ones can't. They can be programmed to do a more complex sequence of
tasks and can have controlled velocity, acceleration, and deceler-
ation. A servo cqptrolled robot has encoders, potentiometers, re-
solvers or other f;édback devices at each of the joints. These devices
feed position signals back to the controller which compares them with
the commanded position. The controller then sends correction signals
to the hydraulic or electric moéors at the joint. This thesis will
congider the servo controlled robots omnly.

A

1.4.3 Manipulator Path

Consider a manipulator consisting of an arm, the end q{\yhich
is its wrist, and an end-effector, which may be a hand or a tool. The
end-effector is usually attached directly to thé wrist. The three-
dimensional path of the end-effector of a manipulator is described by

two variables. [1]

1) End-effector position: The position of a point fixed

v
+

in the end-effector in a reference cartesian coordinate
system.

2) End-effector orientation: The orientation of a cartesian
coordinate system attached to the h&nd or tool such that

the system's origin coincides with the end-e

tiomn.
The above definition of end-effector position and orientation
3
is based on attaching a cartesian reference frame to the end-effector.

The word "state" is used to represent both position and orientation of
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an end-effector.

There are two common ways to control an industrial robot with

position servo,

(a)

A

For material handling jobs, a point-to-point control

is suéficient where the joints may start moving at the
same time but don't all necessarily finish moving at

the same time under program control. When this is the
case, the end-effector assumes variocus states as it moves
between the two end points and the shape of the path is
not predictable., Figure l.2a shows three trained end-
effector positions,.A through C, in three dimensions and
illustrates the path travelled by the end-effectot
between these positiomns. Point—tb-point movements are
fast and the shape of the path is irrelevant, but the

! .

start and end points are important.

c A C A C

(a) Point-to~point (b) Interpolated Straight- (¢) Interpolated Straight-

Segment Path Segment Path with Smooth
Transitions Between
Segments

Figure 1.2 " Pach Cont



(b) For some jobs, such as arc welding, or spray painting, the
joints must move in coordination so that each moves the
same proportion of the programmed distance as the other,
thus the end-effector position will follow a specified
three-dimensional path with high resolution and the end-
effector orientation must vary smoothly along that path.
Straighg line path control is a special case of path

control. Moving the end-effector along a straight line is desired

for other reasons than job constraints; no torque is exerted on

a load carried by the hand, reduced inertial load for a rotary
manipulator, ease of computation, and ease of collision avoidance.
However, fast end-effector motion along a straight segment path, such
as the one shown in Figure 1.2b causes sudden changes in end-effector
velocity. Thé corresponding acceleration, or deceleration, can exceed
the limit and canyexcite structural vibrations in the manipulator. To
avoid these vibrations, the end-effector bypasses each cognef point

along a smooth transition between segments as shown in Figure l.2c and

P

described in the next section.

1.5 Command Generation

Commands should be generated for simultaneous motions in all
axes in such a way that all the axes start and end, more or less,
simultaneously. A certain magnitude of the resultant velocity vector

will be obtained. The hand, or tocl, can be controlled to move smooth-

ly along a straight line between two states by interpolating positiens
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between the states.

e

From the point of view of the interpolation, the distinction

is made between: Cartesian interpolation and joint interpolation.

1.5.1 Cartesian Interpolation

In moving the hand fFom point S to E in space, cartesian
interpolation can be used ig the time, T, that the hand takes to
travel this distance is kpown, by dividing T into short intervals,
each of duration t, and computing the joint position (J) of* all axes
for each 1?Efybal, The cartesian interpolation interval t is chosen

to be as short as possible and still allow the compfputer to make all

necessary computations. The shorter t, the smoother is the hand motion.

1.5.2 Joint Interpolation
The manipulator motion can be smoothed even more by’ using
joint interpolation between the J values computed by cartesian inter-

A
polation. Joint interpolation amounts to dividing t into shorter

‘ v

intervals, each of duration At = t/N, where N is the number of inter-
polations, and computing new J values.

If the joint positions JO, J1 and J2 of Figure 1.3 are known
from the cartesian interpolation for two successive intervals, and
no more interpolation is done, then jéint\velocity will undergo a
sudden change at joint position J1, But if joint J1 is bypassed by
means of interpolation between‘segment-JO—Jl|and J1-J2, then lower

acceleration and smoother motion is obtained. Quaaratic interpolation
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can be used to produce a new J value for each At interval along a
quadratic function of time, that is, tangent to the straight segments
from JO to J1 and from Jl to J2 at their midpoints, (JO + J1)/2, and
(J1 + J2)/2, respectively. The quadratic transition between these mid-

points is characterized by four values:

X 1. An initial joint position JPOS,
Q
where

JPOS = (JO + J1)/2 , (1.1)

2. An initial joint velocity JVELO,

which 1s the slope of segment JO - J1

JVELo = (J1 - JO)/¢t y (1.2)
3. A final joint velocity, JVELf, which is the slope
- @
of segment J1 - J2
JVELf = (J2 - J1)/t (1.3)

4. A constant acceleration JACC, where

JACC’= (JVEL; - JVEL )t - (1.4)

Solving‘for equations (1.1 to-1.4) is done every t seconds, thérefore,

A
if we take t as a time unit, then the above equations 3re simplified

-

to:
JVEL0 = J1l - JO T (1.5)

JVELf = J2 - Jl (1.6)

JACC = JVELf - JVEE) ) (1.7)
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Figure 1.3 Quadratic Interpolation of Joint Position

Figure 1.3 shows six joint interpolation intervals for each

cartesian interpolation interval, i.e. At = t/6.

1.5.3 Cubic Spline Interpolatien

Another algorithm for the command generation is to define
the commanded distance as cubic function of time. [2]

Consider that the thrge-dimensional vector X(t) represents
the position of 3-axis robot as a function of time t. If t is equal

to t_ when the motion starts at the beginning of a contour, then the

10
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remainder of the c?ntour can be broken up into K segments with end
points .at times t = tys tos Tgs ees tk. Each of these segments can
then be fitted with a set of third-order polynomials, each polynomial
representing one dimension of the segment as a function of time.
Position along the ith segment can be approximated by the

following equation:

X(t) = Aib(t) (1.8)

where

b(t) = [t3 t:2 t 1] (1.9)

A is an Nx 4 coefficient matrix that needs to be computed and stored
in memory for each segment. Then it will be used to compute 5(:) within
the ith segment. Similarly, the velocity along the ith segment can be

approximated by the following equation:
X(t) = Aib(t) ! (1.10)

where

b(t) = [3¢2 2¢ 1 0] (1.11)

Ai can be determined by using the cubic spline interpolation.
The mathematical spline is econtinuous and has both a continuous first

derivative and a continuous second derivative which guarantees the

— -

position, velocity and acceleration match at the end points of adjac-
ent segments. [3]

Four boundary conditions at the end points of the ith segment
are required to compute the Af matrix. In mechanical systems the

£2

————_
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>
position, velocity and acceleration are likely to be important, given

a total of six boundary conditions to choose from.

Position and velocity X(t), X(t) at time ti—l and t:i are

used to compute the spline coefficient matrix for the 1th segment.
3
’ L) . . . -l
AL = [X(e, ) (e, 1) X(ep) X(e)Ib(e, 1) b(e, ;) b(e) b(e )T (1.12)

This interpolation can be further simplified to suit the
microprocessor environment by normalizing the time t. The variable

S can be introduced to simplify computation of the coefficient matrices

and generation of joints along the path. S varies from O to 1 as t

varies from t to t

i-1 0 ¢ is related to S by:

+ (t, -

t=t i TS (1.13)

i-1

Equations 1.8 through 1.13 can be rewritten as:

X(S) = AL b(5) . e (1.14)

X(8) = Ai_é(S; | ! (1.15)
where

b(s) = [s3 s% s 1] ) (1.16)

§15) = [3s% 25 1 0] _ o (1.17)

Boundary conditions at the end points are now

At £ =t, .01 8 =0, X(5) = X(¢, )

i-1 1

X(S) = X(t,_,) dt/ds

,
b



At t = t, : S =1, X(S) =;X(t

i i)

X(S) = X(t,) dt/ds

The coefficient matrix Ai is now

-

A, = [X(e, ) X(e, ) dt/ds X(c)) X(c,) dt/dsI[B(0)b(0)p(1B(1)T L (1.18)

and the matrix inversion is much simpler than before.

Let's consider a case where the position on an X axis is to
be changed by AX = Xe - Xs’ with velocity X = O before and after the
motion. Assume that At is allowed "to complete the motion. To use one

cubic spline function, the function must satisfy the end conditions,

1

at S = 0, X(0) Xs’ X(0) =0

Xe’ X(1) =0

at § = 1, X(1)

Substituting the above conditions in equations 1.14, we get,

X(8) = -2(ax) s3 + 3(aX) s? + X (1.19)

X(S) = -6(aX) S + 6(6X) S (1.20)

X(S) = -12(AX) S + 6(aX) (1.21)
Let's set -

X(S) = 0 in Equation 1.21

Then

~12(AX) S + 6(AX) = 0

and solve for §
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S = .5 which is a point midway between Xs and Xe, where the
velocity, X(S), is maximum. Substituting S = 0.5 into Equation 1.20

gives positive results (Maximum).

5((8)max = 3|ax|/2

or
i(c)max - 3[ax|/2a¢ (1.22)
X(e) = 6]ax|/ac> , , (1.23)

In general, most mechanical systems have some limitations,
namely, velocity and acceleration. The constraints in this case are
maximum velocity an% acceleration. Let Vx and Ax be the maximum allow-
able velocity and acceleration, respectively, then the total time for

a given gegment At can be calculated accordingly from Equation 1.22

and 1{?3.
s
ar = 3|ax|/2v_ (1.24)
o 1/2
bt (6|AX|/Ax) (1.25)

. ~ Thus, when using ome spline'to move a digtance AX, the choice
of Atx or Ata,’whichever is greater, will result in the fastest possible
motion without exceeding the velocity or acceleration limits.
Figure 1.4 shows the path generated by one spline, the average
velocity over the entire path is AX/At which is equalAE; 2/3Vx. 1f

AX 1is a large distance,.then the single spline method is not so effic-



ient because it takes too long to go from XS to Xe'

Position
x 1
Te A4 d_x-o
de
xs+.sax -+ dx _ Jax
dt 24t
X =+ dx
s E 0
Cime
¥ + >
t ¢ +.54t [ 4
3 s e

Figure 1.4 Single-Axis P~T-P Motion Using a Stngle Cubic Spiine Function

+ Three spline functions are more efficient in case of large
AX, first spline accelerates until maximum velocity is reached,

second spline maintains a constant velocity, and the third function

S

is to decelerate to stop. Figure 1.5 shows the path produced by

.

three splines method.
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}
~* Lad

t :1 t

2 cc

Figure 1.5 Single-Axis P-T-P Mocion Generated Using Cubic Spline Functions

Three points are to be made at this stage:

1’

The above described method can be applied to multi-axes
system by relating all axes to common time bésg, then all
tﬁe axis will start and end at, more or less, the same
time.

If it is necessary to scale the velocity with whiéh the
machine follows the p;th, either the velocities usgd.to

compute the coefficient matrix can be scaled by a constant

ﬁaétor,'or alternately, the time frame within the computer

can be speeded or slowed with respect to real time to

produce the desired result.

This method will generate a parabolic velocity profile
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which is the most energy efficient profile from the point

of view of the armature heat dissipation in the servo

motor. [4]
el
‘ 1.5.4 Consfant Acceleration, Constant Velocity Algorithm
In/this algorithm, the maximum acceleration is determined from
the mechanjcal system which should never be exceeded. It is then used
to accelerate\the joint from rest to some given constant velocity. [5]
Figure 1.6 shpws the trapezoidal profile, which is divided into three
. segments: ccelerat%sn, run and deceleration. Figgre l.6a is the
graph of the velocity. The rate of change of the velocity in the first
segment 1is constant and equals to the maximg? accelerati;n, second seg-
ment 1is constant and equals to the commaqded velocity, the third segment
is a constant rate of change in velocity, which is the deceleratjon part.
Figure 1.6b shows the acceleration profile, which is éjual to Amax’ 0,
-Amax' Figure 1.6c shows the distance travelled from XS to Xe.
Let's assume that XS = 0.
In Figure 1.6 there are two auxiliary numbers,
Xl, which is the distance travelled during the acceleration time.
<a ) XZ; which is the distance travelled up until the deceleration time. '
For a multi-axis system, it is desired that all the joiqts
involved in the given motion, to start gnd stop at approximately the
same time. In this case, the time it takes to execute the longest
\ motion is computed as follows: -
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2 2
XL =A /2t° =V /2 A (1.26)
max max max
1f X1 < Xe/Z (1.27)
then
. Pad
T = 2x(2x1/a_ )Y 4 x -2muyv (1.28)
max e max '
or if X1 > Xe/2 (1.29)
then
1/2
= 2%
T = 2%(X, /A ) (1.30)
\
Then this time T is chosen for all the joints and a new velocity value
T
V' is computed for the other joints.
max
J
@ I PG S S
max max max e
= (1.31)
max 2 ™

This means that only one join} will utilize its maximum attainable
velocity, V
max
From the above, if conditiom (1.27) is true, then a trapezoidal
profile can be used and maximum velocity will be reached. However, if
condition (1.29) is true, then a triangular profile must be used.
Triangular profile is a special case of the trapezoidal profile

where the run on constant velocity is omitted, as it is shown in Figure

1.7.
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Position R
X Position
e A
%
xe
(c) .
X=Xy
1 time time
X o + » >
s
Cl :2 te
Velocity ‘ Velocdity
1
(a)
time time
+ + }- > >
3 Acce)eracion , Acceleracion
&
max
() \\\ time Cime
N .
~~ v

Figure 1.6 Single-Axis P-T-P Moti
A Single Trapezoidal Velocity

sing -~ Figure l.7 Single-Axis P-T-P Motion
Using A Triangular Veloc

Profile Profile

ity

Figure 1.8a shows a motion that requires three joints to move,

none of which has enough distance to reach Vha

stop at the s

e time.

Triangular profile is used in one joint.

Fig-

ure 1.8b is the same ‘three joints, moving a longer distance, and one

joint reaches V

19

X’ but they all start and



Veloctity Velocicy

< *
&
< »

max2 max2

*ﬂé time'

¢
(a) Shore iX, V is not obtained ~ —(b) Long aX, V i3 obtained
nax * max

Figure 1.8 Velocity Profile for Three Joints Motion

i

“The command generation for point-to-point control is accom-
plished by a soft;are routine which sends out an updated commanded
distance, X, once per constant time Iinterval DT. The distance is
expressed as an integer number of basic motion unit (I BMU = .004 In
or .1 mm), velocity, V, is expressed aé an increment in distance per
DT, and the acceleration is expréssed as the increment of the velo-
city per DT. -
Corrﬁfpondingly, the parameters XE, VMAX, AMAX are now integers.

XE = INT(Xe/BMU)

VMAX

INT (V *DT/BMU)
max

AMAX

INT (A *DT/BMU)
max
Also ‘ k4

For condition (1.27)

20
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R *X1 = INT(V___/2A __/BMU),
max = max
X2 = XE-X1
For condition (1.29) '

X2 = INT(XE/2)

A similar strategy 1s employed for the path control, however,
for every section between points J and J + 1, the start and end velo-
city are not zero. Also, the motion is not performed at paximum velo~
city in one of the joints coordinates but at a, more or'legs, constant

resulting velocity. All the time the limits of acceleration and deceler-

ation have to be observed.

Veloecity
3

J-1 J J+1 J;Z

Figure 1.9 Single-Axis Path Control Motion Using a Trapezoidal Velocitvy Profile
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!
The basics of this strategy are explained in Figure 1.9 which shows

the velocity profile of the motion in three successive sections of

one joint coordinate. TheZQelocity of each section, Vj, \' is .

j+1°
computed and a constant acceleration connects them. In general, the
%y
velocities will vary from section to section. They will be determined
from the requirement of a uniform resulting velocity along a straight

line between the end points of the section.

1.6 Programming the Robot

Programming the industrial robot can be done either by on-~line

teach mode or off-line ﬁi?gramming.

S

1.6.1 On-Line Programming *

Since thg introduction of robots in the éarly sixties, all
commercially manufactured servo-controlled industrial robots have been
equipped for on-line programming. Whether the robot is designed for
point-to-point or conginuousﬁpath operation, it is necessary for the
opeggiigg to 'teach' the arm what to do.

Teaching the robot is accomplished by controlling manually a
motion from the starting point S to thB end point E one coordinate
after another. This manual control can either be just a velocity
command or positional. In any case, it is important that acceleration
limitation be built into this control. When the end-effector reaches
a desired state (position and orientation), the coordinate of point

E can be recorded in memory upon the operator's request.
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. When using ‘ordinary manual control, the only problem with
this type of recoxrding which is made regardless of the time factor,
is to position the robot. If, for example, one has to combine five
motions, ope at a time, in order to put the end-effector iIn a desired
state, if”is a very complicated task to give the right orders to each
of the give axes for the required movements. A 'syntaxer', a joy-
stick with five degrees of freedom, overcomes this diff;iylty. It is
an advanced manual contro%’system which enables movements to be made
in an intuitive manner. The feasibility of this syntaxer is governed
by the structure of the robot. .
When playing back the above taught motion, the end-effector
will assume an unpredictable path between points S and E. The trajec-
Eory may not therefore be suitable if an obstacle hampers the movement.
In most computer control robots, trajectory modifications can be made
to avoid the obstacle, by inserting so-called ‘passing' points between
the stops. However, if the path between the two points is important,
then some kind of interpolation between points S and E is needed before
or during the playback. The interpolation will result in a controlled
path, rather than just point-to-point. [6]
Other methods of teaching the robot would be by guiding by /n\\\\\
hand. Typically, robots using this type of teach are taught by the
operator physically grasping the unit and leading it through the
desired path in the exact manner and speed by which he wishes the

robot to repeat the motion. While the device is moved through the

desired path, the position of each axis is recorded on a constant
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time base, thus generating a'continuous time history of each axié
position. Every motion that the operator makes, whether intentional
or not, will be recorded and played back by the robot in the same
manner. Since the operator must physically grasp the robot, it must
be designed to be essentially counterbalanced and free under no power
§o0 that th; task could be performed. Therefore, this method is gen-
erally limited to light-duty robots. [7]

However, it is also possible to gulide a heavy-duty robot if
it is e;uipped with force sensors that can convert the deflector on
the end-effector to an electrical signal. The electrical signals are
then used to drive the servo motor of each joint in a manner to reduce
the deflection on the end-effector. [8]

Teaching t?e robot can also be done through a simulator. The
simulator is kinematicaily identical with the robot and it also has
identical positional feedback encoders., However, it does not contain
any drives of the coordinate motions and 1its structure may be rather °*
light. For programming, the simulator is moved along the desired
path by pulling its end manually. ©Not having any drives, it does not
exert any resistance against Being moved. The signals of the encoders
are recorded in memory in regular time intervals. [9]

Automatic tracing of a path is also used to teach industrial
robots. In this mode,a more complicated tracer and algorithm are used.
The robot is simply led to the beginning of the path either manually

or by computexr control. Then the tracer guides the robot through the

"entire path, and the computer keeps track of the position of each
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joint for future playback. [10]
A number of sensors of both the contact (mechanical) and non-
contact (magnetic) type have been conceived and developed. [11]
While the on-~line teaching procedure is sufficient for many
applications, it does become very tedious when hundreds of points must
be programmed individually.

