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1.0 Introduction

This manual analyses a prototype Cartesian Robot donated to the Laboratory
for Perceptual Robotics (LPR) of the Computer and Information Science Department
at the University of Massachusetts at Amherst. The machine was donated to this
laboratory by the Flexible Automation Systems Program of the General Electric
Company of Schenectady, New York. The manual describes the machine, the
alterations made to it by the group, and its operation, and it directs the reader to
research projects using this machine. It also refers the reader to related technical
reports and to manuals which describe various system components in greater detail.
Additional components for the system such as its sensors and the computer system are
also discussed. Finally, several controlling routines are described which are written in
FORTH.



2.0 Genera! Description

The cartesian-coordinate machine is a robotic manipulator which censists of
three sliding (or prismatic) joint axes and a revolute joint axis. These are labeled x,
y, z, and 0 respectively. Referring to Figure 2.1, the x and y axes are the horizontal
axes, the z axis is the vertical axis, and the 0 axis is a rotational axis positioned at
the lower end of the z axis where the gripper itself is mounted.

Figure 2.1 The Prototype Cartesian Assembier
At left Is the GE CID camera used for visual iupot. Af right Is a soall
revolute joint erm, the Rbhino XR-1.
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Each axis is driven or actuated by a DC servomotor. The motors for the x
and y axes are mounted on the frame of the machine and the motors for the z and
0 axes are mounted on the z axis.

Figure 2.2 Motor and Ball Screw Assembly for x ouxis,
Also pictured (at left) Is the x comparator beard mounted at the motor sight
(see section 3.A.4) and the barrier strips X1 and X2 (Section 3.A.8).
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The motor shaft for each of the linear axes is directly coupled to a threaded
shaft or ball screw. (Figure 22 depicts this relationship for the x axis). Upon the
ball screw lies a large ball nut with threads inside to match those on the screw. Ball
bearings are situated between these threads to minimize friction. The ball nut moves
(linearly) along the ball screw thus producing the x, y, or z motion (back and forth
for x and y and up and down for z). The ball screws for the x and y axes are
located on two sides of the frame. The carriage which is the support for the z axis
is built upon the ball nuts which move along the x and y axes. The ball screw and
(thus the motor) for the z axis is mounted on a fixture which lies at the cross
section of the carriages moved by the x and y motors. The motors are described in

detail in section 3.A2.

The z axis is used for vertical motion of the gripper or end effector while the
x and y axes produce horizontal end effector movement. The 0 axis is rotation
about the z axis. Therefore at the end of the z axis the 6 axis motor is found. The
shaft of this motor allows for 360 degree rotation of a gripper, hand, or mounted
tool.

The tachometers and the encoders are mounted on the motors themselves. The
tachometer is a generator driven by the rotating motor shaft and produces a voltage
proportional to the angular velocity of the motor shaft. This signal is used for
velocity feedback. An encoder can be defined as a type of transducer which converts
linear or angular position into machine usable data. The encoder signals, used for
positional feedback, are described in section 3.A3.

Figure 23, a block diagram of the complete system, should be referred to
frequently throughout this manual for a clearer understanding of the relationship
between the various components. In addition to the robot itself, another large
component is the servoamplifier/power cabinet. The front of the cabinet is shown in
Figure 24. This cabinet serves two purposes. The first is to house the power
transformer and voltage regulators. Voltage sources of 120 volts AC, 208 volts AC,
15 volts DC, and 5 volts DC are needed by various components of the
manipulator system. The second half of the cabinet is used for the servoamplifiers
(pictured in Figure 24). A power amplifier in general provides power to some
electrical component. In the case of this system, the amplifiers are servoamplifiers.
This means that besides supplying power to the servo motors, they also receive
feedback, in this instance velocity feedback. The feedback is used to determine the
power that should be delivered to the motors. The servoamplifiers are described in
section 3.B. The use of feedback and the description of the servolcops of the system
in general are described in section 4.
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Figore 23a The Four Major Carteslan Machine System Components
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Figure 2.3b Detalled Diagram of Current Cartesian Machine System.

The "CART” has 4 axis motors, 4 encoders, 4 tachometers, etc. Motor
rotation is transdoced by the encoders which produce waveforms made TTL
compatible by voltage comparator clrcuits. The edges of these waves are
counted by the 16-bit counters. The 4 16-bit counts are multiplexed and
accessible one at a time via a DRVI1 Interface by a DEC PDP-11/23 for
position feedback. Note that the multiplexer system is soon to be replaced with
four single axis controllers which will communicate with the PDP-11/23 and
with ecach other.

Motor angular velocity information Is produced by tachometers and used
by the PDP-1V/23 servoroutines and the servoamplifiers. The servoamplifiers
recelve desired velocltles for the 4 axes from these servorcutines and provide
the motor control signals. A GE CID camera and the Overton tactile array
sensor provide sensory information to the PDP-11/03.
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Figore 2.4 Front of the Servoamplifier/Power Csbinet
showing the x, y, z, and theta servoamplifiers.
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3.1 Detailed Descripticn

3.A.1 Motors/Encoders/Tachometers

Figure 3.1 shows the positional relationships between the motors, the encoders,
and the tachometers. The encoder is mounted around the base of the motor shaft
and appears as a black disk in the figure. The tachometer is mounted at the end of
the motor shaft and is supported by the two thin metal cylinders also appearing in
the figure, which should be referred to throughout the next three subsections to aid
in a visual understanding of these components.

Figure 3.1 A Typical Motor, Encoder, and Tachometer Assembly
Note that the motor is mounted on the frame of the machine and the ball
screw (coupled to the motor) can be seen to the left on the other slde of the

frame.
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3.A2 DC Servo Motors and Tachometers

THE MOTOR

To drive the axes, the machine has four DC servo motors. These motors are
made by PMI Motors and are the SERVODISC (TM) MOTORS: U-SERIES
(specifically PMI U12M4H). The Motor Specifications are given in Appendix A2.

The direct-current motor consists of a stationary part called the field magnet
and a rotating part called the armature. The operation of the DC motor is based on
the behavior of a current-carrying wire when subjected to a  magnetic field. As
explained in [19], pages 535-536, a straight wire experiences a force F=I#1*Bssine(¢)
where 1 is the length of the wire, I is the current in the wire, and & is the angle
between the wire and the magnetic field B. The direction of the force on an element
of a conductor dl is given by the cross preduct dF=I»dl x B. The vector relationship
for a straight current-carrying wire is shown in Figure 3.2.

v
Uy

Figure 3.2 Vector Relationshlp of Force, Current, and Magnetic Field
(According to the left hand rule).



The armature of a DC armature motor, the type used in this machine, is a
disk with current-carrying windings placed on it in such a way that when subjected to
a magnetic field it rotates as a result of the induced force discussed above. This
rotation produces rotation of the motor shaft and consequently the desired torque.
The output torque of the motor is proportional to the current passed through the
windings, the input armature current IA, and the direction of rotation is determined
by the polarity of the input armature voltage.