-

1.6.2 Off-Line Programming

Off-line programming can be defined as the task of programming
the robot through the use of remotely generated points. Since the
entire programming operation is carried out off-line in another com-
puter, the robot can\rePain in production during the development phase.
Also, the praogram can be verified by observing the operation of the arm
on a graphic terminal. In this way, any missing or incorrectly defined
locations or functions can be detected, and potential collisions can
be observed and corrected.

In the point-to-point off-line programming, the program is
established by giving the coordinates of the two points in the rectan-
gular coordinate working space of the robot. Thus, the coordinate
transformation technique is used to transform the points to the joint
coordinates.

However, for the path control, the desired path 1is determined
mathematically. It may be the case of straight line or of a sequence
of straight line sections. The end points of these sections may be

determined as in the P.T.P. programming. The intermediate points are
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determined by interpolation with a desired density. :

While off-line programming offers many advantages, it also

has a set of unique problems. [12] These include:

1).

2)

3)

Need to adjust for inaccuracies in the robot. This
includes the deflection of the arm when carrying a
heavy load.

Aligning for c?ordinate reference frame is needed
whenever cartesian coordinate information for a work
plece is generated off-line, because of the zero-
reference point of the rgbot. Therefore, a coordinate
transformation is employed to transform the work piece
coordinate to the robot coordinate.

In the case oﬁ a straight line from point S to point E
where the straight line passes close to the center of
the joint coordinates a, r, as shown in Figure 1.10,
Ehe distance a is small. For a uniform motion with
velocity V along the line S-E, large acceleration in

« coordinate arises around the middle point. Actually,
for a = 0 it would be a = difor the first half of the
motion and a = 180° for the second half with infinite

acceleration in a coordinate in the middle point [5].



Figure 1.10 Constant Velocity for Off-line Programming

RN
-

1.6.3 Programming Languages

A high level languaée must be employed in off-line program-—
ming. Over the past years, sever;l high level languages have been
developed for programming robots. Some of the high level languages
are:

1) AL - This language was developed and used é; Stanford
University. There are three components in the integrated AL system

Al compiler

AL Interpreter

AL Runtime System, which executes the code generated by

the compiler and interpreter.
The language statements consist of, motion commands, conditional
clauses, and DO operations. Error handling capabilities for the

interpreter were designed keeping in mind that the user is always

present to handle the errors. The user is given the option of con-

27
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tinuing after correcting the error, to swap to the text editor to
correct the source file, to do a local correction which will be
recorded in a new file, or to abandon compiling of the program. [13]

2) VAL - This language is also currently used in program-
ming industrial robots. It consists of series of one word commands
which often are followed by information that the command can operate
upon. It has program editing commands, which are used for creating
and modify}ng user programs. '

'It is also used in interactive mode for an on-line program-
ming technique. [14]

3) INDA - A general purpose software package for fast
interactive programming of computer controlled robots. Developed
by SRI INTERNATIONAL using the RTL/2 Programming Language. INDA
system consists of three parts, a compiler, an interpreter, and an
editor. The interpreter supports single-step operation, execution
tracing, breakpoints. It also works in an immediate mode, where the
operator can input one statement through the keyboard, an&iﬁhe robot
will move accordingly.

Each statement consists of actions that describe steps in
the algorithm of the program, declarations, that define symbols for
variables, procedures and labels. [15]

4) AUTOPASS - This language and operating system is currently
under development at IBM.

5) APT - The APT language has been used for years to program

CNC machine tools. At present time, an 'ANSI' study group has been



formed to determine the feasibility of expanding this language

so 1t can be used to off-line program an industrial robot.

29



CHAPTER 2

THE CONTROL SYSTEM

2.1 Introduction

This chapter discusses the design of a distributed control
system for a 5-axis industrial robot. The chapter al;o outlines the
elements of the system. The design of a position control is dis~-
cussed,

The robot is a unimate MARK 11 -series 2000, which was modi~
fied at McMASTER UNIVERSITY to have DC servo-motor drives instead

of its old hydraulic drives. It has a spherical work envelope with

five degrees of freedom as described and labelled in Figure 2.1 [16].

a) Rotate left b) Elevate or
‘(/// or right. ) depress arm.
(Rotate=R) (Down-up=D)

c) Extend or
retract arm.
(In-out=1)

d) Turn on hand . :) e) Pivot hand
assembly axis. assembly.
(Swivel=S) ) (Bend=B)

Figure 2.1 The Five Axes of Motion of the Uninate 2000 Robot
. h 30 «
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Two of the axes (lift and rotate) have mechanical limitations
on acceleration and deceleration. However, the limitation on acceler-
ation and deceleration is imposed on all five axes by using the trapez-
oidal velocity profile in all the five axes.

One motivation for adopting a distributed system is modularity,
both functional and physical. Functional modularity reflects the
tendency of the system to remain constant over possible system sizes.
Physical modularity reflects the fact that we are trading software
cost for low hardware cost. It also provides greatly improved fault
detection, ease of maintenance and higher reliability.

' Once the decision was made on using a distributed system, the

following set of points were followed.

1) Each joint should be controlled optimally by a separate processor.

2) Each DC servo motor has a hardwired velocity loop, and a software
positional loop. 4.

3) Each processor should communicate with the servo motor and the
master computer asynchronously.

4) Finally, a design approach should be used that will keep as much
of the control system as possible independent of a particular
robot configuration. If one more degree of freedom is ;dded, then

only one servo card need be added {to the system, and some software

modifications to support this card. 7

\¥'//
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2.2 System Architecture

The development of a distributed processing system.for the
control of an industrial robot has as its basis the concept of hori-
zontal decomposition scheme. Each separate processor provides co-
ordination and control of a single joint of the robot manipulator and
has a means of communication with its master processor. This scheme
can be compared with the vertical decomposition, (pipe lining) [17],
[18], wh;re the processors are assigned tasks by computational function.
In this case, one processor 1is dedicated for communicating with the
operator. Another processor computes all the joint transformations
and interpolations, while other prgcessors generate the control func-
tions for all joints. [19].

However, the software is partitioned into a three level hier-
archy. The lowest level is where the servo function is computed.
Computed joint commands are compared against position feedback data.
The differences between these values are error signals that will cause
drive voltages to be sent to the actuators eliminatin; the error. The
second level provides a transformation from unit distagce to basic
motion units and feeds its information to the first level. The third
level supports the communication task between the system and the oper-
ator. The first level is written in assembly language ASM48, while
the second and third levels are written in higher level language,

PL/M~86.
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Figure 2.2 shows the parallel system that was partially built

as the goal of this thesis.

* Computer
Control

Operator

Robot
Manual

Control

The communication between the master and slave processors is
via a fast parallel path. The operator is connected to the master
computer via a keyboard-CRT terminal over a relatively slow serial
data link.

The above control system is based on the INTEL 8086 Micro-
processor which offers an advantageous mi; of speed and functions,
and INTEL 8748 microprocessors.

The system consists of the following:

a) Five 8-bit microprocessors (INTEL 8748), each of which has dedi-
cated Clock, RAM, ROM, and 1/0 ports.
'b) One master computer which is a Single Board Computer iSBC 86/12A

with 32k Byte of RAM, 8k Byte of ROM, serial and parallel I/0

~
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lines, and a math processor.

¢) Manual control/teach pendant which is used to move the robot
manually, and to program the robot in the teach mode.

d) The system also has a cassette interface and a Qantex TM Model
200 Minidrive, each data cartridge can hold up to one million

bytes of information.

2.3 Detailed System Functional Descriﬁtion

2.3.1 The Master Computer

The duties of the master computer are:
1) Receive commands from the operator via the Keyboard-CRT terminal.
2) Generate tﬁe joint position data, and send them to the proper slave
processor, along with the velocity at which the joint should move.

3) Put the robot in manual/teach or computer control/playback mode.

£,
LY

4) In teach mode, it records the joint position data, and the func-
tions that have to be performed at the end of the motion (i.e.
output si§nal, wait for input, griper open/closed).

5) In playback, it will perform the previéusly taught functions.

.

2.3.2 The Slave Processors

Each processor performs the folloying functions:
1) 1In teach mod%, it keeps track of the position of the end-effegtor,
and sends thé joint position data to the master computer upon
receiving the '"RECORD" signal from the operator via the manual

control/teach pendant.

SRl R emnComman 4
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2)

3)

4)

5)

6)

2.
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In playback mode, it receives the commanded distance and velocity
from the master computer;

It generates the proper velocity command to the servo amplifier.
It controls the acceleration of the servo motor and maintains the
commanded velocity.

It closes the positional loop, and performs the slowing down to
stop function.

When the joint has moved the entire commanded distance, the motion
is stapped, the end position is maintained, (the position loop
would correct for any drift due to servo-amp or a physical load on
the end-effector) and the master coﬁputer is informed of the comple-

tion.

3.3 The Manual Controller

When the manual controller is selected, it can perform the

following functions:

1)

2)

3)

5)

Move only one axis of the robot, at a time, at a preset velocity,
controlled acceleration and deceleration if needed.

Keep all other axes locked out in a closed position loop.

When the desired state of the end-effector is reached, it could

be recorded by pushing the "RECORD" button on the manual controller.
It also programs the "WAIT FOR N" where N is an input line, and
"OUTPUT M" where M is an output line. The status of the gripper
(OPEN, CLOSED) is also programmed by this manual coantroller.

The stored program can be single stepped by setting single step

S

X et
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mode via the Keyboard-CRT terminal and using the 'NEXT" key on the

manual controller. ~
6) One other function key that will be used in future development is
"END/MID" point which indicates whether the programmed point is. an

end point or intermediate point.

2.3.4 The Interlock Signals

0f primary importance in a robot operation are the interlocks
which provide communication between the robot and the equipment it is
serving.,

When interlocks are properly used and of sufficient nusber,
costly collisions, jam;ups, and costly damage to the robot and equip-
ment can be prevented.

There are a total of eight interlock signals (this can be
expanded), four of whicﬁ are used as buffered input signals. The
robot can be programmed to come to stop and wait for an input signal
or sequence of signals to occur, then the robot will continue executing
the program. Alternatively, it can come to a point in the program and
output an electrical signal to one of the other four interlock lines.
This signal can be buffered to drive a small solinoid or a large motor.

Y

2.3.5 Mechanical Range Limitation and Safety Features

Each axis has two limit switches at its extreme positions, they
are activated if the operator accidentally tries to drive the robot
manually past its limits, or if the computer fails and the robot remains

in motion.
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If one or more limit switches are activated, then the follow-
ing procedure 1is executed by a reliable hardware:

1) If the robot is under computer control, it will be switched over
immediately to manual control mode and all the five axes will
slow down to safe stop simultaneously.

2) The operator must then move the robot manually to clear the limit
switches and a restart procedure must be followed.

A tapeswitch will be put around the working area of the robot,
when activated by the operator, thé same safety stop procedure will

be executed.

2.4 Position Control System N

One means of controlling the angular position of a motor is
by an open-loop control system. In the open-loop system, the output
will follow the desired function as long as all the system variables
are constant. Any change in load, amplifier gain, or any other system
variable will cause a deviation from the desired value. In order for
the motor to conform to a desired function independent of small changes

in these variables, a closed-loop servo system, such as the one shown

in Figure 2.3 must be built.

A

In'che closed-loop system, the output variable is measured,
fed back and compared to the input function. Any difference between
the two is deviation from the desired result, the deviation is ampli-
fied and used %o correct the error. In this manner, the closed-loop

gsystem is essentially insensitive to variations in parameters, and
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therefore performs correctly despite changes in load condition and

other parameters.

Controller Motor out
Position 4 @ and and -

Co 3 ,\\7r’/ Amplifier Load put

Sensing
Device .

Figure 2.3 Closed-Loop Servo System

The response of the system now depends on the closed-loop

configuration and as such it may be overdamped, underdamped or even

-

unstable. In the design of the robot control system, the slave pro-
cessor was put inside the position loop, as shown in Figure 2.4,
therefore it was easy to achieve a critical damping, as is clear in

Figure 2.5.

¥

For the analysis of the position control and the Fortran

simulation, a block diagram, such as the one shown in Figure 2.6,
AN

was used.

D
The system pardameters are explained as follows:
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)

i

: Amplifier Motor & Load
l/ |

{

I

'

!

)

Sensing
Device

Figure 2.4 Compurer Within the Positional Loop
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Figure 2.5 VELOCITY PROFILE

TOP: Command Velocity
BOTTOl:  Actual Velocaty

Uijr

Figure 2.5 A\pproximate Modes fOr 2ne Joint o>f ne 2Wovot
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Motor velocity is denoted by Wo and the angular position is 90, 8
is the command positiocm, also ee 1s the error in position which is

equal to the difference between the command position and the actual

position.

Hp is the transfer function of the pogitional feedback. The feedback

device is the incremental encoder which gives 250 pulse/rev.

Kp is the coefficient of the 10-bit Digital-to-Analog Converter, DAC,

which is (10/1023),

Kv is the gain of the velocity servo which is (1500 RPM/5V x 60 sec).

7 is the time constant of the velocity servo, which was measured as

50 msec.

The transfer function of the -system is

G (s) = 8 (5)/6 (5) (2.1)
5 11(: s s
G (s) = —— i (2.2)
P L+K *—L— % =% |
P 1+1S S P
In order

to analyze the system response, we look at the roots
o
of the open-loop, which are the roots of the second term of the char-

acteristic equations

KpKva/S(l-+rs) = 0 (2.3)

Let K=K KH
PVDP

K/S (ST+1) = 0 (2.4)

t o,

v, e . ..
e adt o LT

PRI



42
The root locus for this equation is shown in Figure 2.7.

Note
that the system is inherently stable, and the gain margin is equal to
infinity.

The above described position system is used in the Fortran
Simulation of the trapezoidal profile.

A

= X
Y

4
+

Figure 2.7 The Root-Locus for the Positional

Servo System



CHAPTER 3

HARDWARE CONSIDERATIONS

N
~

This chapter briefly discusses the servo amplifier, servo
motors, and position encbders. The detailed description of the hard-
ware that was built for the control system and the interface is also
discussed.

B

3.1 West-AMP, Servo Amplifier A6513-10E2

The West-amp is a transisgorized pulse width modulated ampli~
fier, which has an output of 1.1 HP. Output peak current of 22 Amp,
and peak voltage of 100 VDC. It has a frequency response of 500 HZ
minimum, and switching frequency of 5 KHZ. The input power is 120 VAC
at 50/60 HZ, and signal input of 10 VDC. It has a built-in adjustable

current limitation and compensation.

S
1

The unit has the most advanced safety features available today
in the marketplace. There are a total of three West~amp units in the

robot system. {20

3.2 The Electro-Craft Servo Amplifier E586-BPC

The .E586-BPC system is a bi-directional positional control

.

system employing a high-gain, closed-loop electronic control. The

input command can be an ungrounded O to 15 VDC. The motor angular

43
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position is proportional to the commanded position. Velocity feed-
back 1is empi?yed to control the travel rate while the motor is "homing
~in" on the desired position.

The position accuracy of the system is limited by the accuracy
of the command and the position feedback signals. The system travel
speed is controlled by velocity feedback from an integral tachometer
and closed-~loop servo. The standard E586-BPC controls the motor to run
at S000 rpm during rravel to the 'target" position.

The maximum output is 36 VDC and 3.3A. It also has a delayed
torque adjust feature which can set the steady state torque over a
range of 10 to 30 oz. in. The peak torque that can be ébtained from
the motor and the maximum drive éurrent to the output stage can be

adjusted. [21]]

3.3 The Electro-Craft Servo Motors

There are two large families of DC motors, the integral horse-
power types having a power rating of ome horsepower or more, and the
fractional horsepower motors, with power rating of less than one horse-

power. The robot that we have, uses three motors .of the first type and

A!
two motors of the second. However, all“of yhe~£iye motorsngggof the
\Nﬁ,_/r‘

Permanent Magnet type.
Since the stator magnetic field of thé Permanent Magnet motors
is generated by permanent mégngts, no power is used in the field struc-

ture. The stator magnetic flux remains essentially constant at all

levels of armature current and, therefore, the speed-torque curve of

,
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the (PM) motor is linear over an extended operating range. -
The electro-craft motors which were used (3 of E703, and 2/5f

E586), share the following advantages: —

1) Linear torque-speed characteristic.

2) High Stall "(accelerating) torque.

3) No need for electric power to generate the magnetic flux,

4) A smaller frame and lighter motor for a given output.

3.4 The Positioﬁ Feedback Transducers

Although various position feedback transducers could be used,
digital shaft encoders are used as the position feedback devices.
Their outputs are in the fofﬁ of two pulse trains, one for each direc-
tion of motién (CW, CCW).

Dynamics Research Corporation (DRC) optical encohers, which
provide high accuracy en¢oding and can be operated efficiently at a

high speed, are used in this system. [22] The feedback resolution of

the encoder is (500 pulse/rev).

3.5 The Master Computer

The master computer is the Single Board Computer "iSBC 86/12A"
combined with the 80-bit Numeric Data Processor "iSBC 337" for high
speed fixed and floating point functions.