The magnetic field of the motor can be produced via a current-carrying wire
which is wound circularly. The current through the wire (called the field current)
will induce a magnetic field, and the lines of induction of the field are determined
by the shape of the conductor. See [19], chapter 32 for a thorough discussion of this
relationship and [4,23] for its application to the magnetic field of a direct-current
motor. Field-controlled motors are controlled by varying the magnetic field via the
field current. The magnetic field may also be produced by a permanent magnet as it
is in the PMI motors and most armature-controlled motors.

A simplified diagram of a DC armature-controlled motor is given in Figure 33
and the equivalent circuit in 3.4. Many texts refer to the air gap flux. The magnetic
field is often referred to as the flux density and it is the magnetic flux which is used
in the calculations below.

Axis of
Rotation

—> Magoetic  PERMANENT
PERMANENT J« Fiel
MAGNET Foree el 8 MASKET
TI A(armatyre Curreni)
. wr |y
A Torque =

ature
urrént

ource

3.3 Simplified Diagram of DC Armature-Controlled Motor.
As delgcted in Zelnes [23). See this text for a thorough description of DC
servomotors.
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Figure 3.4 Circuit of DC Armature-Controlled Motor.
As depicted in Ogata [13].

The output of the motor is a torque (T) which is directly proportional to the
armature current (I5) so that T=KT#l, where Ky is the torque-constant of the
motor with units Ib-ft/amp (or in the case of the PMI motors, oz-in/amp) giving the
expected torque units Ib-ft. (Note that in the mks system where the unit of force is
the newton and the unit of length is the meter, the unit of torque is the
newton-meter). The proportionality constant Kt is itself proportional to the (constant)

air gap flux. again to Figure 33.

The rotating armature induces a voltage (V) which is directly proportional to
the angular velocity (Ay), in other words the armature speed, and the flux. This
voltage is called the electromotive force (emf) and is the work of the magnetic ficld.
Since the flux is constant, the voltage is Vp=Kg*Ay where the constant of
proportionality Kg is called the back EMF constant of the motor with units
voltsKRPM (KRPM is 1000 rotations per minute). Vg is often called a counter
voltage in that it is opposite in polarity to the applied armature voltage. Fortunately
this voltage is smali enough that a net armature voltage is still produced which is
large enough to create a torque.
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The applied armature current I, controls the actual speed of the motor. The
current IA is supplied by the servoamplifier which determines the necessary current
from the desired velocity of the motor (supplied by the digital-to-analog device
located on the AAVI11-A interface of the PDP-11/23) and the actual velocity of the
motor (received from the tachometer). The servoamplifier is described in section 3.B.

Referring again to Figure 34, a differential relationship (due to Kirchoff's
Voltage Law) can be derived from the armature circuit:

LA‘dIA/dt + RA'IA + VB = VA

where R A is the armature resistance and La is the armature inductance. This

relationship supports the discussion of the electromotive force and its opposition to
the armature voltage above. Also, the application of the torque to the inertia and
friction results in the differential relationship:

J'AA + F‘Av =T = KT‘IA
where J is the armature inertia, F is its friction and A, is the angular acceleration

of the armature (in other words the first derivative with respect to time of the
angular velocity).



THE TACHOMETER

The tachometer (or tachogenerator as it is sometimes called) is a generator
which is used as a transducer to convert the motor shaft velocity into a proportional
DC voltage. In a similar manner to the DC motor, the DC tachometer employs a
permanent magnetic field to induce a voltage which is proportional to the angular
velocity of the motor shaft. An armature (within the tachometer housing) is "fitted”
about the rotating shaft and is subjected to a fixed magnetic field. Note that this
voltage is induced in the same way that the voltage VB was induced in the motor
although, since in general the magnetic field or air gap flux will be different, these
two voltages are not the same. The tachometer output is approximately 1.03 volts per
KRPM (1000 Revolutions per Minute) of the motor shaft and is direction sensitive.
Therefore a negative voltage indicates motor shaft rotation in one direction and a
positive voltage implies rotation in the other direction.

The output voltage of the tachometer is used for velocity feedback both by the
servoamplifier in determining the voltage to apply to the motor armature and by the
servoroutines which drive the machine. The tachometers are also made by PMI (and
are of type 9FBT).



3.A3 The Encoder

For position feedback, the system uses optical incremental encoders donated
by the Digital Equipment Corporation. An encoder can be defined as a type of
transducer which converts linear or angular position into machine usable form. In
this case, the encoder converts the angular position of the motor shaft into a square
wave with a particular number of cycles per revolution of the shaft depending on
the number of slots in the encoder disk described below. The square wave is
produced as follows.

The encoder is mounted on the motor shaft as was shown in Figure 3.1 and
consists of an encoder block (a phototransistor assembly and a lamp) and the encoder
disk. This disk is imprinted with 99 narrow slots which allow light to pass through
as the disk rotates with the angular velocity of the shaft. (The number of slots on
the disk is somewhat arbitrary and can vary widely from encoder to encoder). The
light (produced from the lamp) which passes through each slot is detected by a
phototransistor assembly which lies below the rotating disk (whence the term optical
encoder). This assembly consists of a pair of phototransistors the output of which is
a set of two out of phase square waves. The phase difference is caused by the
positioning of the transistors.

The use of a pair of phototransistors allows the derivation of direction
information when the appropriate digital circuitry is implemented. A description of
the use of this positioning and the digital logic of the circuitry is given in section
3.AS.

The DEC encoders have four wired connections each. These are +5 volts (red),
ground (black), and the two square waves (blue and white).

3.A4 Voltage Comparator Circuits

The outputs of the encoder must be TTL compatible waves. (The edges of the
square waves will be counted in order to assign a numerical value to the linear or
angular postion of each axis). A voltage comparator circuit is used to produce this
compatibility. Four of the basic components of the circuits, the operational amplifiers,
are embodied in National Semiconductor’s Voltage Comparator chip, the L.M339,
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Mounted at each motor location is a comparator board. The x axis board can
be seen in Figure 22. Through these boards pass the two encoder output waves. To
eliminate any noise problems and to ensure a crisp square wave, the two positional
output waves of the comparators at the motor location are passed again through
another comparator circuit. This second set of circuits is located on the counter
board described in section 3.A5 and are pictured in Figure 3.10.

Nalala

Figurz 3.5 Action of Comparator.