The iSBC 86/12A Single Board Computer takes full advantage of

Intel's LSI technology to provide self-contained computer systems. The
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1SBC 86/12A is a complete system on a single 6.75 x 12.00 inch printed
circuit board. The CPU, System Clock, read/write memory, non-volatile
read-only memory, I/0 ports and drivers, serial communication inter-
face priority interrupt logic and programmable timers, all reside on
the board. Full MULTIBUS interface logic is included to offer compat-
ibility with the Intel OEM microcomputer systems. [23]

The 1iSBC 337 MULTIMODULE Numeric Data Processor offers high
pérformance integer and floating point math functions to the iSBC
86/12A single board computer. The iSBC 337 module incorporates the
Intel 8087 and because of the multimodule implementation, it allows .
on-board expansion on ,iSBC 86/12A boards, eliminating the need of
additional boards for\floating point requirements.

The iSBC 337 product consists of a small PC board containing
the 8087 and 40 pin socket. The connection with the iSBC 86/12A board
is accomplished by removing the 8086 CPU from its socket on the board,
installing the iSBC 337 module in the socket previously occupiled by
the 8086 CPU and finally, installing the CPU in the iSBC 337's 40 pin
socket. This arrangement allows the 8087 to operate.as a co—processor

to the 8086. [24]

3.6 The Slave Processor "Servo Card"

There is one servo card per axis. All servo cards are identical
to each other and interchangeable by changing the board address switches.
They all plug into a common bus which has the configuration shown in

Figure 3.1. They are interfaced to the master computer by ''MEMORY MAP-
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GND{ A 1 GXD
+15{ B 2 -15
CLR LIM.SW| C 3 LIM. SW
DONE 1| D 4 DONE 2
DONE 3} E 5 DONE 4
DONE 5] F 6 RESET/
CLK{ ¢ 7 | coNT. EX
READ | J 8 | man/COMP. !
MITC/ | K 9 | MRDC/
REC| L 10 | XACK/
AB 41 M 11| ADB3
* AB 2} N 12 | apB1
P 13
DBF | R 14 | pBE
DBD| S 15 | bBC
DBB| T 16 | oBA
DB9| U 17 | DB8
~ DB7| V 1 | 086
DBS{ W 19 | DB4
DB3| X 20 | 0B2
DBL} ¥ 21 | oBo
+5 4 22

/ﬂfigure 3.1: Common Bus Configuration

~

PED I/0" method, and each board is treated as one word in memory. The
memory assigned to the control boards is 100nnH, where nn is a hex-
decimal value between 0 and 1EH in increments of 2 (i.e. nn = OH, 2H,
4H, ..., lEH), which means that the master computer can address up to'
16 servo cards. The master computer has an address bus which is 20 bits
wide, therefore it was necessary to encode the highest 15 bits of the
address bus into one signal called Control Board Enable '"CBE'". 'CBE"
is sent out to the common bus and received by all servo cards. The
hardware that generates this signal is shown in Figure 3.2 and the cir-
cuitry is MﬁLTIBUS compatible (i.e. the address lines are low true logic).
It is best to partition the servo card into functional blocks as

shown in Figure 3.3 and deal with-each block separately.
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Address 5

Ll

\ CBE
5
Miuu.l-ﬂ4>_1
Address 15
Figure 3.2 Control Board Enable
! ‘
Sync. FPeedback
3.6.4 3.6.7 .
R
1HB 8748 ) \
3.6.2 ! .
Data Bus L6 cPy , DAC ;kotection
A ib 3.6.5 ) 3.6.6 output
OHB 3.6.8* t
XACK/
3.6.3
CBE N\
hamam, Control
Board Select
” .6.1
Al-Ad 3.6

~

* 3.6.8 Refer to Section 3.6.8

Figure 3.} Functional Block Diagram at the Servo Card
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3.6.1 Control Board Select

L3

Each control board has its own address which can be set by
four SPST DIP switches. Any control board can be used to control
any one axis provided that the address switches are set properly.

Table 3.1 shows the board address with respect to the,DIP switch set-

ting.
L4
When the master computer addresses a word in memory, it must

be in the even memory bank, therefore the least significant bit (LSB)

is always reset to zero. Since the upper 15 address lines are used to

encode the "CBE" signal, this will leave only four address lines for

addressing the control bpards (Al to A4). 1If these four address lines

are matched to the DIP switches ;etting,then the board is selected for
"READ" or "WRITE".

Figure 3.4 shows the four-bit magnitude comparator (SN74S85)
that generates Control Board SELect signal "CBSEL" when enabled by
"CBE" signal. The "CBSEL" signal is available (10 n sec) after the

board address becomes valid on the MULTIBUS.

Dip Switch |Board Address

Setting in Hex

4 3 2 1
0 0 0 010000
@ 0 0 0 Cl10002
XS N 0 0 co0li10004
R—— -1 4—.—-53 0 0 C CI1000658
Al-A5 gé D2 0o cC 00li1o0008
-y =x & N ol 0 C 0 Cl1000A
=3 L2 0 ¢C C0l1000C
CBE @ 0 ¢ C Cl1000QE
< ¢C 0 0Ot10010
¢ 0 0 Cli10012
¢ 60 C 0j10014
¢ 0 CCr1001098
CBSEL ¢ ¢ 0 0lioo01l 8
¢ C 0Cli1001A
¢ ¢ ¢co0yJl1ono1lc
. C CCCl100LE

Figure 3.4 Control Board Select
o - open

¢ - closed

TABLE 3.1
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3.6.2 Digital Data Input

As mentioned previously, each control board has an INTEL8748
CPU which has data bus of 8 bits, the master computer's data bus is 16
bits wide. To interface these two data buses, an Input Holding Buffer
"IHB" 1s required which consists of two 8-bits tri-state latches, INTEL
8212. When the master computer wants to write a word to one of the
slave processors, it would put the 16 bits of data on the MULTIBUS and
address the proper slave. During the memory write '"MW" cycle, a‘Memory
Write Command signal '"MWTC/'", is generated on the MULTIBUS and is used
to load the data word in the "IHB" of the selected control board.

Figure 3.5 shows the hardware required to achieve the above
function. Note thak the latches must be tri-state, because their out-
puts are connected dn parallel, directly to the 8748 data bus. Only one

8-bit latch chip is enabled by the software at any given time.

REAL EN.
IHBH
LHB
8748 —— HI
CPy
A
8-Lines 16-Lines
N ] e
IHB

0
THBL L

b tid.

Figure 3.5 Digital Data Imput ¥
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3.6.3 Digital Data Output and Transfar Acknowledge

Once again, we have the problem of interfacing between the
8-bit and 16-bit data buses. An Output Holding Buffer "OHB'" is used
to interfuce the two data buses. The 8748 CPU would write two bytes,
one at a time, to the holding buffer to assemble one word, and then the
master computer will read one word using the Memory Read Command signal
"MRDC/".

During Read and Write cycles the master computer expects a
Transfer Acknowledge Signal "XACK/" from the peripheral which it is
communicating with. If this signal is not present, the master CPU will
wait for 100 ms before it executes the next step in the program. For
fast execution time, "XACK/" is generated in each servo card.

Figure 3.6 shows the circuitry required for the digital data
output and transfer acknowledge signal generation. The "OHB" is put &
into low impedance to the MULTIBUS when the board is selected and,
"MRDC/", is present. "XACK/" is generated when '"MWTC/" or "MRDC/"
is available but its tri-state buffer is disabled unless the "CBSEL"

is true, then "XACK/" is put on the MULTIBUS.



OHBH
OHB
194
8748
c?u
8~Lines l16-Lines
OHB
Lo
OHBL
WRITE EN.

CBSEL

MWTC/

MRDC/

b

Figure 3.6 Digital Dacta Output and Transfer Acknowledge
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3.6.4 Synchronization

v

To synchronize the Master Computer to all the slave processors,
each servo card must have five synchronization signals.

1) Reset in: This signal is issued by the master computer. When
received by the slave processor, the software resident in the 8748 ,
EPROM starts execution at address OH. The duration of the Reset-
in is (1 us).

2) DONE: This‘signal is issued by the slave processor and received
by the master computer. It has two.basic functions depending on
the time that it occurs in.

a) When the slave CPUNs reading data from the Master, this
signal is a 5 us pulse indicating that the "IHB" is empty.

b) When the slave has finished the job that was assigned to 1it,
this signal is used to inform the master computer of the
completion of the job.

3) CLOCK: The clock is common to all the slave processors and is
used to close the positional loop in each servo card. It is
also used as a timing loop for the execution of the trapezoidal
velocity profile. The period of the clock 1is 4 ms.

4) READ: The read signal is generated by the Master Computer. It
is issued when the master computer has loaded one word in the "IHB"
of each slave. To the slavé CPU, this signal means "IHB" full.

The duration of the Read signal is (1 us).

5) RECORD: This signal is common to all slave CPU's and is generated

by the manual controller/teach pendant. It could be detected by
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the slave CPU only when in "TEACH" mode and ignored at any other

time.

Figure 3.7 shows the circuitry required for synchronization.

Note that '"CLOCK'", "READ", and "RECORD" signals are interfaced in the

slave CPU by handshaking method,

(i.e.

not be cleared until acknowledged by the CPU).

DONE

the signal is latched and will

8748

CcprU

- RRACK
MAN/COMP )
‘J\L S
ecow &7
fj[:::: READ
AND
READ R RECORD
S REQ.
CLOCK CLK
ONE S
R
SHOT
CACK
RESET IN
Figure 3.7 Synchronizing S{gnals



55

3.6.5 Analog Signal Output

When the position error is established, it has to be conver-
ted to a velocity signal to drive the servo motor to null that error.
The error is a 16-bit digital word, the least 10 significant bits of
it is convertéd to its analog equivalent using a 10-bit Digital—te
Analog Converter, DAC. The Analog Devices 10-bit buffered multiplying
DAC AD7522 is used which has an input buffer and holding register.

The input buffer is used to assemble the 10-bit data from the 8-bit

data bus by loading two bytes, one 8-bit and one 2-bit. Subsequently,
i1t moves this data to a 10-bit holding register where the digitad word
is converted into an analog current. .

Figure 3.8a shows the block diagram of the AD7522 and Figure
3.8b shows the timing diagram for two byte parallel loading of the DAC.
Figure 3.9 shows the circuitry required to support the DAC in the bi-
polar operation mode. Table 3.2 shows the bipolar code. Note that
the digital input code is an "OFFSET BINARY" form, and the generated
error word is in "TWO'S COMPLEMENT' code, therefore, a code conversion
is needed.

The most significant bit of the error word was inverted before
the input to the DAC. This gave us a two's complement form. Resistors
Rl and R2 are used in the gain adjust, R3 is used in zero édjust. The
Schottky diodes CR1, CR2 are used to clamp the amplifier input to -300
mV if they attempt to swing negative during power up or po&er down.

The silicone diode CR3, and the shottky Giode CR4 are only for pro-

tection purposes if VCC exceeds VDD. The monostable multivibrator is

PRSP SV S
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used to generate the pulse that loads the holding register from the

input buffer, "LDAC". The "LDAC" pulse width is about 800 ns.

10-Bit Multiplying
DAC
LS8 __J
10~-B1it Holding Buff
HsB __ 4 |_Analog
Output
LDAC o |2-pye {—a-au
8-Bic Data Bus
(a)
v.$. Byte j>‘<:2><<j_vh.s. Byte

LBS I
HBS 1
LDAC r—L___

(b)

Bipolar Cdde Table

Figure 3 8(a) 2-Bvte Parallel Loading of the DAC (b) Timing Diagranm

x Analog
v R2 Output
%.Et'?,d_ ()
Rl -
B3
vcr C +
cR2 AD7522 ‘1 AAA-
DAC AGND R3

DGND CR4 +

AGND

Figure 3.9 Digital-to-analog Converter, Bipolar Operation

Digital laput | Analog Out
-9
1111111111 —VREP(I-Z )
-9
1000000001 'VREF(Z )
1000000000 0
-9
0111111111 VREF(Z )
-9
0000000001 VREF(I-Z )
0000000000 VREF
TABLE 3.2
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’

3.6.6 System Protection and Manual/Computer Selection

This part of the serve card is responsible for selecting the
analog output from the manual controller or the computer, also it
switches from computer control to manual control when an emergency stop
is required. When any limit switch is set, this part of the hardware
will switch to manual mode, and the robot will come to stop with con-
trolled deceleration. The operator will then move the robot manually
to clear the fault, and then reset the limit switch.

- Consider Figure 3.10a, the analog output "F" is equal to either
the computer command "C" or the manually generated signal 'M". It is
equal to '""C" when the computer mode is selected and none of the limit
switches is set, and is equal to "M" if the manual mode is selected or
any limit switch is set. Figure 3.10b shows the circuit for this funec-
tion. Note that there are three control signals, namely: manual/computer
select, limit switch set, limit switch clear, that direct the analog
signal flow. When any limit switch is set it will be latched until
cleared by the operator. There are also three analog signals, namely:

"M", "C", "F" in this figure.

Limit sw. Set

Q
o L t . CLR
Computer - P Analog —=Q ﬁ_l__.
Cogmand Outpuc
(P v
©) Computer N A
) N
Manual ~ Cormand |
Coumand : ‘—/,(“
@ ! r\\\\
J’; 1 -G (F)
o W&put
- 1
C
) Manual
Input
Manual/Computer
Figure 3.10(a) Computer/Manual Select (b) Protection and Select
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3.&.7 The P;sitional Feedback

The positional feedback‘is achieved by discriminating between
the pulses from the two lines (CW, CCW) of the incremental encoder.
The pulse width of the encoder is typically 1 us therefore a 150 ns
(470Q, 330 pF) low-pass filter ié put on each line as shown in Figure
3.11. The signals are shaped and buffered to TTL level with threshold
of 1.3 V by the voltage comparator. The DRC encoders have a 500 pulse
per shaft revolution. This hardware divides this signal by 2 to give
250 pulse per revolution and each pulsg is shaped by the monostable
muyltivibrators. An 8-bit up/down coungér is used to discriminate
between the "CW" and '"CCW'" lines with theiE@B used as the sign bit.
A two's complement number results from EhQs\process and it is between
~27 to 27-1 (-128 to 127).

From the encoder specifications, the shaft speed can be as
high as 5000 RPM at 10% duty cycle. This angular S;::;\Eﬂd the 250
pulse per revolution will give a maximum frequé}cy of (5 Kﬁz) on the
UP/DOWN inputs of the 8-bits UP/DOWN counter. This will allow a
sampling rate of the position }eedback to be as low as 160Hz. How-
ever, a sampling rate of 250 samplesper second is used for smoother
control and higher stability. The UP/DOWN counter ig‘gated to the
data bus of the 8748 by a tri-state octal latch, when it is a time
for reading the positional f@edback the CPU will issue a Read Feedback
"RFB/'" signal which is used to latch the contents of the Counter, put
the contents of the octal latch on the 8748 data bus, ang clear the

a

contents of the counter. The 8748 CPU will then read a valid feedback

data.
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Flgura 3.11 The Positional Feedback



3.6.8 The Central Process;ng,Unit (CPU)
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The Intel 8748 is a totally self-sufficient, 8-bit microprocessor.

It has a 2.5 us c&cle time, and over 90 imstructions. It is 40-pin dual

in line package (DIP), 27 of which are Input/Output lines (three 8-bit

ports, and 3 test points). It has a lk byée of user programmable and

erasable "EPROM" Program memory, and 64,8-bit, bytes of Random Access

Memory (RAM).

The CPU is interfaced to the hardware on
sections, as shown in Figure 3.12, INPUT section
The INPUT sectiom consists of the test points TO
the Data bus.  TO is used to detect the.start of
start execution of ‘the control algorithm. Tl is
/'READ", and "RECORD" signals (mentioned before),

ronize all slave processors.

Reset-1in

TO

é
the servo card in two

and QUTPUT section.
and Tl, Reset in, and
the timing loop and
used to sense the

Reset is used to synch-

8748

Cry

.__-13_________._____ 11-Bit Control Bus >

SN \N B
8-Bit Data Bus 8-Bit Data Bus

R Z

Figure 3.12 The CPU Interface on the Servo Card

. wa

i



The data bus is an input/output bus used when reading data from the

master computer, reading the positional feedback, output the commanded

position to.the DAC, and output the joint positions to the master

computer in 'TEACH" mode.

and the

testing

The OUTPUT section consists of the data bus mentioned above,
control bus whiéh has the following functions.

Two lines "IHBL", "IHBH", are used for enabling the Input
Holding buffer when it's being read.

Two lines ''OHBL'", "OHBH", are used to load the Output Holding
buffer.

Two lines "LSDACL'", "LSDACH", are used to Load and Start the
Digital-to-Analog Converter.

Two lines '"RRACK', "CACK", are used to acknowledge the ''READ",
""RECORD", and ''CLOCK" request.

One line is used for "DONE" signal.

One line is used for reading the feedback, "RFB/".

One other line "POS" is used when the system is in manual/
teach mode, to indicate whether the,oint is put in close

e

positional loop or is moving under velocity control only as
described in Section 3.7. v
The MCS-48 Microcomputer design aid '"PROMPT 48" was used in

the prototype, therefore port one (Pl0-Pl7) is used as the bi-

directions data bus in the servo control card for compatability, ports

zero and two are used for the control bus.
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3.7 The Manual Controller

When the manual controller is selected, it can generate a
velocity command with or without controlled acceleration, deceler-
ation. Figure 3.13 shows two first-order integrators to contrdﬁ
acceleration and deceleration, the time constant of these integrators
is 0.4 gsecond and the gain .can be adjusted between .1 and 1.3. Three
of the five joints can take a very hiéh acceleration and deceleration,
therefore no control on these parameters is needed. Figure 3.13 has
three amplifiers used only for gain adjust, they could have a’gain
between .3 and 3.75.

The output of the amplifier is conmected to the manual control
input, as shown in Figure 3,10b and described in section 3.6.6. The
input is supplied by the adjustable, regulated power supplies (%5V).
shown in Figure 3.14, and controlled by the analog switches of Figure
3.15.

Figure 3.14 shows the dual regulated power supply, resistors
R1A, R1B are mechanically linked together so that the percentage of
Vmax is the same for positive and negative voltage, (forward and reverse
velocity command, respectively). Switches PSW1l and PSW2 are analog pro-
tection switches. They are normally closed and will open if one of the
limit switches is activated, and the robot cannot pe commanded to move.
The flip~flop is used to latch the fault condition and the open collec-
tor inverter is used to drive the LED ON until the fault is cleared by

the operator.

The manual controller has five DPDT center-off Command Switches,
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Figure 3.13 Velocity, Acceleration Control
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(CSW1l -~ CSW5), each command a velocity to onme joint of the robot,
however, under manual controls only one joint is permitted to move

at any point in time. Figure 3.15 shows the circuitry required to

move only one joint and lock out the other four joints in closed
positional loop. Labels A to E are the center tap of the command
switches. One pole of each switch is used to control the position

loop (open or closed), and the other is to pass the velocity command

to the servo card. Initially, all Analog Switches (ASW1 - ASW5) are
closed, and all - the command switches (C§Wl-—CSWS) are in the center-
off position. If any command switch (for instance, CSW1l) is depressed,
its corresponding analog switch, namely, "ASW1" will stay closed. How-
ever, "ASW2" to '"ASW5" are now open and switches (CSW2 to CSW5) are
disa§1ed.

The signals "POS1" to "POS5" are used to open or close the
analog switches, they are also used to indicate whether the position
loop of its corresponding joint should be open or closed. This is to
say that if '"CSW1" is depressed, "POS1l", will be HI, "ASW1" is closed
and the servo card which corresponds to "CSW1" is under velocity control
only. Also "P0OS2" to "POSS5" are LOW, "ASW2" to "ASW5" are open and the
other servo cards are in closed positional loop.

Since the "CSW2" to "CSW5" are disabled, they will be ignored
if pressed by the operator at this time. |

Each command switch can be activated in the positive or negative
direction. The commanded direction is indicated by one of two LED's, as

shown in Figure 3.14.
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RECORD, SINGLE-STEP, WAIZ, GRIPPER-STATUS, are also implemented
in the manual controller. "RECORD" is normally a high signal, as shown
in Figure 3.l6a, it is pulled flow by the operator when it is time to
record the joint positions. This signal is latched on each servo card.

"SINGLE-STEP', is another fun?tion performed by the mangal
controller. When the system is in the single-step mode, it can execute
one instruction at a time of a given program. Figure 3.16b shows a
simple circuit, the LED is ON when the computer is ready to execute a
motion between two previously taught points, and it goes off when the
robot is moving between the points.

Figure 3.16c shows the circuitry needed to generate the wait
for input or output signal. DPDT center off switch is used to indicate
via the LED whether there i1s a wait state or not, and also to generate
the wait signal. Along with this switch, there is a thumbwheel switch
for selecting I/C ports, there are four input and four output lines.
The status of the GRIPPER is set by one switch, as shown in Figure 3.16d.
it can be open or closed at the time of recording the joint position.

As was mentioned earlier, the task of teaching the robot with
the teach pendant is done by moving the end-effector from one point to
another. Therefore, it is possible to follow a continuous path by a
large number of small P-T-P intervals. The points are identified as‘
Mid-Point which will indicate to the computer at playback time, that
the end-effector should not come to stop at these points. ‘The velocity
between two adjacent line segments, however, must be changed under con-
trolled acceleration or deceleration, as was described in section 1.5.4.

The last programmed point in the path must be identified as a Terminal
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Point so that the end-effector comes to a complete stop when it reaches
the last point. Figure 3.16e shows the switch that gi;es the Terminal/
Mid. point on the manual controller/teach pendant.
Note that there is no need for latching or debouncing the "WAIT",
"I/0" channel number, "GRIPPER-STATUS'", or the d&ERMINAL/MID." point

indicator, because they should be set before pressing the record button.

-



CHAPTER 4

SOFTWARE CONSIDERATIONS
&

The master computer was programmed with the high level
language, PL/M-86 EZSJ [26]. The slave computer was programmed with
assembly language, ASM48 [27].

- Modularity was used in building up the system software. The
system contains four modules as shown in Figure 4.1. Each module is
a compilable program. In the future, when more functions and algor-
ithms are added to the software, only the main module requires up-—
dating to support the new modules. "

The main module initializes the hardware, and contains tﬁe
command dispatcher which can transfer control to the monitor command
module or ‘the robot command module. It can communicate with the
input/output module and the utility module.

The input/output module supports the communication protocols
between the operator and the system, and between the system and the
robot. The procedures in this module can be used by the main module

and the command modules.

69
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The utility module is used by the higher level modules.
Some of the functions that this module can perform is to check for

valid command or valid input data.

The Monitor Command module supports the master computer. It
can be used to examine and substitute memory, examine and modify
registers, display memory, move memory, and execute a user program at

a given address. For details of the monitor, see Appendix D.

The Robot Command medule tests the point-to-point control

system used with the robot, it contains the following commands:

RESET$8748
&

This procedure initializes the servo cards, and starts the

execution of the control program in the 8748 microprogessor,

READSFROMSBOARD

This procedure reads the output holding buffer of the servo
card, and outputs it to the CRT. It informs the operator with the

position or velocity of the end-effector when requested.
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WRITESTOSBOARD
This procedure writes two words, BOARDSBUFFER$O and
BOARD$BﬁFFER$l to the servo card.
BOARDSBUFFERSO is at location 700H.

BOARDSBUFFERS] is at location 702H.

FORWARDSRUN
Thii’procedure tests the repeatibility of the motion command,
it moves the contents of FORWARDSBUFFERSO and FORWARDSBUFFER$L to
BOAﬁDsBUFFERSO, and BOARDSBUFFERS1L, reSpectiveiy. It then calls the
WRITESTOSBOARD procedure and starts executing the motion.
K FORWARDSBUFFERSO, is at location 704HT~_

FORWARDSBUFFERS1 is at location 706H.

FORWARDSTESTSLOAD
This procedure accepts input from the keyboard, and stores it
in FORWARDSBUFFERSO and FORWARDSBUFFERS$1. The input is a distance and

,

a velocity command. It then outputs the command to the servo card.

REVERSESTESTSRUN and REVERSESTEST$LOAD have the same functions as the
previous two procedures but they use the memory Jlocation 708H for

REVERSESBUFFERSO and 70AH for REVERSES$BUFFERSI.

The PLM/86 is programm is listed in Appendix A.



The Servo Control

This con;rol program is resident in the program memory of
the Intel 8748 microprocessor. It generates the TRAPEZOIDAL velocity
profile. The program is written in a;sembly language (ASM48). The
algorithm was developed and simulated in FORTRAN. The simulation

. ¢
reSults are shown in Figure 4.2,

PCOM is the command position in basic motion units.
RACT is the actual position in basic motion units.
VCOM "is the command velocity expressed as an increment

in distance per DT.

This algor;thm was desdribed pfeviously in section 1.5.4.

Figure 4.3 shows the flowchart, the numbers on the flo&chart
are describe§ below:

(1) At reset or power up, the program starts by initializing the
control port, setting the command distance and the increment
velocity to zero.

"(2) It then checks for input holding buffer full signal, it will
readgthe IHB 1if itc}s full, or it will execute the program
with zero command distance. The IHB consists of the total

distance, XEND, and the maximum velocity, VMAX, at which the

joint should move.

*

£

(3) It also loads the Output Holding Buffer, OHB, with the actual

position, so that it would be displayed.on the CRT up on the

operator request. .
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(4)

(5)

(6)

ation part. (12) When the deceleration part begins,

75

The processor wifl wait for loop trigger signal which occurs
every 4 ms.

When the loop is started, the processor will issue a read
feedback signal ""RFB/" to get the actual position from the
encoder.

IFL, is a flag used to indicate the completion of motion.
(7 Xx M is then generated by either adding or subtracting

CO

the incremented velocity, DX, depending on the direction of

motion. (8) At this point, the program checks if the

acceleration part is completed, when it is, (9) The program
enters the RUN part. (10) The Auxiliary parameters, X1, X2,
and XSP are set to their proper values.

During the execution of the run part, V M is constant

CO
(11) and the program checks for the beginning of the deceler-

Veon

is decremented to reach zero at the end of the motion.

(13) When the motion is completed, the DONE signal is issued
to inform the master computer the completion of the motion.
The positional loop 1is kept closed to correct for any drift
in the servo motors. ¥

The assembly program is listed in Appendix B.
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CHAPTER 5
CONCLUSION

Industrial robots can be either servo or non-servo controlled.
Those which are servo controlled are more advanced and can do highly
complicated tasks.

The state; position and orientation, of the end-effector can
be defined at the two end points.in point-to-point control, or at any
time in continuous path control. The P-T-P motion is fast and the
shape of the path generated is unpredictable. Motion along a straight
line is desired for reasonsﬁsuch as to permit a reduction in the inertial
load in the rotary menipulator, however, the command generation for this
kind of centrol is moré complicated than the One for P-T-P control.

Command generation is carried out by software in a fixed time
interval., Cart;sian intérpolation, joint interpolation, cubic spline
interpolation and a constant acceleration/constant velocity technique
may be used to smoothen thermotion and Increase efficiency.

£

Most industrial robots can be programmed either by Ehe on~-line
teach method or off-line programming. Teaching the robot may be accom-
plished by manually controlling a motion from the starting point to the
end point, one coordinate after another. OYf—iine programming can be

done on a different cbmputer, keeping the.robot running in the field

while the joint positiéns are being generated remotely. . &

80
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There are advantages and disadvantages in both programming
methods.

The control system of the modified UNIMATE 2000 has as its
basis the concept of a horizontal decomposition scheme., Each joint
has a separate processor and one master computer 1s responsible for
the command generation and joiSEE\coordination.

Functional and physical modularity was achieved by the distri-
buted system. The approach taken was to keep as much of the control
system as possible independent of the particular robot configuration.

The software is partitioned into a three-~level hierarchy. The
lowest level is responsible for the interfacing of‘the servo motors
and the control system, while the highest level interfaces the operator

to the system.

3
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PL/H-B6 CONPILER HAINSHODULE

ISIS-11 PL/M-86 V2.1 CONPILATION OF MODULE MAINMODULE

OBJECT MODULE PLACED IN :Fi:MAIN.0BJ

COMPILER IKVOXED BY: PLHMBS :FI:MAIN.SRC LARGE OPTIMIZE(Z) TITLE('
PAGENIDTH(9T) DATE(O1 MAY 81)

)\ KATHSHODULE DO

&

01 MAY 81 PAGE

KAINSHODULE') ¢

ROBOT,1SBC B4/12A Mowrtos Vi.0
Dec. 1980
Procramnen R.RAFAULI

RATN

THIS MAIN MODULE [IMITIALIZ THE
NARBWARE! AHD CONTAINS THE CONMANS
BISPATCHER,

HoNITOR COMMANDS'
§ - SusSTITUTE MEMORY
E - ExanIns aecIsTeRs
D - Brseiavy nemoay
N - Bove nexoay
6 - Go 10 A GIVEN ABDRESS
AN START EXECUTION

RO30T COMMANDS:

C - CLose THE rostTIONAL
LOOP/ HO MOTION

X - TEST ACTUAL POSITION

F - TEACH Fonuars TEST

W - FORVARD REPEATASILITY
TEST i

, R - TEACH Reverse TeST

V ~ REVERSE AEPEATARILITY

TEST

e e . - - W = . S M mw = wm mm i e e GE MR Rw e N am e EE ee e e A me e

e = m. w— m——— ——- —— — —— —— =

'
T mm et me Gm mm me ww Wm A M mw e Ew Sn e e. e e~
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PL/H-86 COMPILER HAINSHOBULE . 01 HAY 81 PASE 2

$EJECT

LOCAL DECLARATIONS

- #
1
{

e m-
-t

N am ==

2 1 DECLARE i
CHAR my% EXTERNAL s
BYTRy

I
TRUE LITERRLLY*OFFH!,
FALSE LITERALLY? 000K ¢
USERSINTSSP LITERALLY? 100!,
STATP LITERALLY’100H!
311 DECLARE
MACSMESSI(%)  BYTE DATA(OBH,O0AH:’SBCBA/12) ROBOT.!s0):
KACSHESS2(8)  BYTE DATACODH,OARH:Q7Hi!  Esnoa’s0).
FACSCHND(®) DYTE BATA(’SEDMGCXNFUR?) }
it BECLARE
REGSAV(14) WKORD  PUBLIC:
& LITERALLY/REGSAV(4) )
BP LITERALLY/REGSAV(S)
£s LITERALLY’REGSAV(8) 7

L D§ LITERALLYREGSAV(9) /)
5§ LITERALLY’REGSAV(10}/, -
ES LITERALLY’REGSAV{11) ) X

Ip LITERALLY/REGSAV(12) /)
FL LITERALLY/REGSAV(IT) '}
3 I DECLARE ERROR LABEL PUBLIC;
6 DECLARE HERE LABEL PUBLIC;



PL/M-84 COMPILER HAIMSHODULE
$EJECT

/

' EXTERNAL PROCEDURE DECLARATIONS
7 KACSUSARTSINIT: PROCEDURE  EXTERMAL
8 END HACSUSARTS$INIT;
9 HACSPITSINIT:  PROCEDURE  EXTERMAL;
10 END PACSPITSINIT
1 FACSPPISINIT:  PROCEDURE  EXTERMALS
12 END KACSPPISINITI -
13 KACSPICSINIT:  PROCEDURE  EXTERMAL
14 END RACSPICSINITS
15 MACSSTRINGSOUT: PROCEDURE (PTR) EXTERMAL;
16 BECLARE PTR POINTER; .
17 END PACSSTRINGSOUT;
18 MACSCRLF:  PROCEDURE  EXTERMAL}
19 END MACSCRLE ]
2 HACSCHARSOUT:  PROCEDURE (C)  EXTERMAL;
yil DECLARE C BYTE
py) END HACSCHARSOUT;
ya! ‘MACSCHARSIN:  PROCEDURE  EXTERMAL;
% END MACSCHARSIN;
5 HACSEXAMSMENO: PROCEDURE  EXTERWAL
2% END HACSEXAMSNEND;
7 KACSEXAMSREG:  PROCEDURE  EXTERMAL;
. END PACSEXAMSRES!
» MACSDUKP:  PROCEBURE  EXTERNAL;
30 END MACSDUYP:
3 KACSKOVE: PROCEDURE  EXTERWAL
1) END MACSHOVE!
I KACSGO:  PROCEDURE  EXTERNAL)
W END BACSGO;

o
- w= -

0f MAY BL PAGE 3
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PL/H-B4 CONPILER MAINSHODULE

$EJECT
35 | RESETSS74B: PROCEDURE  EXTERMAL;
1% 2 END RESETS87AB)
T 1 READSFRONSBOARD:PROCEDURE  EXTERNAL]
1B 2 END READSFROMSBOARD}
39 1 FORVRDSTESTRUN:PROCEDURE EXTERHAL;
40 2 END FORNARDSTESTSRUN;
M1 TORRARDSTESTSLOAD:PROCEDURE EXTERNAL;
2 2 END FORMARDSTESTSLOADS
i3 1 REVERSESTESTSRUN:PROCEDURE EXTERNAL]
W 2. ' WD REVERSESTESTSRUN/ -
5 | REVERSESTESTSLOAD:PROCEDUSE EXTERNAL}
6 2 ND REVERSESTESTSLOADS

01 KAY 81 PASE
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PL/M~B6 COUPILER HATNSROBULE
$EJECT
7 1 HERE ! )
BISABLE}
4 1 CALL  RACBUSARTSINIT:
9 1 CALL  HACHPITSINIT:
9 1 CALL  HACSPRISINIT}
Mot CALL  MACSPITSINIT:
22 1 CALL TINE(255)
X CALL TIKE(235)}
LI CALL KACSSTRINGSQUY (CRACSHESSL) )
B 1 £5,55,05,ES,FL, IP=4;
¥ SP=USERSINTEER:
%7 1 JEXTHCHD:
CALL WACSCRIF/
B 1 CALL NACSCHARSGUT (0) ¢
5% 1 CALL RACSCRARSOUT(! 1))
&8 1 CALL RACSCRARSINI )
8 1 BB 1=0 TO LAST(RACSCIUM) /
2 2 IF CRAR=NACECHIDCY) THEM GOTD BISTRIEUTES
M4 2 ENDi
5 1 6GT0 ERRORS
b 1 31523IBUTE= /% Coxnanm Drspatcrznd/
[0 CASE 1)
87 2 CALL MACSEXANISHERD)
8 2 CALL RACHEXARSRER:
82 CALL HACSDUIP;
70 2 CALL HACSHOVE)
N2 CALL WACSED;
n 2 CALL RESET$8748i
B2 CALL READSFROHSROARD;
2 CALL FORMARDSTESTHRUNG
73 2 CALL FORMARDSTESTHLOAD) .
76 2 CALL REVERSESTESTHRUM)
77 2 CALL REVERSESTESTSLOAD
B’ 2 33H
79 1 6070 1EXT4CIOD)
g0 1 ERROR:
CALL NACSSTRINGSOUT(CAACSHESSD) -
81 1 6070 1EXTHCHIDI

B2 1 ENB NAINSNODULES

01 RAY B



PL/M-B6 CORPILER *, ROBOTSCOHMANDSHODULE

1SIS-11 PL/W-86 V2.1 COMPILATION OF WODULE RODOTCO:GANDLOCULE
OBJECT KODULE PLACER IN :F1:ROBOT.O0BJ
CORPILER INVORED BY: PUNB6 :F1:ROBOT.SRC LARGE OPTIHIZE(Z) TITLE(

01 KAY 81 PREE

ROBOTSCHIGIANDSHODULE?) &

f PAGENRTDTH(ST) DATE(O1 HAY.81)
1 ROBOTSCOVHANDSHODULE : D05 |
1% ; N

RODOT,2SBC B4/128 Honzron V1L O
Bze. 1960
Procaazmse R.RarFauL

ROBOT COWHAND

THIS KOBULE TESTS TKZ COUYRAOL
sYSTEM usEd wite T UHIKATE 2009
MARK 11 ROTOT,

Ro007 CoztANES!