The action of the comparator is fairly simple. Referring to Figure 3.5, the
comparator outputs a low voltage level until the input voltage (for the first set of
comparators the input voltage is the amplitude of the square wave output of the
encoder) reaches a preset reference voltage (VR). At this point, when the comparator
compares the reference voltage with the input voltage, the comparator output goes
high until the input voltage is again lower than the reference voltage. (The
comparisons are done by the operational amplifier. Refer to [10] for a description of
operational amplifiers and their use in comparator circuits). The output of the
comparator is therefore a square wave, adjusted (by use of the potentiometer in the
circuit) to have an approximately 50% duty cycle. Appendix 5.A2 gives a detailed
description of the derivation of the resistor values and the value of the reference
voltage, and the actual layout of the position comparator boards.
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3.A.5 Position Counter

Once the two encoder waves have passed through the two comparator circuits,
they are sent through a binary up/down counter circuit (there is one counter circuit
for each axis). The purpose of this circuit is to obtain a numerical value from the
square waves which may be used for positional information by the servoroutines that
contro!l the movement of the manipulator. The counter counts each edge of each
square wave so that since there are 99 cycles of the square wave for each rotaticn of
the motor shaft, and the two square waves are out of phase, the counter will produce
a decimal count of 396 for each rotation of the motor shaft. (Note: the 99 cycles of
the square wave correspond to the 99 slots in the encoder disk).

The output of each counter circuit is a sixteen bit binary count. The counter
is directional in the sense that the count increases for ome direction of travel and
decreases for the other. As was mentioned in the last section, the use of two waves
(two phototransistors) facilitates this directionality. Consider Figure 3.6 which depicts
a cross section of an encoder disk with the black squares representing the sections of
the disk between the slots and the white squares representing the slots. Two slots are
labelled 1 and 2. An LED (the lamp) is positioned above the disk so that the light
passes through the slots where phototransistors A and B, which are positioned
underneath it, detect it.  Suppose the disk is rotating in direction 1. Then
phototransistor A will be the first to detect the coming rising edge (of slot 1) and so
the output wave of A will be ahead of phase of the ocutput wave of B. Conversely,
if the disk is rotating in direction 2, B will be the first to detect the rising edge (of
slot 2) so that the output wave of B will be ahead of phase of the A wave.

ENCODER -

O B 0 B |

==I> DIRECTION |
== DIRECTION 2

Figore 3.6 Cross Section of Encoder Disk
Phototransistors A and B lle "below” the disk and the lamp (LED) Hes above the disk,
Detectica of siots 1 and 2 Is discussed in the text.

The counter then consists of two parts. The first part is the circuit which
contains the logic that determines the direction of travel of the encoder disk given
the phase difference between the two waves, and the second is the actual counter
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circuit itself. The direction circuitry is described in Appendix 5.A3 along with the
counter circuit. Figure 3.7 is a diagram oi the counter circuit bcard which 'contai.ns,
as may be recalled from the last section, the second set of comparator circuits whufh
prepare the positional waves for counting. A more detailed diagram is given in

Appendix A3.

FROM ! ' . ~
DRV I : ; '
‘ [ (5]
4 1OAD : - ] INPUT:
LINES ! ' WAVE S
22?‘1‘ o l : : PRODUCED
e | i @ BY FIRST
SELECLys ; | : : | SET OF
. ‘ : ; COMPARATORS
: : ; ; LOCATED ON
18 B ; ! ﬂ
OUTRUT Hol: ’ ! CARTESIAN
To DRV M ]: : : | MACH INE
=i I ' : : ﬂ
| i : ;
; 1 L L v ~
16 MULT IPLEXE R COUNTERS SECOND SET
BIT OF
LED COMPARATORS
DISPLAY

Figore 3.7 Laysut of Four Axis Counter Board.

The sixteen bit count from each axis is presently sent to the DRV11 interface
of the PDP-11/23 for servo routine processing after it is sent through the multiplexer
circuit as described in the next section.

3.A.6 Multiplexer — Single Axis Controller

A temporary system component is the board of eight dual 4-line-to-1-line
multiplexers or data selectors. The IC chip used on this board is the 74L.S153. The
multiplexer board allows the selection via a two bit binary address of one of the four
axis counter outputs to be used as input to the sixteen input lines on the DRVil
designated for this counter input. Without this multiplexer circuit, four sets of sixteen
separate lines would be needed to allow access to the four counters by the PDP-11/23,
Therefore instead of using sixty-four lines, eighteen are used - sixteen for the actual



-24 -

count from the current axis the machine is controlling, and two for the binary
address.

In the servo routines, each axis is assigned a binary number (00,01, 10, and 11
for x,yz and 0 respectively). When position feedback is desired, the routine will
output the correct address on the designated output lines on the DRV11 as shown in
Figure 3.7. These lines are connected to the address selection pins on the multiplexer
chips. Thus the data selection action of the chips will provide the correct
corresponding count to the routines. See Appendix A4 for the circuit and L5153 IC

The perceptive reader may have wondered if this is the most -efficient
configuration. Only one processor is devoted to the control of four axes. This may
pose a problem when the manipulator axes are moving at high speeds since time
sharing limits response time for each axis. It also complicates the design of the
routines which would plan the smooth tramsistion of the manipulator from one point
to another. Suppose for example that the manipulator is to move in a diagonal
horizontal line. This entails the use of both the x and the y axes. If the machine is
to move diagonally rather than first moving as far in, say, the x direction as it must
go and then as far in the y direction as it must go, the servo routines become
complicated to compensate for the switching back and forth of the processor from
one axis to another. It is also desired that the axes arrive at the goal point at the
same time. Imagine the problems that arise when the machine is expected to
perform an action that involves all four axes! At present these problems must be
dealt with in the manner addressed in sections 4B and 4.C. However in the near
future, the single PDP-11/23 processor and the multiplexer circuit will be replaced with
single axis controllers. One of these microprocessor controllers will be devoted to each
axis, and servo routines will be implemented and tailored for each individual axis.
The scenario is that each axis will have a self-contained servo unit composed of the
position feedback circuits, the limit sensors (Section 3.A.7), and the processor.



3.A.7 Limit Sensing

This subsystem on the COINS LPR cartesian manipulator provides digital signals
indicating the state of each axis. For each axis the information consists of whether
or not the axis is within its working range and if not, which extreme has been
reached. In the case of the 0 axis, the joint is always in range and the information
provided concerns the “home” position and the direction from which home was

approached.

The output from this system is provided on two connectors: one is wired to
accept a 40-conductor ribben cable attached to a DRVI11 input connector while the
second is available for other uses. The second connector is intended to provide a
current shut-down system with limit information. All outputs are driven by line
drivers and thus are capable of driving several loads.

This section documents the hardware comprising this subsystem. The following
paragraphs cover the specific definitions of the signals from each axis and the
hardware and electronics involved.

Signal Definitions

The x and y axes are identical in regard to the number and definitions of the
signals provided by the system. Each axis has three signals derived directly from
the Sensing Board and a fourth which is a logical combination of the first and third
channels. All signals are TTL level voltages and are capable of driving the normal
number of loads, usually about S. The exclusiveOR combination of signals 1 and
3 indicates whether or not the axis is within its range, the signal high (logic level 1)
indicates that the axis is within its range. Signal 2 is used to indicate which end of
the travel has been reached. When the axis is viewed from the limit scale side, the
right end of the travel is indicated by signal 2 low (logic 0) while the left end is
indicated by signal 2 high (1).