€ - CiosE THE roSITIOIAL
LOD KD KOTIDA

X - Tesy acTuaL pOSITIOH

F - TERCH Fonuans vesT

§ - Foauany AEREATASILITY
TEST

R - TEACH Revemse TEST

U - REVERSE REPEATABILITY
TEST

e mes e mim mie miE M W M mA B WM MR W S AR mR W e e e e e

— e m B mE P e mm me #T mm me wE T me SE me = e A e =

»
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{
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PL/K-B4 COIPILER RODOTSCO:GIAUBEHODULE 01 MAY 81 PAEE 2

$EJECT

LOCAL BECLARATIONS

— - .y

"
[

2 1 BECLARE
- 1 BYTE;
Ty DECLARE 3

BOARDSBUFFERSO  KORD AT(700H) ,
BOARDSEUFFERST  MORD AT(702)
FORMARDSBUFFERSO 11678 AT (7044},
FORIARDSEUFFERSL KORD AT(706H)
REVERSESBUFFERSO XORD AT(703iD)
REVERSESBUFFERSL LORBAT (7081
EOARDSADDRESS KORD AT(100001);

&1 TEOLA _
PORTSCSARLRESS LITERALLY?QCCH')
5 1 LECLARE *

PICSIMIT  LITERALLYZOCON!,

PICLOCHI  LITERALLYZGOAM! ;
6 1 LECLATE ’
FESSL(®) BYTE DATA (0D, 023s *UneatE =140)
[E8S2(x) BYIE DATA (O, 00¥, 7Fonuan Test’40):
}RESSI(x) BYTE PATACOTH, 0N ' Tipur Raam 18140))
[ESS4{8) BYTE PATACODH,OAN’ Iraur Yonn 207400
F2955(m) BYTE DATA (ODH,08Y,"Revease Test!(0);



PL/N-B6 COAPILER ROZOTSCORANDERODULE 01 KM Bt

o3

10
i

12
13

14
15 -
16

ro

"3 P >

$ESECT

EXTERIAL PROCEDURE LECLARATIONS

W mem ww
-~

— - g
-

RACSSTRINGSOUT: PROCETURE (PTR) EXTERNALS
BECLARE PTR POINTER;
END RAC$STRINGSOUT)

RACSHLIXSSTAN: PROCEDURE  EXTERSALG -

. ENB RACSDLIXSSCAN?

RACSNORDSING  PROCETURE MORD EXTERIALS
END YACSYGDsIN

RACSUORDSOUT:  PROCEDURE (M) EXTERIIAL:
DECLARE W 110337
END HACSHORBSOUT:

(&
"

PRge 3



PL/K-B4 COWPILER ROBQT$COMMANDSRODULE 01 NAY Bl PABE 4
$EJECT
/t
: COWAMD PROCETURES SECTIGH ;
H %/

17
18

20
2

24

26
27

[N 7S 7S I S

NN P2 RS

/% THIS PROCEDURE IS USED TO INITIALIZE THE SERVO CARDS AND
PUT ALL SERVO KOTORS IN CLOSED POSITIGNAL LOOP wawmwsazaz/

RESET$8748:
PROCEBURE  PUELIC) .
GUTPUT (PORTSCSABLRIESS) =1IPUT (PORTSCSADBRESS) AR  OFDHI
CUTPYT(PORTSCEADDRESS) =THPUT (PORTECHADRESS) QR 02:
£0 1= 70 4 -~
CALL TIKE(250)
END;
END RESET$874€;

/¢ THIS PROCEDURE IS USER TO REAR ONE MORD FROM THT SERVO
CARD. IT 1S USED IN TEACH HODE AMB WMEN UPRATING THE
ACTUAL POSITION DM THE CRT 2aoasstasscssiissidtsnaetsny/

READSFRONSBOARD:

PROCEDURE  PUBLIC:
CALL HACSSTRINGSOUT(CAESSY)
BOARDSBUFFER$0=110T (BOARDSADDRESS) 7
CALL HACSV.ORDSOUT(BOARDSBUFFERS0) ;

END READSFRONSDOANE}



FL/W-B6 COIPILER

ROBOTSCORMANDEHODULE 01 1Av 8

$EJECT

/% THIS PROCEDURE IS USED TO HRITE THD HORDS 70 THE SERVO CARD o/
KRITESTOSBOARD :

PROCEDURE ;

QUTPUT(PICSIKIT)=PICSHOCHT;

B0 PHILECINPUTA(PICSIRITII () LK} .
ENB; T
DOARDSADBDRESS=HOT (BOARDSBUFFERSY)

OUTPUT (PORTSCSADDRESS) = INPUT (PGRTICHADDRESS) ANR OFEM;
QUTPUT(PORTSCSADIRESS) =INPUT (PORTSCHADDRESS) OR O1M;

GUTPUT(PICSIKIT) =PICHGCHS;

00 FHILECINPUT(RICSINITIIO) 1HG

3hH

BOARBSABDRESS=I.0T (BOARDSBUFFERSL) ;

GUTPUT (PGRTSCSADERESS) =INPUT (PORTSCHADIRESS) D OFEMI

QUTPUT (PORTSCSADDRESS) =T1PUT (PORTSCSADDRESS) 0% O1H:

OUTPUT(PICSINIT) =PICH0CHT}

B0 IMILE(XRPUT(PICSINIT)) () O1Hi

ENDi

END KRITE$TOSBOARDI '

A-10
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PL/M-B6 CUSPILER ROBOTECOTAAND SKOTULE Of HAY B PREE 4

&

7
4
19
50
hH

£n
»y

Nt I A

[ S 3N N S I

[

Lo B oS S I S T S T B A ]

$EJECT

-

/¢ THIS PROCEDURE IS\USED T0 TEST THE REPEATABILITY OF THE
ROTIOH COIGIAMD aoaeaasaonn s s onennanssaoesomuseasss/

FORNARDSTESTSRUN:
PROCEDURE  PUBLIC:
CALL MACESTRIEGSOUT (BRESSD) 5
BOARDBUFFER$O=FORNARDSBUFFERSO/
BOARD$BUFFERS1=FORNARDSBUFFERSL )
CALL KRITESTOSEOARD;

34 FDRF&ARBSTESTI»RU%?

/% THIS PROCEDURE IS USED TO TEACH THE ROBOT A GIVEM DISTANCE
AID KOVE IT BY THIS BISTANCE séssensrzasancasacassesssasy/

FORARDSTESTSLOAB:
PROCEDURE  PUTLICI
CALL MAC$STRINGSOUT (EMESSY) ;
CALL RACSILIX$SCANG
FORMARDSBUFFERSO=HACSNORDSIN;
CALL HACSSTRINGSOUT(ENESSA) i
CALL HACSBLIX$SCAN )
FORKARDSEUFFERSL=1ACSNORDS ING
CALL FORRARDSTESTSRU

£1D FORKARBSTESTSLOAD:



PL/k-B6 COZPILER ROBGT$CONAANDSHODULE

61

62
63
64
&5
&

87

89
70
n
7

76

— LS S0 NI N 0 ]

erI AP R NI R P N

$EJECT

/% THIS PROCEBURE IS USED TO TEST THE REPEATABLITY IN THE
REVERSE BIRECTIOH wuamesansobsnuassisansasnnsasaion/

REVERSESTESTSRUMN:
PROCEDURE  PUBLICS
CALL MACESTRINGSOUT(EIESSS)
, BOARDSBUFFER$O=REVERSESBUFFERSO
POARDSBUFFERS1=REVERSE $BUFFERSLS
. CALL HRITE$TOSBOARD)
EMD REVERSESTESTSRUM;

/% THIS PROCERURE IS USED TO TEACH THET RODOT A REVERSE ROTION &/

REVERSESTEST4L0AD: .
« PROCEDURE PUDLIC:

CALL MACSSTRINBSOUT (BIESSI)
CALL MACSBLNKESCAN;
REVERSE $BUFFERSO=IACSLORDS IN;
CALL RACSSTRINGSOUT(LVESSA) i
CALL RACSLLIXSSTAMS
REVERSESCUFFER$1=HACSHORDSIK)
CALL REVERSESTESTSRUM:

END REVERSESTESTSLOAD;

EXD ROGOTSCORIANBEHODULE

01 HAY 81 PASE

A~12

7



PL/v-86 COWPILER

THPUTSOUTPUTSHODULE

ISIS-11 PL/H-86 V2.1 CONPILATION OF KOUULE INPUTOUTPUTHOTIRE
0BJECT KODULE PLACED IN :FL:INOUT.0BJ

COAPILER INVOKED BY:

PLE36 F1:INOUT.SRC LARGE OPTIRIZE(D) TITLEC

PASEMIDTH(?9) DATE(OL Hav 81)

{ IHPUTSQUTPUTSHODULE :205

L]

et m mm —- m . mm e mm e o mm me e ol mm mm e mm mm e e e m e - o,

IRPUTSQUTPUTSHODULEY) &

RODOT,£53C BA/124 Wonizrea V1LO
Bz, 1989
Procaaszzr R.Rarauer

INPUT/0UTPUT

Tirs xopune supronts vrz IIPUT/
BUTPUT via tre xeveoata am CRT,
TEAMINAL,

LosTALKE ANE TKS FOLLOWING PROCEBUAES®

RACSUSARTSINITIALIZATION
RACSPTTS INITIALIZYION
RACSPPISINITIALIZTIC
RACSPICSINITIALIZATION
RACSCARACTERSREABY
NACSCOHTRALSCHARACTER
HACSCHARACTERSOUT
RACSCHARACTERSIN
HACSBYTESOUT
HACSHORDSOUT
RACSSTRINGEOUT
HACSCRLF
PACSADDRESSSIN

.
T me e s mm mm wm me wm me W mm em mT e M Pe me me e e mm = wa e e e me -

L3

0f RAY B1 PAGE
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FL/-84 COMPILER IEPUT SQUTPUT $HOBULE .01 HAY Bt PRBE 2

$EJECT

LOCAL DECLARATIONS

- -
20

71 DECLARE
CHAR BITE PURLIC)
1 BYTE, -
TRUE LITERALLYOSFH’
FKLSE  LITERALLY’000N'
ASTII()  BYTE BATAC01234S6789ABCDEF")
3o DECLARE
PITSHODE LITERALLY’ 09EH"
PITSCOTROL (TTERACLY/ODGH s
PITSCOUATS  LITERALLY’ODAN’
PITCOUNTVALUE LITERALLY/008M;
Lo DECLATE
USRTSSTAT LITERALLY?ODANY,
USARTSBATA LITERALLY/ODGH’
USARTSRSET LITERALLY’04047,
USARTSHODE  LITERALLY’04EH!
USARTSUIRMD  LITERALLY’O37N/
USARTSRXSRDY  LITERALLY/002H',
USARTSTXSRDY  LITERALLY’001H';
5 1 DECLARE
PPISCONTROL LITERALLY'OCEN!
PPISRESET  LITERALLY?003H'
PORSCHADDRESS  LITERALLY’0CCH'
PPISINITSORD  LITERALLYZ092M/;
b1 DECLARE
‘ PICSINIT  LITERALLY’OCON’,
PICSINITL  LITERALLY’OC2H!
PICSICHL  LITERALLYO13H',
PICSTCH2  LITERALLYZ000N',
PICSICHA  LITERALLY?OOFH! ~
PICSOCKS  LITERALLY’00MM';
7 1 IECLARE
ASCR LITERALLY*00DH! 5
ASLF LITERALLY/008H" 5
ASBL LITERALLY?020H"§



A-~15
PL/H-86 CORPILER TIPUTSCUTRUT $HOZULE oL EAY BL PREE D
$EJECT

§ 1 BECLASE
REGINDX  JORD  ENTERIML)
RESSAV(1A) MORD  EXTERMAL,
REGORD(#)  BYTE PATA(7/601:3:2:0:9,:11,12:8/13)
$  LITERALLY’REGSAV(4)?,
PP LITERALLY’REGSAV(S)!,
5 LITERALLY’REGSAV(E) !,
B LITERALLY’REGSAV(9)’,
§8  LITERALLY’REG3AV(10)?,
ES  LITERALLY’REGSAV(11)’, . s
IP LITERALLY/REGSAV(ID) =
FL LITERALLY’REGSAV(LD) '}



N

NCUTSOUTPUTSLOLILE

FUI-B4 CE2ILER
$EJECT

/4

: EXTERUAL PRECEDIRE TEDLARATIOSS :

\ ¥
? 1 DECLAE ERRMY LABEL  EXTERML)

)

{0 1 FACVALDSHEX:  PROCELUSE () HYTE EXTERMAL:
i 2 DECLARE H BYTE]
2 2 BIb HACSURLBSHEX;
(3 1 PACSUSX:PROCEBURE (C) FORD EXTERUL;
o2 TECLATE C BYTE;
15 2 EliB RACSKEX?
1§ 1 FACSVALDSREBSFIRST:PROCELURE BYTE EXTERIL;
172 ED HACSVALDORESSFIRST;
10 1 WACSWALDSRES:  PROCEDURE (C1,CD) BYTE EXTERIAL)
2 BECLARE (C1/C2) BYTE;
0 2 EHD EACSVALDGREG

A-16
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PL/-DS CEPILER YFSTEOUTPUTS0IE

2

fQeg

18
R}

-

BRI N R PRI AR B2 RS

[ I ]

r3

£ JECT
’ el )

T~ H

/0 PRETELURES SELTINN

- e wew =

/3 THIS PROCEDURE IMITIALITES THE B251A PROSSCINLE
CORAGITCATIOY INTERENCE wmmmuwmwwmgwamww
S3ETRNERELONAORLSRARENOOESTONISRROOICOOLONRELCRTLR0D/

LCOUSARTSTNT : i
PROCEDURE  PULLIC:
QUTPUT (USARTSSTAT) =G5
ChA=03
CUTPOT (USARTESTATY =G5 -
UA=0}
CUTPUT QUSARTESTAT) =Gili
=0}
LUTPUTCUSA  £5 1) =1, ART4RSET)
GJTPUT(USARTSSTAT) =USARTELOLE S
CUTPUT (USAATESTAT) sUS2RTECICID;
3.0 rL’EL'QﬁS.‘RT%INITi

/% THIS PROCERUDE INITIALIZES THE B253 PREUSSIATLE
INTERVAL THER #0a25800too0ao0oeoaeotiarsinaeteeatass
LSRR T S LA RLE LA EL LS AL AL LT AL LS AL 2 5 Y]

HACHPITSINIT: .
PROCETURE  PURLIC
UTPUT(PITECTIUTROL) =P TTHIOLES
GUTPUT (PITSCOUNT2) sPITELOWTTVALUE
EHD FACSPITSINITS

/% THIS PROCETURE INITIALIZES THE 82537 PROCRAIGY
PERIPERAL INTERFACE weansninyceaessitesascsotnasinatd
$OR000E00ERA03ERORIDIDIITIRIIEEONLRNCOITANITTCLL/

HACPPISIRIT:
PROCETURE  PUTLICH
QUTPUT (PPISCOTROL) sPPISINITHHORD;
OUTPUT (PURSCSADNRESS) =PPTSRESET
END HACSPPISIRITI

- .

T e
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P CLPILER TUTSOUTPUTSOTULE ol e e 4

$EECT
\\
/% THIS FROCERURE IMITIALIZES T 8259 PROSRAILIADLE

TRTERRUPT COITROLLERT £aRoclsanatodRanepoantasentessss
IS LA RIS LL SRR LS DS T LIS LA SR T TS S S I L AR AA L 9

4 1 RACEPICEINIT:
. PROCEDUTE  FULLICH
AL

2 QUTPUT(PICEIHIT) =PICSICHL/
2 2 GUTPUT(PICSIKITL) =PICSICH2;
8 2 GUTPUT (PICSINITL) =PICSICK4; . ~
¥ 2 ENB INCEPICSINITS N\

/¢ THIS PROCEDESE CUECKS IF A CIURACTER F%M\E KEY

L2290 IS REABY TQ BE READ eopssoscosconssntninasssaoss
L T e E T L L P T Pt Y

4 1 MCSCILReRDY: /¢ 15 CRIR. RADY &/

PROCETURE BYTE  PUBLICI ~
4 2 IF {T1PUT(USARTSSTAT) A'D USARTSRXSRBY)=0 THEN &éﬂl‘m FALSES !
8 2 RETUXH TRUE]

4y 2 B0 NCECHIRERDY S

/% THIS PROCEZUZE CIZCXS FO COTTROU CRATRCTERS: CWIRL S
STCPS GUTPUT 10 THE CRY., CMIRL @ CHITIIUES QUTPUT, CHIRL C
RETUAIS CETTROL 7@ CORAAD KODE ROSuoaisedinoRadsaeiisint
B G G aRT OO BT RUR OO AN e RE N RLE RRTILEDT/

501 EACSCOTROLEGIAR
PROCECVRE  PUCLICS
CRAR=TIPUT (USARTSDATA) A O7FH; ,

IF CRAR=I KN &
EO IHILE CHARCILLNG
IF PACBCRARGRRY THEM
T
CHAR=TIPUT (USARTSDATA) (3 OTFHi
IF CRA2=0034 THEM €070 ERRORI
39H
3
ELSE JF CHAR=003W TIEN EOTO ERROR:
END KACSCOTROLSCHARS

EXYEELYEEE
A2 Gd o B e LN RN
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PL/E-B6 COVPILER - IRPUTSGUTPUTSHODULE 01 HAY BRI PREE 7

a *
S~

$EJECT
/
/

<‘{! THIS PROCETURE OUTPUTS 0 CRARACTER TO THE CRT. wa

\\rﬁiﬁﬂﬁﬁﬁiilkﬁQﬁiﬁﬁﬁﬁiIﬁﬁﬁiﬁﬁﬂiiﬁ@ﬁlﬁ!i!itilll&ﬁﬁ&ﬁ@i/
6 1 MACSLMARSOUT:
PROCEDURE(C)  PUBLIC

6 2 BECLASE ¢ WYTES
% 2 IF HACSCHARSREY THEN CALL HACSCONTROLSCHAR;
8 2 B0 WHILE (IHPUT(USARTASTAT) AND USARTSTXSREY)=0i
69 3 END;
02 QUTPUT (USARTSDATA) =C; .
M2 BB RACSCHARSOUT; } _
N
/% THIS PROCEDURE READS [UE CHARACTER FRU KEYBB.ta ’
l!iil!§lliﬁﬁﬂ&ﬁﬂlﬁIﬁiiiiiﬁiﬂﬁﬁilﬁﬁi!ili&ﬁ!llililb§i!/ N,
7N ,
L HACSCHARSIN: / ‘1 J
PROCEDURE  PUBLILS
12 0 IMILE (INPUTAUSARTESTAT) KD USHRTERKSRDN) =0
no3 BN
52 CHAR=TIPUT (USARTSRATA} R om
% 2 IF CHAR)=ASDL THEN CALL MACSCHA umy.\
782 EMD HACSCMARSIN
[
/% THIS PROCERURE OUTPUTS G:E BYTE T0 cm; 2e2asee
BRSO N AR EO BRI RN BTN B SERASISURRLEREG/
L HACSBYTESQUT: /
PROCEDVRE(R)  PUBLIC i
8 2 DECLARE B BYTES \m
Bt 2 CALL KACSCHARSOUT(ASCII(SKR(B,4) D 00FWPM-— . —
8 2 CALL HACSCHARSQUT(ASCII(B AD 00FH)) ;
B3 2 END HACSBYTESQUT;
/% THIS PROCEBURE QUTPUTS GIE ORD T0 CRT,  sussss
RN RRCRSOREEAARI SRR AREARRSROTRR BRI NCRRARIRLD/
BA 1 HACSKORDSOUT:
PROCEDUREG)  FUBLICH
65 2 DECLARE ¥ VORD;
B 2 CALL MACSBYTESOUT (HIGH(D) 5 : : 3
6 2 CALL HACSBYTESQUTALON (M) § _— .
B8 2 EMD HACSMORDSOUTS



A~20
PL/I-B6 COVPILER  INPUTSOUTPUTSHOMULE oL MAY B1 PASE 8§
HELECT

/¢ THIS PROCEDURE QUTPUTS A STRING OF CRARACTERS 10
CRT., PR R RN RN R AR A RRE R SER R GERES
PREECOURINNRIREEBERERELIDERUD LD UG LIS SICODOUCIBBGER/

g 1 HACSSTRINGSOUT:
PROCEDURE(PTR)  PUBLIC)
W2 DECLARE PTR POINTER,
STR BASER PTR(1)  BYTE}

"2 10}

2 2 I BHILE STR(DOOG

%3 3 CALL FACSCHARSOUT (STRUD))

% 3 1141

%5 3 END3 .
% 2 DD MACSSTRIKGSOUTS

/% THIS PROCEDURE OUTPUTS A CARRIAGE RETUIM AMD LINE
FEED TO THE CRT. muusdsnasdsesuasurbessiorRpssiniasoeonts

FERRILALI IR IR ARNIDERATATIRURETOLIIRRDLIRLLCTORR A LRI/

7.1 RACSCRLF ¢

PROCELURE  PUTLICS
% 2 CALL HACSCHARSOUT (ASCR)
9 2 CAAL RACSCHARSOUT(ASLE)

100 2 EMD RACSCRLF} ’

/% THIS PROCETURE READS 4 RORD FROW THE (RT, eeces
FEEOEOOINRTITOLELTANBELLINDIRANOIRIGORADILIAN RO RS LY/

101 1 HACSMORDSIN: /% GET MORD %/

PROCELURE KORD PUTLICS Y
102 2 FECLARE (SAVE:M)  MORD, <.

Mm  BME T

103 2 et} N
M4 2 00 IMILE TRUES N
105 3 T=CHAR} |
106 3 SAVE=D] \
107 3 IF RACSVALDSREGSFIRST THEN :
108 3 B0; \
109 4 CALL WACSCHARSING
1o 4 IF HACSVALDREGCT/CHAR) THEM
1o 00}
12 s SAVE=REGSAV (REGINDX) ;
13 5 CALL MACSCHARSIN
s 60T0 CONT;
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PL/M-B6 CORPILER TNPUTSOUTPUT SHODULE 0L HAY BI PAGE 9
\ $EJECT
15 s EMD;
ELSE
114 3} SAVE=HACEHEX(T) ;
4 ENDi
1 IF 10T GHACSVALTNEX(T)) THEN GOTO ERROR;
20 3 DO HHILE BACSVALDHEX {CHAR) ;
12 4 SAVE=SHL (SAVE , 4) +MACSKEN (CHAR) 5
2 4 CALL HACSCHARSING
3 4 BN
26 3 com: N=SAVE§
25 3 IF CHAR=ASCR 62 CHAR=':’ OR CHAR=ASM. THEN
126 3 RETURH Wi
ELSE
127 3 60T ERROR
128 3 £ND;
129 2 END RACSMORISING

/% THIS PROCEBURE READS Al ABDRESS FROX THE CRT swcoas
(B TEEE TR L E S TR A E e T L T )

13 1 HACSADTRESSIN:
PROCEFURE (PTRLESFULTBASE)  PUDLIC)
131 2 DECLARE PYR POINTER,
DEFULTBASE 1ORD,
ARG BASED PTR STRUCTURE (CFF NKORD,SEG 1O3B) )

132 2 ARG. SEG=DEFULTBASE ;

1332 ARG, OFF =RACENORDSIN ~
134 2 If CHAR=":/ THEW

135 2 Loi

136 13 CALL RACSCHARSIMI

137 3 ARG, SEG=ARG.OFF

138 3 ARG. OFF =NACEIORDSIN

139 3 IF CHAR=":’ THEN 6070 ERROR;
144 3 331 H

142 2 END HACSADLRES$IN/

143 1 END INPUTSOUTPUTSHODULE;
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PL/M-86 COGPILER UTILITYSHORULE 01 HAY 81 PAGE |

ISIS-11 PL/W-86 ¥2.1 CORPILATION OF KODULE UTILITYHODYLE ¢

OBJECT VODULE PLACER IN :F1:UTILTY,0BJ ’

COMPILER JHVOXED BY: #LNBé :F1:UTILTY,SRC.LARGE OPTIMIZE(®) TITLEU UTILIYYSHORULE?) &
PASENIDTH(99) DATE(GL RAY 81)

EN

{ UTILITYSHODULE 30§

™

ROBOT, 1SEC B&/124 Nomrvon V1.0
Dzc. 1980
Prosnanssa R.RarauLr

UTILITY

THIS MOBULE IS USED 8Y ALL THE RiIG-
KER LEVEL PROCEDURES IN THE PAOGAAN.

17 INCLUBES THE FOLLOWENG FURCTLONSS
RACSVAL IDSHEX
HACSHEX
FAUSVALIBSREGSF IRST
RACSUALIBERES
HACSTESTSNORDSHOLE
HACSBLANK $5CAN

L

Tl S e mE e e e @E me mE e e me e wie e e




PL/H-B6 CORPILER UTILITY$KODULE
$EJECT
/%
H LoCAL PECLARATIONS j
: " %/
2 1 BECLARE
CHAR BYTE EXTERMAL,
1 BYTE,
NORDSKOBE  BYTE PUBLIC, =
TRUE LITERALLYZOFFU! /7
FALSE LITERALLYG00K,
ASCIT(w) BYTE BATAC?0123454789ABCDEF') /
ASBL LITERALLY?O20K!; P
301 IERM.Z
REG (W) BYTE DATAC’AXBXCXBXSPBPSIDICSRSSSESIPFL ),
REBINDX HORD  EXTERNAL
REGSAV{14) ¥ORD  EXTERMAL,
REGORD(»)  RYTE DATAC7,8:1:3:2:0.9+11,12:8,13),
Sp LITERALLY?REGSAV(4) ',
BP LITERALLY/REGSAV(S) s
s LITERALLY/REGSAV(B) !
BS LITERALLY/REGSAV(DY 7
8s LITERALLY/REGSAV(IDY /s
£S LITERALLY/REGSAV(11) 7
1P LITERALLY’REGSAV(12) 7,
FL LITERALLY/REGSAV(ID) /5
/%
H EXTERIIAL PROCEDURE DBECLARATIONS }
i . %/
4 1 KACSCHARSIN: PROCETURE  EXTERMAL;

END HACSCHARSIN;

A=23

01 HAY 81 PAGE

2

|



2

PL/W-B6 COMPILER

12
13

14
13
16
16
n

20
P>
2
24
2
26

27
28
2
30
3

-
rs

34

15
38
37
38

~g B~ o~

B A Cd Lal B BE PRI RO RO 3 P RO Lt d DD B e

P P G Ll R R

UTILITYSHODULE 01 AT Bi

teJECT
/% T0 CHECX IF THE CHARACTER IS A VALIR WEXARECIMAL DIGIT #/

HACSVALDSHEX:  PROCEDURE (W)  BYTE  PUBLICS
DECLARE R BYTE!
10 1=0 TO LAST(ASCID);
IF H=ASCII(1) THEN RETURN TRUE;
END/ :
RETURN FALSE;
END MACEVALDSHEX:

FeCORVERT FROM ASTIT TR HEX #/

MACSHEX:  PROCEDURE(C)  WORD  FUBLIC)
DECLARE € BYTE;
IF C{=79’ THEN RETURK DOUBLE (C-30H);
ELSE RETURM DOUBLE(C-I7W)}

END MACSHEXi

/% CHEEX TF THE CHARACTER IS A VALID FIRST LETVER OF A REGESTER MANE®/

MACVALDSREGSFIRST: PROCEDURE BYTE PUBLIC:
B0 1=0 70 26 BY 2;
IF CHAR=REG(I) THEN RETURM TRUE;
£ND;
RETURM FALSE;
END HACSVALDSREGSFIRST

/% CHECK 1F THE THO CHARACTERS ARE A VALID REGESTER RAlE &/

MACSVALDSREG:  PROCEDURE(CI,CD  BYTE  PURLIC
DECLARE (C1,C2) BYTE;
10 REGINDX=0 TO 13;
IF C1=REG(REGINDXE2) AMD C2=REG(REBINDX32¢1) THEN
RETURN TRUE;
E1B;
RETURN FALSES.
EMD KACSVALDSREG;

/¢ CHECX IF THE COMHAMD IS FOLLOMED BY 'W &/

MACSTSTEHORDSYHOD:  PROCEDURE  PUBLILS
HORDSKODE=FALSE
CALL NACSCHARSING
IF CHAR='W’ THEN

A-24

PRGE 3
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PL/H-86 COMPILER UTILITYSHODULE 01 BAY Bt PAGE A

$EJECT

®» 2 10;

& 3 HORDSHODE=TRUE ;

a3 CALL MACECHARSING

2 3 ENDS

A3 2 IF CHAR=ASBL THEN

4 2 CALL MACSCHARSIN;

5 2 END MAC$TSTSMORDEROR) ,
/% CHECK FOR OPTIONAL BLAIY IN THE £0:atd »/

4 1 HACSBLIXSSCAN: PROCEDURE  PUBLICS

i 2 LOOP:  CALL KACSCHAR$IN;

8 2 IF CHAR=ASBL THEN -

N 2 6070 LOOR; ~.

50 2 END HACSBLMXSCAN;

] END UTILITY$KODULE; .

™
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APPENDIX B

OGRAM LISTING
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VARIABLE DESCRIPTIONS:

DT: The loop time (equal to 4 msec.)

-

DX: The increment in the command distance per DT.

X : The command distance per DT.
conm

IFL: Flag, set when motion 1is completed.

-

DXMAS: The maximum increment in the command distance.

XEND: The total command distance.

FLG: Flag, set in the RUN part of the trapezoidal profiles.

Xl: The distance travelled during acceleration time.

®

¥.: The distance travelled until deceleration time.

o

\Y : The command velocity.
com
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ASHAR F1:CONTRO.AAB TITLE(! SERVOSCONTROLLER?)

1S1S-11 KCS-A8/UPI-41 KACRO ASSEMBLER, V4.0 PAGE 1
© SERVOSCONTROLLER
L0 ORJ LINE SOURCE SYATERENT

1

2

3

§

3

b i

7 i

g H SERVO CARD SOFTHARE V1.0

9 H JAM, 198

10 } Prosaamsze R RAFAULT

it ;

12 j

13 ' SERVO COWTROL

14 H

13 }

16 H THIS COMTROL PADGRAN IS RESIDENT
17 i IN THE PROGAAR KEMOAY of twe INTEL
18 ) 8748 n1caorrocEssOR. 1T sEMEmATES
19 i THE TRAPEZOIDAL verotiTy Paortpe,
20 P 17 IS CQITTEM [N ASSAWBLY LANGUAGE)
A j (ASH 48)
2 H
A ;
24 $EJECY

Mme e S Me WA e WA e M s Mt mme e e MM e e



1S15-11 HCS-4B/UPT-41 MACRD ASSEMBLER, V4.0

Loc

6000
001
06002
0003
0004
0005
0004
0607
$020
0021
0022
4023
0024
0025
0024
0027
028
0029

4028
6020
0020
002t
002F
0030
0031
0032

SERVOSCONTROLLER
08J LIKE

3 i
26
27
28
i)
30
i
32
R
JA
15
R}
Y
38
R}
4
41
A2
3
44
45
4
47
48
49
30
)}
52
3
54
R
58
97 SEJECT

PR .

SOURCE STATEXENT

PAGE

2

DEFIHE NAWES TO THE HORKING REGISTERS

POINRL
POIKR2
THp
X
L
XiH
15
Batax
YENDL
XENDH
XENBS
2
X24
X28
FLAG
XCORL
XCOH
pwiri
LACTL
XACTH
XAELTS
veoiL
VOO
yeans
ISPL
XSPH
XSPS

(211
Eoy
EQU
£qu
s
£a
2111
Eouy
EQY
£ey
211
£Qu
£ny
Eoy
ER
£ay
EQU
EQu
ey
EQU
e
EQU
EQU
E0y
EQU
EQU
EQY

)

Ry

R

R3

Rd

RS

Ré

Ry

20H
21M
M
pal
24
75U
26H
M
2BH
WM
IS
1M
2
21TH
yia)
pi3)
J0M
MM
1M

e mm e s
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I515-11 KLS-4B/UPT-41 MACRD ASSEMBLER, V4.0

LoC

0900
0003
G064
003F
0040
0OFD
0042
DOBF
0089
007F
0004
00FE
o008
0or7
0029
0onF
0019
00EF
1401
0020

SERVORCONTROLLER
a%J LINE

38

SOURCE STATEHENY

PAGE

3

3
&
61
62

e mn ma e e

BEFINE THE CONTROL PORTS

63
4
63
b
&7
68
6%
H
7
72
71
T
4]
76
n
78
7
80
81
82
BY $EECT

RSTALL
STP1
STP2
CLACK
ECACK
CRFEE
ERFEX
DIRBL
ETHDM
BIHEH
EOHEL
DOHBL
EOHEH
DOHEH
ELSDAL
TLSEAL
ELSDIAA
BLSDAN
LN
RODOIE

£y
£y
Ew
£
EDY
[l
Em
£y
341
Ey
EQ

EQ
oy
QU
Lo
340
Em
EQY
Eoy
EQ

1]
003K
064N
ODFH
0408
OFDH
0426
OBFH
0804
O7FH
H04H
OFBH
208H
OF7H
o204
ODFY
0108
OEFH
ODFH
d20i

e aes s s Tm



1S15-11 1iCS-48/UP1-41 HACRO ASSEMBLER, V4.0 PASE 4

SERVOSCONTROLLER
i ,
LOC 9RJ LINE SOURCE STATERENT
304 34 036 LU R FERORY BRAGE O ....us
B5
4000 0400 86 Sn? STARY
87 H
gﬁ H ";J
£9 ; THDIRECT JUiPS FROA PASE 0 H
20 i '
3
72
0002 64CE 93 1613 &® T63
0064 243C 94 T6I20¢ L7 1620
0006 04CS §5 ADIDX: 5P ADBX
4008 2450 96 T6I40: N2 1640
0004 2456  ~ 97 TGIS0: O 1650 )
© 000 55 Y98 START: SEL Bl coiviniinnn Use mecistems 24 1o S1 ooy
0500 9400 9 AL PLARSTALL) ... IHITIALIZE THS nanBuale
0007 BAsA 106 - oL F2,¥5TF2
0011 27 101 (LR A
0012 02 162 Ut TUS.A
00t3 8893 103 0] BUS/$5TPL
0015 27 104 12X7:  OR B cvreerienes v oo DLEAY TET MORKIES REGISTERS
$016 AB 103 hoy | 247
4017 8807 104 LoV POIIRL 4TH
0019 ¥92C 167 W POILR2,4X0CT5
0018 AL - 108 CLEAY: 1DV EPONIR2,4
oic ey - 109 [ - POLIR2
913 £R1B 110 B POLRLCLEAR
$01F 85 1§81 CLR Fo
6020 5424 112 Ji LO0?) .v.vecerna ]s TTHB® PULLY
€022 5455 113 CALL  REAB} siiveneeen Jesr neaw 17
0024 4415 134 LOBR: ST KEXT  .oveuvenss AT STAST BZV ROTICH
3026 5474 115 CaLlL  KRITE ..vvuvess JJlor uenate ACTUML rosITION
0028 2428 116 CLOC: 70 CLOCF .....ecvv. 7O CRT & IAXT FOO LOG? TRIGSER

117 $EJECY



ISIS-I1 KCS-4B/UPT-41 MACRO ASSEMBLER, V4.0
SERVOSCOITROLLER

PRSE 5

L0C 03J LINE SOURCE STATEMENT
118
{1y H H
126 ; H
121 i THE BEGINING OF TRE TIMING LOGP
122 ' i
123
124

0024 9APF 29 AL P2,8CCACK

002C BAdO 126 Rt P2:8ECACK

002E 98FE 127 AL BUS ) $OFEN

0030 09 128 U] Y1

0031 8801 129 IRE BUS, $01H

¢033 £824 130 Lo POIKRL 4XACTL

0035 F233 13 J87 DO Loovieia IS 17 Foosens sotron?

0037 B900 132 Up: 1oV POLIR2AACM) ..... Yes: A®y FEERBACK

0039 043D 133 A3 {IFdi=]