The z axis also has four channels with three derived directly from the sensing
board. As with the x and y axes, the fourth channel indicates whether or not the
axis is within its limits.  Since the limit scale for the z axis differs from those for
the x and y axes, the derivation of the fourth signal also differs. In this case, the
inverse of the channel 2 signal is combined with the channel three signal via an
exclusive-OR gate to produce the fourth signal. As before, channel 4 high indicates
that the axis is within its range. Channel 1 is used to indicate which end of the
travel has been reached. = When the z axis is all of the way UP, the channel 1
signal is low (logic level 0).

The 0 rotation axis uses only two channels. Its rotational nature theoretically
allows infinite movement and therefore limit checking is unnecessary. In practice, the
number of rotations made from some starting point must be tracked in order to
prevent the cables running to the gripper from wrapping around the wrist and



-26 -

breaking. The limithome system provides a signal which is to be used as a home
indicator and another which indicates the direction from which the home position
was approached. Channel 1 indicates that the home marker has been encountered.
If channel 2 is high (1), then the wrist was rotating clockwise when viewed from
above when the home marker was encountered. Two other signals are brought back
from the axis and are always high. These can be used to verify that the electronic
systems on the robot are powered.

Table 1 contains the logical values seen on each of the channels at the
extremes of the axes. Figure 3.8 contains the designs of the limit scales and the
logical values of the channels relative to the scales. This figure should be used to
determine the state of any of the channels when they are to be used outside of this

system.

Table 1
Logical Values on each of the Channels at Axes Extremes

Left Extreme (x.y) Right Extreme (x.y)

Channel 1 1 0
Channel 2 1 0
Channel 3 1 1
Channel 4 0 1
Top Extreme (z) Bottom Extreme (2)
Channel 1 0 1
Channel 2 0 1
Channel 3 1 0
Channel 4 0 0
Rotational Extremes (8)
Clockwise Counterclockwise
Channel 1 0 1

Channel 2 1 0



System Hardware

This section discusses the hardware making up the limit-sensing system. Figure

38 is a block diagram of the components of the system. There are seven discrete
components in the system. The first six are duplicated for each axis and consist of
the following: limit scale, sensing board, interconnect cable 1, axis comparator board,
interconnect cables 2a and 2b, and the master interface board. The following
subsections discuss each of these parts in detail.
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Figure 3.8 Limit Sensing Qutline

LS: Limit Scale
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Limit Scales

The limit scales are the aluminum vanes which pass through the sensing boards
and turn the sensing transistors on and off. The limit scales are always attached to
the moving part of the axis which they are tracking. The corresponding sensing
board is then attached to the previous axis (the base for the x axis) so that
movement of the axis causes relative movement between the scale and sensing board.
Each scale has a separate track along which each of the sensing tranmsistors passes.
The tracks are cut in such a way as to provide the appropriate turn-on and turn-off
points for the sensing transistors. Figure 39 illustrates the patterns for the limit
scales for the four axes of the cartesian manipulator and the on/off transitions of
the associated sensing transistors.
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X,Y Limit Scale

© Limit Scale

Figure 39 Limit/Home Sensing System
Limit Scale and Channel Output Definitions



Sensing Boards

The sensing boards used on the x,y, and z axes were provided on the original
machine and were built by Anorad Corporation of Long Island, New York. Each
device consists of two small, roughly 1”x1”, square printed circuit board held apart
by an aluminum spacer. The top board contains three phototransistors and a 10-pin
connector. The bottom board contains three infrared light-emitting diodes (LED), one
opposing each phototransistor. Figure 3.10 contains the schematic of the sensing
boards. The LED’s are always powered and, therefore, are producing beams of light
which fall on the transistors. When light is falling on a transistor, it is turned on
and thus its collector (its output pin) is low. When the beam is interrupted, e.g. by
the limit scale, the transistor turns off and its collector floats to the power supply
voltage.

The 0 axis uses only two channels and requires only two LED/phototransistor
pairs.

SB

TIL24

Figure 3.10 Sensing Board Schematic
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Interconnect Cable 1

This cable is used to attach a sensing board to an axis comparator board. The
cables for the x,y, and z axes are identical and consist of a 8-pin connector on the
sensing board end (two rows of 4 pins labelled 9 through 16) and a seven pin
connector on the axis comparator end (one row of 7 pins labelled 1 through 7). The
connection definitions are provided in Table 2.

Table 2
Connection Definitions for Interconnect Cable 1

Ila (x,y,z-axis)

8 position, 7 position,
2x4 connector 1x7 connector
9...(Channel 1) -> 4
10...(GND) - 1
11...(Channel 3) -> 6
12 NC
13...(Channel 2) -> 5
14 NC
15 Polarization location
16....(+15 to LED") -> 7

NC 2
NC 3

(each numbered from top to bottom with pins pointing left)
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Axis Comparator Board

The function of this board is to provide biasing for the phototransistors on the
sensing boards, provide current-limited power to the sensing board LED’, and to
shape the signals for transmission from the sensing site to the master interface board
located off of the robot. This board consists of, essentially, three identical
comparator circuits designed around the Motorolla LM339 quad comparator chip. The
component layout for each of the boards is provided in Figure 3.11. The schematic
for the board is given in Figure 3.12 and the comparator circuit is described in detail
in Section 3.A.4 and Appendix 5.A2.

| 16
CCA 14 g 10 9
:JB i
LM339 3
| TE
JA gl IS 1 =
dR 16
. >
ccB T A b Il [Pc
%D 3 PF 3
3 2 e Nitrd WLt

Figure 3.11 Component Layout For The Axis Comparator Board
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Table 3 contains a list of the parts used in the board, their definitions relative

to the function of the circuit,
of the connector pin-outs are provided. Table 4 contains a

the board.

COMPONENT

R1

R4

R6
R10
R11
R12

LM339,1
L.M339,2
LM3393
Power Ind.
C1i(Not Shown)

RM
R15
R16
R17

Table 3

Parts used on Axis Comparator Board

DESCRIPTION

IM-Ohm Potentiometer
IM-OChm Potentiometer
IM-Ohm Potentiometer
IM-Ohm Potentiometer
IM-Ohm Potentiometer
1K-Ohm Potentiometer
15K-Ohm Resistor
IM-Ohm Resistor
IM-Ohm Resistor
IM-Ohm Resistor

LM339 Comparator Chip
LM339 Comparator Chip
LM339 Comparator Chip

red LED
01 MicroFarad Cap.