0033 BOFF 134 DOW: ROV POLNR2, $0FFHT .. .Kor suatmacT FEERSACK

0038 40 135 UPTH:  ADD AEPOTIRL

003E A0 136 hov EPOIIRL A

$03r 18 15 e POIIRL

0040 FO 138 Hov ACPOINRE

0041 79 139 ADBC  APOIHR2

0042 £ 140 1oV EPOINRL A

0047 18 14 I POLIRA

0044 FO 142 i) A CPALIRY

G043 9 143 ABEC  A/POINR2

0044 20 144 )Y CAHLIRL.A
145
146 5 1 IF(FLAS.EQ.1)6DT0 50 ........1s woviom coxrLETED?
147

0047 E824 {48 CO0: 5DV POINRL, BFLAS

0049 FO 149 Iy #6701

0045 1207 150 JB0 T6IS0F ...vvunnee TES) KEER THE POSITIONAL LOO* CLOSED
1St -
152 7 IF(BYHAX.ER.Q)GOTO 40 ......... N0, 15 coxmexmeEs VELDCITY EGUAL 7D  IERD?
153

004C FF 154 Ko A2 DXIAX

004D L£408 155 J 761407 ..........VES) CLOSED POSITIOHAL LOOR
156 i AN} ST0P KOTION
157 5 TFOEMB,LT.OG0TD 2 ........... Poy Execute Tz TRAPEZOIDAL
158 i VELGCITY PROFILE

004F AS 159 CLR Fl

0050 8822 140 v POINRL, $XENDS

0052 FO 181 oY ACPOTIRY

0033 1281 142 JBo 162

163 $EJECT



1516-11 MCS-4B/UP1-A1 RACRD ASSEMBLER, V4.0 PAGE ¢
SERVOSCOMTROLLER
LOC ORJ LINE SOURCE STATENZINT
144 § XCOH=XCOMeDYX .........c..cene. Tue GCCELERATION ramv,
145
(0035 1827 186 Rav. POINRL , BXCORL
0057 FB 167 Hov A1
0038 60 168 ABD A EPOINRY
0059 &0 149 Hov EPOINRL 4
0054 18 170 I POTIRL
00SB FO 171 Koy A:EPOTHRY
005 1300 172 ADBE M b0
00SE Ab 173 Ko BPOINRL 6
174
175 § GOTO 5
174
0057 0475 7 Jie T6S
178
179 & 2 YCOW=XCOM-DX
180
0061 B 18f 162 CPL FL7 vevivrenns.s S27 FL oor XEND 15 -vE.
40462 1827 182 HoV PODNRL, $XCORL
4064 FB 183 KoV ArDY
0045 475 184 J1 169
0067 T2 185 CrL A
0048 17 186 e A
0049 40 187 ADD AsEPOTMRL
0064 20 188 ROV £PODIRLA
pOsR 1B 189 I POTIRI
004C FO 190 o A EPOINRY
006D 13FF 841 ABDC  ASBOFFH
004F £0 192 KoV EPOINRL,A
0070 18 193 i POINRL
0071 FO 194 K A,EPOTHRL
0072 13FF 195 ADDC  ASROFFH
0074 80 194 KOV BPOTMRLAA
0075 5400 197 T65: Catl  BAC) ............OQuthut TO sERVO YCOH=XCOW-XACT
198
199 5 IF(BX.NE. BXMAX)GOTO 20
200
0077 FF 201 KoV A DYHAY
0076 0B 202 XRL Y304
0079 9404 203 Ji2 16120
204
205 ¢+ IF(FLAGO.ED.1)G070 3
2064
0078 3402 207 JFO T613

208 $EJECT



B-8

1S16-11 MCS-4B/UPI-41 WACRO ASSEMBLER, V4.0 PAGE 7
SERVOSCOMTROLLER )
L0 0BJ LIKE SOURCE STATEKENT
209 § SET FLAGG ........... cieene vor B8 oF THE ACCELERATION sant
216 Y1:)2 anE weowsy AT THIS POINY
pIR| ;
0070 55 202 R FO
213
24 5 25 (1=XCOH
215
007E ¥827 16 KOV POINRL AXCOIL
0080 FO A7 KOV A/EPOINNY
0081 AC 18 WOV XILsA
0082 18 19 I POINRL
0083 F¢ 220 ROV ASCPOIERM
0084 &b 2 KV XIHA
0085 18 22 I PoINRY
0086 F0 223 KOV ALPOLI
0087 AE 24 WOV X154
. " 25
T 26 5 X2=XEND-X1
.gf ) 27
l 0088 1823’ 28 KV POIIRL XL
\ 0084 FC prij KV AL
AL 008} 37 230 CPL A
008C 0301 \ 231 ABD A/ BOOLH
00BE A0 232 KOV GPOIIRINA
008F 18 \:gxg e POLNRL
0090 FD ~ RV AJXIH \
0091 37 235 . A
0092 1300 236 ADRCN, 4180
0094 A0 237 KOV SG0DRLA
0095 18 238 M PRI
0096 FE pAl] KWW AsXIS
0097 37 240 L &
0098 1300 21 ADBC  ABO
0094 A0 12 KOV CPOINRIsA
0098 B823 243 KOV POIMRI#XLL
009D 3920 244 WY POLITR2,4XENDL
009F FO } 245 WOV ALPOLIRL
0040 61 24 ADD  A/BPOIIR2
00A1 A0 147 KGOV EPOINRL,A
00A2 18 28 I POINRY
0083 19 49 e PoIR?
0044 FO 250 KV A/BPOINRY
8085 71 251 ADDC  4,@POTNR2
0046 AD 252 KOV EPOIMRL.A
0047 18 753 I POINRL
0048 19 754 DT POINR2
009 FO 255 WOV A/EPOIHRI
008 71 256 ABBC  A/BPOINR2
00AB A 257 Kov

EPOIFRL A
258 $EJECT =



B-9
1S15-11 KCS-4B/UPT-41 MACRD ASSEMBLER, V4.0 PRGE 8
SERVOSCONTROLLER
L6C  ORJ LINE SOURCE STATEHENT
23% 1 (SP=Y2-DX
260
00AC 3925 261 KOV POINRZ $X25
G0aE BBI2 262 Ko POINRL, BXSPS
0080 F1 263 KoV ArEPOTIR2 ’
00B1 AC 264 KV EPODNRLIA /
B2 ¥823 25 KV POTRRL A $X2L -
40B4 B930 266 Kov POINR2, $XSPL
00B4 1204 287 JBo ABTDX
00R8 B 208 SUBDX: RV fsBY
0089 17 269 CrL A
00pA 17 70 i A
J0RE 40 P25 ABD # EPUTIRL
00BC Al m 81 EPOINR2 4
00BD {8 3 me POIIRL '
00RE 19 224 IKC |, POINR2
J0BF FO 275 KoV A EPOTIRI
00CO-1TFF 276 ADBE  ASBOFFH
00C2 AL m KoV EPOINR2AA
00C3 04ACE 278 g 163
00CS £B 29 ADBX: KOV A
00C4 40 280 ADD A EPO1NRY
00C7 At 01 hv EPOTIR2A
00C8 18 282 iy POIIRL
00C% 19 283 e POINR2
00CA FO 204 KoV ArEPODRY
00Ck 1300 285 ADEC AR
20Ch AL 284 KoV EPOINR2,A
07
288 7 7 IF(ABS(XCOH) .GE.ABS(X2))GOTO 30 ....THE seGiiuing oF THE
289 4 RN rant.
290
00CE 8827 291 763: KOV POINRL  $XCORL
00D0 8923 292 Hov POINR2, $X2L
0002 FO 93 ] ArEPOIERL
0on3 17 294 cPL f
00D 41 25 ABD AEPOTNR2 \
0015 37 294 [y 8 A A
00D6 AA 97 KoV THE 1A e
0007 18 298 me POINRL
0008 19 99 ne POINR2 #»
o0ne FO 100 Al A,EP0TIR1
00DA 2400 Jo1 Ji? PAGEL

302 $EJECT

o e —



L,
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{
1SI5-11 KCS-48/UPT-41 MACRO ASSEWBLER, VA.¢ PRGE ¢

SERVOSCONTROLLER
LOC 0B LIKE SOURCE STATEWENT
L
0100 303 0 1005 ..l MEMORY PAGE L ...
0100 37 304 PAGEL: CPL 4
otot 71 165 ABIC  AIEPOINR?
010 3 306 L
0103 7609 307 FIOWENR
0105 Fo10 308 L TR0 XCOHCX2
0107 243F 309 Mo 1630
0109 Fo3F 300 WXONK2: JC T630
0108 9610 3 5z 1610
610D FA 32 VO MR
OLOE 9610 313 o TBLO
iU ¥ 1610
35
36 5 10 TF(ABS(XCOM LT, ABS (XSP))GOTO 1 ’
37
0110 5827 3B T6L0: KOV POINRE,XCOIL
0112 B930 119 NGV POINR2,$¥SPL
0114 FO 320 NV MEPOINRL
ons 3 2 LA
0116 61 ky”. ADD AEPOINR?
oy 3 K7 L
0118 A4 k7] OV TP
0119 18 5 L POINRL
0114 19 326 B POINR
0118 FO 127 MOV ARPODRL
oue 37 R LA
oLD 7 329 ADIC  A,EPODNR
OUE 37 T30 L
OLIF 7625 | JFU NS
0121 Fé6 m L TBH e XCONSP
0123 42 333 ¥ T8I
0125 Fo2L T4 OCHKS: JC TBIS
0127 9669 335 ML TEH
0129 FA 1 NV ATEP
0124 9669 7 A (-
Wi AP T6
n9 Ve S~
w [
341 i 1\ XEOH=X2 oieiiniiininn oo BEGINNING OF TRE RECELERATION rany
W .
012C 5827 I T6IS: RQU POINRIBXCOWL
0L2E 1923 4 NOW  POINR2, X2
0130 F1 S HOV . AEPOTHR?
0131 A0 346 MOV EPOINRLA
0132 18 347 INC M
348 $EJECT

L

.
~



ISIS-11 KCS-48/UP1-41 MACRD ASSEMBLER, VA.0 FAGE 19

SERVOSCUATROLLER ,
Lo 0B LINE SOURCE STATEWENT
0133 18 U9 ne PO
0134 Fi 150 NV ARPODIRZ
0135 40 Tt HOV  GPOTHRL,A
0136 18 352 e POINR
0137 19 353 I POINR?
0138 F1 354 RV ASEPOINR
0139 &0 335 Hoy EPOIRRL,A
156
357 7 BOTO 1
358
0134 0424 359 P LOOP
360
1520 =pie
362 .
O30 18 - 36376200 NINC X
364 ~
365 + GOTO
366
0135 0424 367 P L00e
368
369 530 Br=di-t
0
OL3F CB 31 7630:  BEC DX
72 ,
373§ BXHAX=DX
N
0140 F 35 KOV ADX
0141 &F 376 ROV DXRAK, A
K7z
378 5 IF(XCO4. HE. XEND)6OTO 1
9
0142 3828 380 OV POINRI,AXCOMM
0144 3921 38t OV POINRZ EXEMBH
0146 F1 £47) WOV AEPOLIR2
0147 10 383 R A/CPOIIRE
0148 9469 384 M TG, YCOM( ) XEND
0144 (8 385 BEC  PODNN
0143 €9 386 ML PODNR2
014C F1 387 ROV A/EPOINR2
014D 10 388 XRL  AJCPOIMR \
OL4E 9649 389 BT Tl ..., XCONOXEND ]
90 Jip 16407 ..vviunias XCOH=XEND ‘
391 $EJECT |



ISIS-11 MCS-4B/UPI-41 RACRO ASSENBLER, V4.0

SERVOSCONTROLLER
LOC OBJ LINE
392 5 40
393
0150 826 94 Te40:
0152 Fo 395
0153 4301 396
0155 40 w7
198
399 i 50
400
0156 BBZF 401 7650
0158 Fo 102
0159 9647 403
0158 (8 404
015¢ F 405
015D 9667 406
015F (8 407
0160 FO 408
0161 9667 409
0443 9ADF 410 TERDL:
0165 BA20 M
0167 5400 42 CLDAC:
0169 (424 413 TEIL:
AL $EJECT

SOURCE ST

Koy
oV
gRL
1oy

TEYCOH.ER, O)YOUTPUT BOIE

il
KoV

AL
0RL
CALL
Riitg

ATEHENT

---------------

FOLRRLFLAS
HrEPOTIRRY
Ar001H
EPOIIRLA

POINRY VCDAS
A BROTIRL
{LBAC
POINRL

A, BFOINRY
{Lpac
POINRL

A, EPOINRL
CLpAC

P2, $DULE
P2,8HODONE
BAC

Loge

PREE

1

Hotrow 18 CORPLEYEN

B-12



I1S1S-11 HCS-48/UPI-41 MACRO ASSEMBLER, V4.0

SERVOSCONTROLLER

L0C dBJ {Iﬁi
15
A

0200 A7
18 H
AR j
420 i
21 i
422 i
423 i
424 i
V&) i
426
427

0200 5620 428 BAC:

0202 3928 A9

0204 Fi 430

0205 37 AU

0206 0301 432

0208 40 433

0209 18 434

0204 19 435

0208 F1 436

020C 37 A3

0200 1300 438

020F A0 439

0210 18 440

0211 19 41

0212 F1 442

0213 37 443

0214 1300 444

0216 A0 M5

0217 B82D 446

021% 927 447

021} £0 448

021C 41 49

0210 M 430

021E 18 431

021f 19 432

0220 FO 433

man 434

0222 A0 433

0223 18 456

0224 19 457

0225 O 438

0226 N 459

0227 A0 440

481 SEJECT

SOURLE STATERENT

PAGE 12

HEMORY PAGE 2 ...

THIS SUSROUTINE IS USER TO CALCULATE
TRE POSITIONAL ERROS AMB CONVERT IV TO
A VELDCITY COKAAMR TO DRIVE THE SEAVO
KOTDR IN A BIRECTION THAY WILL RININ-

[1E THIS ERRCA,

gV
KOV
KOV
CPL
ADD
HOV
N
e

gl
ADBC
LoV
e
INC
KOV
crL
ADDC
KOV
KW
KOV
KOV
ADD
v
e
e
Hnov
ADDC
KOV
I
e
it
ABBC
iti})

POIIIL, SVCORL
POINR2, #XACTL
A, EPBIRR2

A

As $00LH
EPOINRL /A
POINRL

POIIR2
AsCROTNR2

A

A0
EPaINRL A
POINRY

POTHR?2

A EPOTNR2

A

Ard0
EPOINRLA
POINRE  SVCOIL
POIIR2 $XCOKL
A CPOTKRE>

A1 EPOIKR2 (

BPOIIRLIA
POIIR1
POINR?
A, GPOTIRY
ABPOINR2
EPOINRLAA
PEINRL
POINR2
ASEPOTNRL
A, BPOINR2
CPOTHRL A

e e wm es mm W ma

B-13



1S18-11 HCS-4B/UP1-41 NACRD ASSEMBLER, V4.0

SERVOSCONTROLLER
Lot o08J LINE
0228 B82F 462 CHEK:
0224 FO 463
0228 (8 464
0220 1234 465
022t FO 464
022F SIFE 467
0231 C445 468
6233 BOO! AbY
0235 (8 470
0234 BOFF 471
0238 44435 472
0234 FO 473 nGVCoN:
2% 3 474
0230 JIFE 475
023E Co45 474
0240 BOFE 77
0242 (8 478
0243 BOOO a7y
0245 B8 480 DUTSRY:
0247 FO 481
9248 39 482
024 8820 483
0243 98BF 484
0241 18 485
024€ FO 486
Q24F 39 487
0250 8810 488
0252 9BEF 489
0234 83 450

A1 SEJECT

SOURCE STATEHENY

KOV
Hov
beC
JBo
K
ANL
41
Hov
DEC
Hov
e
Hov
CrL
AL
a
KoV
BeC
i)
KoV
1oV
on
ORL
L
IKC
Hov
ouTL
{18
AL
RET

POINRL, $VCOHS
A EPOIIRL
ot

NGvLon
ABPOIKRL

A BOFEN
QuTSRY .
EPDINRYL, $00LH
PATNRL
CROIHRL, BOFFH
QUTSRY

A EPOINRYL

A

Lo YOFEN
{(UTSRY
EPOIRRL, $OFEH
POIRRL
EPOTNRL, BOO0H
POTHRL, $UCOKL S
AsEPOTNRY
PLig

BUS, $ELSDAL
BUS $DLSDAL
POINRL
AEPOINRL
[3¥T:]

BUS » BELSTIAH
BUS  $DLSDAY

PRGE

aaaaaaa

13

Gureyy VOO vo seave



1515-11 HCS-4B/UPT-41 RACRD ASSEMRLER, V4.0

SERVOSCONTROLLER
1.0 0B) LINE
492
493

494 }

495 ;

496 j

497 i

48 j

99 }

300 j
301
302

4255 BSIF 503 READ:

0257 5457 504 RAIT:
4259 98FD 305
G258 BBA2 304
V25D 99 507
0258 A 508
025F 18 509
0260 98BF 510
0262 8880 1181
0264 0Y 912
0265 A0 S13
0266 18 514
0267 YIF 515
0267 987F “Sté
0268 8A20 517
0200 95 518
024E BAS7 519
0276 83 320

921 $EJECT

SOURCE SYATEMENT

PAGE

TRIS SUIRDUTINE 1§ CALLEN ¢xTN vae [HE™
IS FULL. Ir VILL THEN REAR TuD wOARS AMY

RETUAN, TG THE MAIN PROGRAM,

A
Ji
AL
0RL
IN

KoV
e
AL
oaL
I

1)
e
AL
fL
Rt
trL
e
RET

POINRL A RLFH
1T

BUS, $CREBK
BUS, $42H

[ V131
EPOINRL A
POTIRL
BUS, $DIHBL
BUS, $ETHBH
MR
EPOINRL A
POTNRI
FLREE
BUS, $DIHBH
P2, 800000
Fo

MIT

e e me s me VR s
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1515-11 HUS-48/UP1-41 NACRD ASSEMBLER, V4.0 PAGE 13
SERVOSCONTROLLER

LoC OBy LIKE SOURCE STAYEMENT
S22
523
5 i — ;
525 H ;
526 P THIS SUBROUTIES IS USER TD WRIVE ;
527 i oxe wony 7O THE COMB™. It 15 catew ;
328 i N TRE TEACH vose Anp uMeEM Tz j
529 ; ACYUAL POSITION IS UPBATER O THE i
530 } RY. ;
5t } i
532 } i
RRAS
334

0271 B82% S35 MRITE: KOV POTHRE A BXACTH

0273 Fo 534 How A, EPOINR]L

274 19 537 WL PLA

0275 BBOB 538 1348 BUS » $EOHBH

0277 98F7 539 AL BUS » $BOHEH

0279 (8 540 PEC POINRY

9274 FO 541 KOV A, EPOINRY

4278 19 542 guTL  PLaA

0270 8804 343 148 BUS» $EQHBL

027t 9BFER 544 Al BUS» $D0HBL

0280 83 543 REY

200C 544 EXD START



APPENDIX ¢C

The followiny pages contain the components' locations and the

schematics of the Servo Control Bgard. Also, the schematic for the
{

\

|
manual controller is included. !
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Socket No. | Chip No. ﬁf&if GND | +5V | +15V | -15V
1 87438 40 20 40 - _—
2 8212 24 12 24 -— -
3 3212 24 12 24 - _—
4 3212 24 12 24 - _—
5 3212 24 12 24 - —
6 7522 28 28 27 1 _
7 0015D 16 3 14 4 13
8 74126 14 7 14 ~— _—
9 8282 20 10 2 - -

10 74193 16 8 16 - -
11 747C 14 — -~ ] 9,13 4
12 7474 14 7 14 - _—
13 74193 16 8 16 - —
14 747C 14 - -~ 19,13 4
15 RC 14 - - - -
16 RDC 16 - - _— -
17 74123 16 8 16 - —
18 RC 8/14 — - - -
19 7404 14 7 14 — _
20 74123 16 3 16 - -—
21 74123 16 8 16 - -
<2 7483 16 8 16 - -
23 R 16 — - - —
24 7408 14 7 14 S —_—
25 7474 14 7 14 _— _—
26 7474 14 7 14 - _—
27 14

28 319N 14 6 11 - -—
29 DIP SW. 8 - _ — _—

RC: Resistor/Capacitor Bank

RDC: Resistor/Diode/Capacitor Bank

R: Resistors Bank

TABLE C-1

Device Power Supply
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APPENDIX D

iSBC86/12A Monitor Commands

The monitor is capable of executing five individual commands.

Each command is described within the sections which follow. The

following command syntax is used:

(al indicates that "A" is optional

{alx indicates one or more optional occurrences of "A"
<cr> indicates a carriage return is entered

<sp> indicates a space is entered

fiS) Examine and Substitute Memory:

Memory locations '"seg:off'" are displayed on the CRT and are
open for modification through the keyboard. These can be displayed

either in bytes or words of "w" is typed after the command character

" n
.

s
SYNTAX

S [W] <addr> <sp>[[<new content8>] <sp>]* <cr>

L S VNS

-~

PR



(E) Examine and Modify Registers:

~

Internal register pairs are displayed in§sequence if the
command character "E'" is followed by the carriage return key. Any
register pair can be displayed and modifjed if it's name follows the
command character "E",

SYNTAX

E [<reg>][[<new contents>] <Sp>]* <er>

(D) Display Memory:

Memory locations ''seg:off" to the new "seg:off" are displayed
on the CRT. If "w'" follows the command character "D", then memory is
displayed in woré format.

SYNTAX

D [W] <start addr> [<sp> <end addr ] <cr>

(M) Move Memory:

This command moves & block of memory between starting 'seg:off"

"seg:off" to the new address "seg:off".

and end
SYNTAX

M <start addr> <sp> <end addr> <sp> <destination addr> <cr>

{G) GO Command:
' The GO command is followed by starting address 'seg:off" and
control is transferred to the given address.’
SYNTAX

G <addr> <cr>



PL/M-86 COMPILER HONITORSCONNANDSHODULE

ISIS-11 PL/%-86 V2.1 COMPILATION OF MODULE MONITORCOKMANDHODULE
OBJECT KODULE PLACED IN :F1:NONCHD.O0BJ

{OMPILER IHVOKED BY: PLMBS :F1:MQNCMD.SRC LARGE OPTIMIZE(3) TITLE(t‘j,_,,HBNITORtCOﬁﬂANB%HODULE’)

-SPAGENIDTH(YS) DATE (01 RaY 81)

i KOHITORSCOHNANDSHODULE : D0/

~
L]

ROBOT, 1SBC B6/12A Homrrca V1.0
Dec. 1980
ProGaannen R.RarauLt

KOKITOR COHNNAND

Tris mosuLE suseoats THE XSBE B4/12A
HARDVARE

HONLTDA COMMANDS!
§ - SUBSTITUTE KSMORY
E - ExAnIs mEGISTERS
B - Drseiay memany
K - Yove rsxoAy
§ - Go TO A GIVEN ABBRESS
AND START EXECUTION

- wm B mm e s me T W G W eE e e e = me e = -

N re e e = e e wm wm e ee e ew ey ==

01 RAY 81 PAGE

b-3

i



PL/M-86 COKPILER

$EJECT

MORITORSCOMMAND$HOBULE 01 HAY B1 PAGE 2

LOCAL BECLARATIOKS

-—— e -

ot
-~ == -

DECLARE

CHAR BYTE EXTERNAL,

1 MI1E,

END$QFF KORD,

RORDSMODE  BYTE EXTERWAL,
TRUE LITERALLYTOFFH!,
FALSE LITERALLY?Q00H/
STATP LITERALLY' 100K,
ASCR LITERALLY?QODH!,
ASBL LITERALLY? Q204!

DECLARE

FEXDARGIPTR POINTER,

ARGL STRUCTURE (OFF MORD,SEG WORD)
AT(@HENDARGIPTR)

KEXOARGL BASED KENOARGIPTR BYTE,
REHOWORDARG! BASED KEMOARGIPTR KORD.
KENOARGIPTR POINTER,

ARG STRUCTURE (OFF WORD,SEG WORD)
AT(EZENOARGIPTR) »

HEXOARGI BASED KENDARGIPTR BYTE:
FEXORYCSIPPTR POINTER,

CSIP STRUCTURE (OFF HORD,SEG KORD)

AT (EAENRORYCSIPPTR)

HEMORYCSIP BASED HEMORYCSIPPTR BYTE,
KEKORYUSERSTACKPTR POINTER,

USERSTACK STRUCTURE (OFF MORD,SEG WORD)
AT (BHEHORYUSERSTACKPTR) «
KEHORTUSERSTACK- BASED KEKORYUSERSTACKPTR KORDi

DECLARE

REG($)  BYTE DATA(’AXBXCXDXSPBPSIDICSDSSSESIPFL),
REGINDX  WORD  PUBLIC,

REGSAV(14) NORD  EXTERMAL,

REGORD(X)  BYTE BATA(7/611:3,2:019:11,12/8:13)
S LITERALLY’REGSAV(A)?,

PP LITERALLY’REGSAV(S)’)

S LITERALLY’REBSAV(B)’,

0S5  LITERALLY’REGSAV(9)’

§6  LITERALLY’REBSAV(LO)',

ES  LITERALLY’REGSAV(LD)!,

1P LITERALLY’REGSAV(ID)!,

FL  LITERALLY’REGSAV(1Z)’}



PL/W-B6 CONPILER HORITORSCONMANDSHODULE 01 MAY Bl PAGE

10

11
12

13
14
15

16
17
18
19
20
A
A
2%

26
27

29
30

i
32

e

N P -

$EJECT

EXTERNAL PROCEDURE DECLARATIONS

_———— -y
Lol

el
L,

DECLARE ERROR  LABEL  EXTERMAL;

MACSBLNKSSCAN: PROCEDURE  EXTERNAL;
END HACSBLRX$SCAN

MACSADDRESSIN:PROCEDURE (PTR,DEFULTBASE)  EXTERNALS
DECLARE PTR POINTER,
DEFULTBASE HORD;
END YACSADDRESSIN;

MACSTSTSHORDSHOD:PROCEDURE  EXTERNAL}
END HACSTSTSHORDSKOD]

NACSCHARSOUT:  PROCEDURE (L)  EXTERMAL)
DECLARE C BYTE}
EHD RACSCHARSOUT)

PACSHORDSOUT:  PROCEDURE (M)  EXTERMAL;
BECLARE M KORD;
END RACSHORDSOUT;

KACSBYTESOUT:  PROCEDURE (B)  EXTERNAL)
DECLARE B BYTE:
END HACSBYTESOUT;

PACSCHARSIN:  PROCEDURE  EXTERMNAL}
END HACSCHARSING

HAC#HORDSIN:  PROCEDURE WORD EXTERMAL}
EMD MACSNORDSIN;

HACSCRLF:  PROCEDURE  EXTERMNAL;
END MACSCRLF]

RACSVALDSREGSFIRST:PROCEDURE BYTE  EXTERMNAL)
END MACSVALBSREGSFIRST;

NACSVALDSREG:PROCEDURE (C1,C2) BYTE EXTERNAL;
DECLARE (C1,C2) BYTE;
END MACSVALDSREG)

3



PL/H-B6 CORPILER KONITORSCORHANDSHODULE 01 XAY 81 PAGE 4

$EJECT

COKNAND PROCEDURES SECTION

[

o
~— e -

/% THIS ROUTINE RESTORES THE MACHINE STATUS AND PASSES CONTAOL TO
THE USER PAOGRAR. IT CONTAINS A MACHINE LAMGUAGE SUBROUTIKE YO
PERFORN THE POPPING OF THE USER REGISTERS AND TD EXECUTE AN
TTRET! YO THE USER PROGRAN, BERERRESREGRERERENREERREERNARRERBER/

31 HACSSTARTSIT:
PROCEDURE
2 DECLARE STARTSITSCODE(®) BYTE DATA
(0BBH,QECH, /¢ HOV BP,SP i/
0BBH, 48K, 2ZH, /% MOV AX,/BP/.PARMY ¥/
BRH,SEM,04H, /% ROV BX,/BP/.PARML #/

BEN)0DOH) /% KOV SS/AX v
BBH/OESH: /% MOV SP.BY ¢/
SDHy /% PP BP ¥/
5FH) /% PP B v/
SEHs /% QP §1 Y
SBHs /% PGP BX v
SAHr /% POP DX v
59 /% PP CX Y
SBHs /% POP X M
1FH) /% PP 05 Y
0T /% POP ES ¥/
OCFW, /% IRET o/

STARTSITSCODESPTR RORD DATA(.STARTS$ITSCODE) i

N2 USERSTACK. SE6=55}

b 2 USERSTACK, 6%#5P

7 2 D@ 1=0 10 10;

» 3 USERSTACK. OFF =USERSTACK.OFF - 2i

¥ 3 HEXORYUSERSTACK=REGSAV(REGOIRD(10-1}) i

0 3 END}

At 2 USERSTACK. OFF=USERSTACK, OFF - 2i

2 2 HEHORYUSERSTACK=BP

g 2 CALL  START$ITS$CODESPTR (USERSTACK, OFF ,USERSTACK. SEB) i
M2 END MACSSTARTSIT)



PL/K-86 COMPILER KOHITORSCOMARNDSHODULE 01 ¥AY B1 PABE

$EJECT

/% THIS ROUTINE TRANSFERS CONTROL 7O A GIVEN ADDRESS #/

H Ot NAC$GO:
PROCEDURE  PUBLIC)

¥ 2 CALL  RACSBLRX$SCAN;

7 2 CALL  MACSADDRESSIN(RCSIP.CS))

8 2 1P=CSIP.OFF; .
9 2 C9=CS1P,SEGI

% 2 FL=FL AND (KOT STATP)i

b} S CAL  MACSSTARTS$IT)

2 2 END RALSGO:



FL/M-86 CONPILER HONITPR$CONHANDSHODULE 01 HAY 81
\

94
36
b

81
62

54

66
62
&9
70
n
72
4

76
78
80
81
82
a3
84

Bs

—

e B e - b Ced G G KA A el BRI P PO RO

€l Crd o

P’ G Ld B

$EJECT

/% THIS ROUTIKE EXANINES aw»/on HOBIFIES THE KEMORY LOCATICHS ¢/

RACSEXAHSHEND:
PROCEBURE  PUBLIC)
BECLARE W RORD;
CALL MACSTSTHORDNOD;
CALL MACSADDRESSIN(RARG1,CS) )
IF CRARC)ASBL THEM GOTO ERROR;
B0 WHILE TRUE;
CALL RACSCHARSOUT (ASEL)
IF RORDSKODE THEN
CALL NACSHORDSOUT (NEXONORDARGL) §
ELSE
CALL NACSBYTESOUT (NEHOARGL)
CALL MACSCHARSOUT('_")j
CALL MACSCHARSOUT(ASBL) i
CALL MACSCHARSIN;
IF CHAR=ASCR THEN RETURN;
IF CHARC)ASBL THEM
bo;
R=HACSHORD$IN)
IF(CHARCIASBL) AND (CHARCASCR) THEM 60TO ERROR:
IF KORDS$KODE THER
KEXORORDARG =Hi
BLSE .
KEHOARGY=LOH(R) § ’
ENB/
IF CHAR =ASCR THEM RETURN:
IF NORD$KODE THEN .
ARG, OFF=ARGL, OFF+2;
ELSE . ’
ARGL.OFF=ARGL.OFF+1;
CALL KACSCRLF;
CALL KACSHORDSOUT (ARGY.OFF)
END;
END HACSEXAKAENO;

Yy

PAGE



PL/W-B6 COMPILER

87
88

89
90
b
92
93
94

%

97

8

99
104
102
103
104
106
107
108
110
i
112
13
114
113
146
117
118
119
120

123
124
126
127
128

130
13t

[

P Gl G ol Ll Grd B B e e G Gl G T I PRI PRI RSP NI R L Gl B B e e e e B G RO PO N

KONITORSCOHKANDSRODULE

$EJECT

/% THIS ROUTINE EXAMINES awn/on KOBIFIES THE REGISTERS #/

HACSEXANSREG:
PROCEDURE  PUBLIC)

BECLARE (T)D)  BYTE,
SAVE  NORDS
CALL MACSBULNKSSCAN ?
IF CRAR=ASCR THEM
1]
CALL RACSCRLF}
B0 1=0 70 13i
CALL RACSCHARSOUT (ASBL) ¢
CALL RACSCHARSQUT (REG(I¥2));
CALL KACSCRARSOUT (REG(132+1)) )
CALL KACSCRARSQUT('=7)}
CALL RACSNORD$OUT(REGSAV(I))
IF 1=6 THEN CALL NACSCRLF;
ENDi
RETURM:
END;
IF NOT(NACSVALDREGFIRST) THEM GOTO ERROR:
T=CHARI
CLL MACSCHARSIN
IF KOT(MACSVALDREG(T,CHAR)) THEW GOTO ERRORi
I=REGINDX)
20 KMILE TRUE;
CALL HACSCHARSOUT('='};
CALL MACSMORDSOUT(REGSAV(I)) )
CALL MACSCHARSOUT(!.")}
CALL KACSCHARSOUT(ASEL) }
CALL KACSCHARSING
IF CHARCIASBL* AND CHARCIASCR THEN
5o}
SAVE=NACSHORDSIN}
IF CHARCIASBL AMD (CHAR(YASCR) THEN GOTD ERROR:
REGSAV(1)=SAVE}
ENDi
IF CHAR =ASCR OR I=13 THEM RETURN:
1=1+}
CALL MACSCRLFP |
CALL HACSCHARSOUT(REG(1#2))j
CALL RACSCHARSOUT(REG(1¥2¢1)):
ENDi

END HACSEXAMREG:

»
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134
135
137

139
141
143
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147
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149
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154
133
156
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KOJITORSCONNANDSHODULE

$EXCT

/% THIS ROUTIKE KOVES A BYTE CR A BLOCK OF DATA IN KEKORY &/

. HACSHKOVE:
PROCEBURE  PUELIC)

CALL KACSELIXSSCANI

CALL KACSABERESSIN(BARGL/CS)}

IF CHARC)ASEL THEN GQTO ERROR;

EALL MACSCRARSINI

ENDSOFF =ACHKORDS ING

IF ENDSGFF(ARGL.OFF THEM GOTO ERROR)
IF CIZR()ASBL THEM GOTO ERROR;

CALL KACSCHARSIN

- CALL HACSADIRESSIN(ARG3,CS)}

IF CRARCYASCR THEN GOTO ERROR:
CALL FACSCRLF?

LOOR:  KZKOARGI=HEZNOARGL)

IF KEKOARGI( MEWOARGL THEN GOTQ ERROR;

* IF #R61,0FF=ENDSOFF THEM RETURM:

ARBL,OFF=ARGL, OFF+1)
£363.0FF=ARG3. OFF +17
6070 LOgP:

END RACSROVE;
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162

(LS 20 % 28 E S 3% 8] -

(7o % ]
o

»—mmumw&i Cd d G G R R R PO R Nt G Bl

$EJECT

/% THIS ROUTIKE DISPLAYS A BLOCK OF KEKORY &/

HACSDURP ¢
PROCEBUSE  PUBLICH
PECLARE T BYTES
CALL KACSTSTHORDHOD
CALL HACSADDRESSIN(EARGL.CS) ;
IF CHAR=ASCR THEN
ENDSOFF=ARGL, OFF
ELSE
30;
IF CHAR()ASBL THEN BOTO ERROR;
CALL VACSCHARSIN;
ENDSOFF=MACSHORDSING .
1F ENDSOFFCARGL, OFF THEN §0TO ERROR;
IF CHARC)ASCR THEN GOTO ERROR} ,
END;
MEXTLIKE:  CALL MACSCRLF;
CALL FACSHORDSOUT(ARGY,OFF) ;
LOOPL: CALL MACSCHARSOUT (ASBL);
IF RORDBSKODE THEN
B0
CALL HACSKORDSOUT (HEXOMORDARS1)
IF ARG1.OFF=ENDSOFF THEN RETURN:
ARGL. OFF=ARG1, OFF +1;
END;
ELSE
CALL MACSBYTESOUT (HEHOARGE) ;
IF ARGL.OFF)=ENDSOFF THEN RETURN;
ARG1 , OFF =ARG1 , OFF+1
T=ARGL. OFF AND 000FH;
iF T=0 GROUORDSHODE AND T=1) THEW BOTO NEXTLINE;
6070 LOOPLS
END HACSDUMP
END MOMITORSCOXMAMDSHODULES |
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