15K-Ohm Resistor
1.5K-Ohm Resistor
15K-Ohm Resistor
15K-Ohm Resistor

and their board locations. In addition, the definitions

complete wire list for

LOCATION (FIG 3.14)

PD

PA

PE

PB

PF

PC
CCA3-CCAM
CCAS8-CCA9
CCA6-CCA1l
CCB2-CCB15

CCA2-CCA15
LM339 pin3 -
LM339 pin12
CCA7-CCA10
CCAS-CCA12
CCB1-CCB16
CCA1-CCA16



Table 4
Wire List for Axis Comparator Board

CONNECTOR DESCRIPTION
JA1 GND
JA2 NC
JA3 NC
JA4 Channel 1 input
JAS Channel 2 input
JA6 Channel 3 input
JA7 +V to LEDs
JB1 +15 volts in
B2 GND
JB3 NC
JB4 NC
JBS Polarization
JB6 Channel 3 output
JB7 NC
IB8 Channel 2 output
JB9 NC

JB10 Channel 1 output
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Table §
Wire List for ACB

LOCATION DESCRIPTION
JB2-PC3 GND
PC3-PB3 GND
PB3-PA3 GND
PA3-IC12 GND
IC12-CA3 GND
CA3-CB4 GND
CB4-CB6 GND
CB6-CB8 GND
CB4-JA1 GND
JB1-PC1 15 volts
PC1-PB1 15 volts
PB1-PA1 15 volts
PA1-IC3 15 volts
IC3-CA16 15 volts

CA16-CAlS 15 volts

CA12-CA10 15 volts

CA10-CB16 15 volts
CB9-CB7 LED-dropping resistor
CB11-CB5 LED-dropping resistor
CB13-CB3 LED-dropping resistor
CA14-CB2 LED-dropping resistor
JA7-CAl Sensor LED Power
JA4-CAS Channel 1 input
JAS-CA7 Channel 2 input
JA6-CB1 Channel 3 input
CAS-PD2 Connection
CA7-PE2 Connection
CB1-PF2 Connection
PA2-IC4 Channel 1 reference voltage
PB2-IC6 Channel 2 reference voltage
PC2-1C8 Channel 3 reference voltage



Table 5 continued

LOCATION DESCRIPTION
PD1-CA6 Connection
PE1-CAS8 Connection
PF1-CB2 Connection
CAG6ICS Connection
CAS-IC7 Connection
CB2-1C9 Connection
CA11-IC2 Feedback Channel 1
CA9%-IC1 Feedback Channel 2
CB15IC14 Feedback Channel 3
IC2-1B6 Channel 1 output
IC2-CB14 Channel 1 output LED
IC1-JB8 Channel 2 output
IC1-CB12 Channel 2 output LED
I1C14-1B10 Channel 3 output
IC14-CB10 Channel 3 output LED

No Connection Points: PD3,PE3,PF3,JA3,JB3,JB4,JB5,JB7,JB9,
IC10,IC11,IC13,CA4,CA13



3.A8 Barrier Strips/Wiring

The wiring on the cartesian machine is described in this section. There are a
large number of different leads with signals running to and from the machine. The
organization of these leads is based on a series of barrier strips mounted on various
parts of the machine. Crimped wires run from thke machine components such as the
motor, etc. to these barrier strips. The x and y axes have 2 barrier strips each,
mounted on the frame beside the motor. These are labelled x1x2 and yl, y2
respectively. x1 and yl have 8 connections and x2 and y2 have 10 connections. The
connections for these two sets are shown in Figure 3.13. Note that the number of
connections on each strip reflects only the available strips at the time of the actual
machine wiring and has no special significance.

X| X2
TACHOME TER X COMPARATOR
X T ERDS 2: OUTPUT WAVESS
5 VOLTS
y (CHANNEL |3 b3
AXLS { cHANNEL2 15 VOLTS

OUTPUT(CHANNEL 3

SPARES {

AXIS GROUND

SPARES {
10

x MOTOR 1
LEADS i2

IS VOLTS

0w ~N O B AW N —

4
5
G ROUND {6
7
8

SPARE

Figore 3.13 Connections for Barrler Strips X1 and X2.

The corfiguration Is the same for Y1 and Y2. Note that the y, axis
Limit Cutput (Channels 1,2, and 3) Is cn the x barrier strips,
Similarly, the x Limit Output Is cn the y barrier strips.
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The 6 axis has a set of 2 barrier strips mounted on a vertical plate just beside
the 0 axis motor and a third strip on a vertical plate above the motor. These are
labelled t1(8 connections), t2(6), and t3(4). The limit sensing connections for the 0 axis
are on t1 and the 0 encoder/comparator information is on t2. The 6 motor and tach
leads are found on t3. (The connections for this set are shown in Figure 3.14). These
three strips are connected via a helical multi-conductor cable to a set of four barrier
strips v1(10), v2(7), v3(16) and v4(7) mounted on the carrier frame below the z axis
motor. These are used to connect the leads coming from t1, t2 and t3 and from the
z-axis motor, tachometer, encoder, and limit sensing connections. See Figure 3.15
for this configuration. '

T T2 T3
P
iy SPARE {I
CHANNEL {2 o e
‘-'M'T{ ’ COMPARATOR({2 |
DUTEUTA==HEANEL [ OUTPUT WAVESR{ MOTOR
GROUND 14 3 LEaDs ||,
IS VOLTS|5 5 VOLTS la
NC {6 o 13
GROUND {5
5 VOLTSt7 TACHOMETE
GROUND {g I5VOLTS 16 LEADS | [4

Figure 3.14 Connections on Barrler Strips T1 throuwgh T3.
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OUTPUT 10 To-3 |14 Tim2p4
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2-2 T 6

2-1 Ts_3 -7

Figure 3.15 Connections on Barrler Strips V1 through V4.

Finally, the signals from the z and 0 axes (i.e. from vl through v4) are run
through shielded wire to a set of four horizontal barrier strips mounted on the top of
the front of the machine labelled ulu2,u3, and ud. These strips have 4, 20, 13, and 4
connections respectively. Figure 3.16 shows the connections of vl through v4 to ul
through u4.
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Figere 3.16 Connections on Barrier Strips Ul through U4.
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All of the signal lines of the four axes are connected now from
ul,u2,u3ud x1x2,y1, and y2 to a set of 4 columns of vertical barrier strips mounted
on a white board on the front of the machine table. This final set of strips is
labelled wl,w2,w3,w4d,w5w6,w7,w8, and w9. wl through w7 have 10 connections and
w8 and w9 each have 6. Most of the signals running to these strips are also carried
in shielded wire to prevent noise problems. Figure 3.17 shows the configuration of
the wl through w9 barrier strips on the front of the machine table while Figure 3.18
shows what component signal each connection in these four columns carries.

e
W2 W4 W6
W
l

Figure 3.17 The Four Columns of Barrier Strips (W1 throogh W9)
mounted on a white board on the front ¢f the machine table,
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The strips wl through w9 are the final set of strips on the machine itself.
Leads from them go directly to the servoamplifier cabinet and the computer
interface board. This is a large board mounted on the wall in the computer room.
The counter board, the limit sensing board, and the camera interface are located
here. Cables are run to this board for connections between the machine (via barrier
strips wl through w9) and these interface boards.



3.B Servoamp/Power Cabinet
3B.1 Servoamplifiers NC122F and NCI101F

The servoamplifiers used are three Control Systems Research, Incorporated
(Pittsburgh, Pa.) Model NC122F DC servo controllers for the x,y, and z axes and a
Model NCI10IF for the 0 axis. (The differences between the two models are not
significant for this discussion and can be found in the manuals). All of these
servoamplifiers are housed in the front of the servoamplifier/power cabinet as depicted
in Figure 24. The Operating and Service Manual [5] available in the laboratory
describes the servoamplifiers in detail, the theory of their operation, and maintenance
and the initial set-up procedure.

Each servoamplifier or controller is part of a closed loop velocity servo system.
The output of the controller is the armature current to be applied to the motor it is
controlling and the output of the closed loop system is the actual angular velocity of
the motor. Figure 3.19 is a diagram of this feedback system. (The term closed loop
refers to the fact that the present output (the velocity) is used to determine the
future output of the system).

COMMAND
VOLTAGE DC MOTOR
F ROM
ADVIl-A
PRE ‘ v
POWER /
AMP AMP /'/

:/ TACHOMETER

Figure 3.19 Closed Loop Velocity Servo System.
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The Control Systems Resesarch servoamplifier is composed of two parts, the
preamplifier section and the power amplifier section. In the preamplifier section, the
amplifier takes the difference between the actual angular velocity of the moter (on
terminal 3) measured by the tachometer and the desired velocity (on terminal 2)
from the AAV11-A D/A converter and amplifies the resulting voltage difference. The
power amplifier section uses this voltage signal and a feedback (voltage) signal which
represents the motor load current to determine what the applied armature current to
the motor should be. The difference between these two signals is passed to a
hysteretic switch (with a constant thresheld) which outputs a square wave to the
power semiconductor section and from there to the motor.

The output of each servoamplifier (terminals 9 and 10) is the actual armature
current to be supplied to the corresponding motor to achieve the desired torque on
that motor. The polarity of the signals on these terminals determines the direction of
rotation of the motor shaft.

CRS controllers are switching-mode controllers which employ Two-State
Modulation, a concept patented by Control Systems Research, Inc. The two switching
techniques used in Two-State Modulation are pulse-width modulation (PWM) and
frequency modulation. The output signal to the motor is actually a square wave of
fixed amplitude (thus of fixed voltage). This wave can be modulated (via modulating
the hysteretic switch of the power amplifier section) in two ways -  either by
modulating the duty cycle or pulse width (PWM) or by modulating the frequency
(frequency modulation). Consider the wave form of Figure 3.20. This wave is
pulse-width modulated only since the frequency remains fixed.

Figore 3.20 Pulse Width Moduolated Wave



The current delivered to the load (the motor), while a pulse of a given polarity
is applied to the load, increases exponentially with the amount of time the pulse is
applied.  This is a result of the load inductance. The longer the pulse, the larger
the (armature) current will become, and the faster the motor will turn in that
direction. When the next pulse is applied (in the opposite polarity), the current will
increase exponentially in the opposite direction. Thus to produce a net motor
movement in one direction, the pulses for that direction must be maintained longer
than the pulses in the other direction. The larger the desired motor speed, the longer
the pulses of the correct polarity are maintained. In Two-State Modulation, the
switching transistors may even cease to switch and deliver one long pulse (in one
direction) whence the frequency modulation of the controlled signal. With the
Two-State concept, a larger full speed is available than with PWM since strictly PWM
controllers must switch at a fixed rate whereas the Two-State controller can handle
changing load and command signal conditions more efficiently by ceasing to switch
(the reader is referred to the manual [5] for the more on the Two-State theory).

The output of terminal 8, the current monitor output, is proportional to the
actual load current (25 volts/ampere of the load current) and can be used as a type
of force feedback since it is an indication of the motor torque (recall from section
3.A2 that T=Ky+l4 where K is the torque-constant of the motor, I is the

armature current and T is the motor torque).
3.B2 Power

In Figure 321, the power transformer and the relay and switching circuit are
configured. (To gain an understanding of transformers, see [19], chapter 36). The
cartesian machine power cabinet originally had switches located on the front to turn
power on and off. The original switches on the cabinet were replaced with larger,
safer switches. The green “on” switch, which is normally open, is enclosed in a
cylindrical hub which prevents accidental pushing. The red “off” switch (normally
closed) is a large mushroom switch which is easily pushed. Note that these are
momentary switches. For example the "on” switch is normally open. When it is
pressed it is closed, but when the pressure is removed, it returns to its normal (open)
state.
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In the course of machine testing, it was found that a remote-switch box was
needed so that the machine could be turned on and off at the terminal location. Two
smaller switches were built into a metal box with a long cable running between it
and the power cabinet. This is the remote switching unit. The black on switch is also
enclosed in a cylindrical hub and is normally open. The red off switch is normally
closed. Another set of green and red switches will also be placed directly on the
frame of the machine.

The purpose of the switches is to activate or deactivate the relays of the circuit.
A relay can be thought of as a switching device which controls a larger power. The
relays in this circuit are normally open so that only when one of the "ON” switches
is pressed does the relay close. Consider Figure 3.22. When a current is switched on
(via one of the three “on” switches) in the wire coiled about the magnet, a force is
exerted on the armature of the relay (this phenomenon is discussed in Section 3.A.2).
The armature is attracted via this force to the magnetic core and the contact (on the
left in Figure 3.22) is closed. When the current to the coil about the magnet is
turned off (via one of the three "off” switches) there is no longer a force attracting
the armature and the spring action causes the relay contact to open. (See [7]).

FIXED CONTACT ARMATURE

MOV ING
CONTACT FULCRUM S

coiL |~
\/"(__.'-

SPRING

MAGNET

Figure 3.22 Simplified Diagram of Electromagnetic Relay. See [3].
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The amplifiers use 208 volts AC and 120 volts AC. A 120 volt line is also
connected to the power supply box. This power is used by voltage regulators in the
cabinet to generate a 15 volt and a 5 volt DC supply. It is these supplies which are
used for power to the comparator, counter, multiplexer, and limit sensing circuits. A
twisted-triple cable of three colors, white for +15 v, red for +5 v, and green for
ground, is run between these voltage regulators in the power cabinet to the large
computer interface board (mounted on the wall in the computer room as mentioned
in section 3.A.8) to supply power to these interface boards.



3.C Additional Components

Besides the components described above which act as an interface between the
cartesian machine and the computer, there is the computer itself. At present, the
computer used to run the servo routines is a DEC PDP-11/23 with two DRV11 bus
interfaces, an ADV11-A analog-to-digital converter module, and a AAVIl-A
digital-to-analog converter module. The DRV11 consists of 16 input lines (used for the
16-bit count from the multiplexer board), and 16 output lines (four of these are used
to clear the counters as will be described in Appendix A3) for data handling. The
2-bit address used to select the axis count for the currently controlled axis is placed
by 1123 (FORTH) software in the two control/status registers (CSRO and CSR1) of
the DVRIL

The ADVI1I1-A is a 12-bit successive approximation analog-to-digital converter
(See [11] for a treatment of this type of A/D device). It includes a multiplexer
section to allow up to 16 inputs. Four of these inputs are used for the four
tachometer signals, and four for the output of terminal 8 of the servoamplifiers which
carry the actual motor load currents as described in section 3.B.1. The remaining 8
will be used for the interfacing of the Overton tactile sensor [14] mentioned below.
The 1123 software must perform the A/D multiplexer channel selection through the
use of 4 bits (8-11) of the controlstatus register (CSR) located on the ADVI1I1-A
module.

The AAVI1I1-A is a 4-channel, digital-to-analog converter module. These four
channels are used to send a desired velocity to each of the four servoamplifiers which
control the axes. Software routines on the 11/23 place a 12-bit (digital) number in a
holding register for each channel and it is this binary number which is converted to
analog form by the module. See [6] for a thorough description of these three
interface modules.

Other important components are the sensors and their interfaces. A General
Electric TN2201 Solid State Automation Camera is the visual sensor. It is supported
by a PN2210A Automation Interface also manufactured by GE and a Poynting
Products, Inc. Model 108 Digital Video Memory. Documentation on these products is
available from the manufacturers and the accompanying manuals are also available in
the LPR. The images from the camera will first be processed in a DEC PDP-11/03
using a DRV11-B DMA interface. Information on this device is also available in [6).
The computer system configuration and its future development will be the subject of
a COINS technical report (to appear) written by a member of the LPR.

Other sensors include an 8x16 analog tactile array sensor developed by
Overton [14]. Sonar is also under discussion as a possible usable sense. Many
sensory devices will be developed in the course of the research work on this machine
as the higher-level control routines become more and more capable of using
environmental information.
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At the end of the z axis lies a gripper or mounted tool. At present a
two-fingered gripper shown in Figure 323 and  built and donated by Digital
Equipment Corporation is installed on the manipulator. The gripper motor (a stepper
motor) is interfaced with the same encoder/comparator/counter configuration as the
axis motors. However, instead of using a servoamplifier for velocity servoing, all such
servoing (including position servoing), must be done with software. Documentation for
this gripper has been written as a LPR Memo [9]. The laboratory is now instailing a
nine degree of freedom Salisbury hand. This dextrous urit is composed of three
fingers with three joints each (whence the nine dofs).

Figure 3.23 Two-Fingered Gripper Mounted on z axis. See [9].

For a more detailed description of the status of the laboratory, the reader is
directed to [16].



4.0 Description of Operation

4.A Operation Instructions
BRINGING THE SYSTEM UP

1) First the power must be turned on in the laboratory.
The switches can be found in a large "breaker” box inside the lab.
@ l1a) The main switch must be turned on first
(this is not numbered, but lies at the top of all the
switches in the box and is labelled "main”).
@ 1b) Number 12 which is the 208 volt power supply
and number 13 which is the 120 volt supply are switched on next.
Note in fact that number 12 supplies the power to the servoamplifiers
and number 13 supplies power to the voltage regulators that
produce the 15 and 5 volt DC power used on the interfacing boards.

2) Before the cartesian machine is actually turned on, the PDP-11/23
FORTH system must be "brought up.”
or 2a) Place the disk in the RLO2 drive (or the floppy disk
in the RX02) and flip up the "ON” and "HALT” switches located on
the front of the processor panel.
or 2b) When using the RLO2 drive, wait for the yellow "LOAD”
light (located on the front of the drive) to light then press it.
r 2c) When the white "READY” light turns on, the disk is
loaded and the "RESET™ switch located beside the "ON” and "HALT”
switches on the processor panel may be flipped up.
w 2d) When using a floppy disk in the RX02, the "RESET™ switch
may be flipped right after the "HALT.”

3) After flipping the "RESET™ switch, the terminal message will be "Start?”” Type in
"DL” if using the RLO2 and "DY0” if using the RXO02 drive. A short message
should follow ended with the FORTH prompt "OK.” At this point the core of the
FORTH system is loaded (presently this is done with the command 200 LOAD”; in
the near future the core will be automatically loaded) and other biocks containing
"routines” or FORTH “words” for the cart machine should be loaded. For a more
thorough explanation of this procedure, see [16].

4) One of the blocks containing the cart machine FORTH words must contain a
word which will send zero velocity to the servoamplifiers. In other words, the digital
to analog converters of the AAVI1I-A interface module (described in section 3.C)
corresponding to velocity must be sent the equivalent of a zero voltage so that the
servoamplifier for each axis "sees” a desired velocity of zero for its corresponding



axis.
@ THIS MUST BE DONE BEFORE THE CART MACHINE IS TURNED ON! <«

If this is not done, there is an arbitrary desired velocity on the D/A converter for
each axis and this velocity may be very large. If this is the case, when the machine
is turned on, it will exhibit "run away” behavior and may damage objects in the
work space or even damage itself. Again, send a zero desired velocity to each axis
BEFORE turning the machine on.

5) To actually turn the machine on, one of the switches described in section 3.B.2
(cither on the power cabinet, the cart machine itself, or on the remote switch unit)
needs to be pressed. Recall that the "on™ switches are encased in a cylindrical hub to
prevent accidental switching. The user should be ready to press one on the "stop”
switches at this time in case erratic behavior occurs. If all goes right, the machine is
ready for movement via FORTH routines (see sections 4B and 4.C). If all does not
go right, either the above procedure has not been followed correctly or there is a
problem in the system. See the Trouble Shooting section (Appendix AS5) in this case.



BRINGING THE SYSTEM DOWN

1) When the user is done with the system and it is ready to be turned off, the cart
machine itself is turned off first. This is done simply by pressing one of the “off”
switches. As a word of caution, if the z axis does not have a brake (as is the case
at present), either it must be positioned before turn off to its lowest point (closest to
the table top of the work space), or it must be held when the off is pressed so that
it does not fall.

2) When turning off the PDP-11, first press the yellow "LOAD” switch on the drive
if using the RL0O2 and when it lights, flip down the "HALT” and "ON/OFF” switch
(on the front of the processor panel). If using the RX02 (and therefore a floppy
disk), REMOVE THE DISK before turning the machine off. Failure to do this could
ruin the disk. Note that once again for the RX02, the "LOAD” light may be ignored
and once the floppy is removed, the machine may be immediately turned off (via
flipping down of the "ON/OFF” switch).

e NOTE

The PDP-11 should ALWAYS be turned off when not in use. The reasons for
this are the heat build-up inherent in the machine and the possibility of accidental
power-downs and power-ups which could “crash” and ruin the disks.

3) Finally, the power switches in the “breaker” box ("main”, 12, and 13) should be
switched off upon leaving the lab.



4B FORTH

The version of FORTH used for low-level control of the GE Cartesian
Machine is the UMASS/LLE FORTH-79 Revision 3.1. This language was chosen for
its versatility as a high-level language and as an assembly language. The ease of
interaction with the computer interfaces and I/O devices made FORTH attractive for
use in robot control.

The FORTH system is composed of a set of standard commands or definitions
called words. The user uses these definitions to build words to implement the desired
application. Words may also be defined directly in assembler code using FORTH
Assembler.

FORTH is also an operating system which performs the usual functions (text
editing, compilation, assembling, interpretation, /O, etc) An excellent reference for
those wishing a light introduction to FORTH is [3]. Documentation on the
UMASS/LLE FORTH version is forthcoming [17].

FORTH routines used in this configuration are described algorithmically in the
next section. The actual code for moving the machine axes to desired points uses
interrupt processing so that one processor can control all four axes and the gripper.
This of course is a temporary scenario used until the single axis controllers are
implemented. The code uses FORTH Assembler, is described in the following section
(4.C) and is listed in Appendix AG6.

Note that while the 11/23 system is programmed in FORTH, the VAX system
will most likely be programmed in LISP for high-level contrcl.

4.C Servomechanism Description/Control

The cartesian machine is driven via a set of servoamplifiers (3.B.1) (one for
each axis motor). These amplifiers provide the signals (to the motors) depending on
the desired velocity of the motor shaft (supplied by the computer system which
controls that particular axis), and the actuval velocity provided by the tachometer. In
other words the motor-tachometer-amplifier system is a self-contained velocity
servoloop. Using this velocity servoloop as a base, servoroutines have been written (in
FORTH) to control the movement of the machine.

It is the encoder which provides positional feedback for the position control
loop. The controlling signal for each axis is a velocity signal which is sent to the
AAV1l-A interface and delivered to the servoamplifiers. The inputs to the position
servo are the desired position, the actual position (in terms of encoder counts), and a
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maximum velocity allowable for each axis. Since the same controlling routine is used
for all four axes, arrays indexed by register RO of the PDP-11 were constructed for
the desired position, the maximum velocity, and the current velocity being sent to
the amplifiers. A state table is also used to record whether each axis has ceased to
move (i.e_. is within a user-chosen range of the desired position). This information is
used to determine  whether to position-servo each axis. The code for these routines
is included in Appendix A6 and is discussed below.

A standard speed trajectory control scheme is used with an acceleration period,
a constant speed period (at the maximum velocity), and a deceleration period. The
period changes do not depend on time, but on the absolute value of the difference
between the desired and the actual distance. Figure 4.1 depicts this trajectory and also
shows the trajectory which results if the distance to be travelled is relatively small.

Dy D, Do D3 DO D2 D;

Figure 4.1 The veloclty trajectory of the peint-to-point pesition servo.

Dy = Initial Position; Dy = Point where Vel = Maxvel; D, = Polnt where
Vel > (D3-D2); Dy = Desired Position. At [eft is the normal trajectory.

At right is the case where the distance to be travelled Is so short

that the maximom velocity Is never reached.

The velocity during the acceleration phase is actually a step function with a
user-chosen increment (also stored in a four-clement array). The control velocity is
incremented at each sampling until it reaches the maximum velocity or (for a short
distance) until the distance to be travelled is less than the output velocity signal.
When the velocity/position relationship reaches this point (D, in Figure 4.1), the
velocity signal becomes proportional to the distance left to travel. In actuality, this
deceleration phase velocity is also a step function since the velocity signal is reset at
discrete instances. An overall configuration of the position contrcl servo system is
given in Figure 4.2.
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Figore 4.2 Axis Position Servo System.

The first step in adaptive control has been taken in the form of a routine
which corrects the drift inherent in the servoamplifiers when a zero velocity is
requested. If a zero is sent via the AAV11-A to the amplifier, a strictly zero velocity
is not always the result, even when the amplifiers are balanced beforehand. Thus a
drifting of the axis results. Part of the Change.Speed macro of blocks 1004-1007
checks for such a drift using another state table called Command.Status. If it is
determined via use of this table that an axis is no longer being position-servoed,
the routine checks to see if the axis position is still within the desired range. If not,
the value which (currently) represents a zero velocity is appropriately incremented or
decremented by one. The same algorithm  compensates for loading effects.

Control schemes for each axis will be implemented on PDP-11 systems. These
single axis controllers will eliminate the need for the interrupt driver currently in use

to emulate them. The code for this interrupt driver may also be found in Appendix
AG6.

The use of these interrupt routines allows the position-servoing to take place
while other routines are concurrently run on the FORTH level. This is necessary at
this time since both high level routines for axis movement and the low level position
servo routines are being run on the same processor. The result is that the high level
routines are run normally, but are interrupted every 1/60th of a second (the system
clock runs at 60 Hertz). The interrupt routine is the position servo routines which
updates the output velocities for each of the four axes.
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Routines to control the currently used two-fingered gripper which is actuated by
a stepper motor have been run synchronously with the above routines. Some of these
routines are described in [9].

The control algorithm given above allows only point to point movement of the
machine. In other words, one point at a time is specified, the machine axes move to
that point and stop, then the next point is specified. In a complex task, the robot
will need to move continuously through various points in the workspace. Continuous
path motion algorithms using spline interpolation of desired trajectory segments are
now being developed and are based on works such as Paul [15). Note that such
routines must anticipate and allow for changes in trajectory plans.

The use of tactile and visual information will be integrated with the trajectory
generation routines for decision-based planning and machine movement. A new
robotic language, the Perceptual Robotics Language, is developing and encompasses
these sensory-motor routines within a schema-based configuration. [12] gives a
description of the new language and other existing robotic languages. [14] is the basis
for the implementation of schemas in the evolving language of the LPR.

Higher level adaptive-learning control routines will also be implemented on the
cartesian machine. Such routines are based upon an Associative Search Network
(ASN) designed by the Adaptive Networks Group of the COINS Department of the
University of Massachusetts. The idea is to search for the correct manipulator control
actions and to learn from the experience. The effect of the control signals is to move
the joint variables by certain fixed amounts. The ASN receives a reinforcement
which is used to determine the effects (good or bad) of its previous action(s) to

accomplish learning. See [1).



5.0 Appendices
Appendix Al. Motor Specifications

The following are the motor specifications for the PMI U12M4H Servodisc (TM)
Motor as given by the manufacturer:
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