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This thesisthesis presents my research on the hardware and software for

control of a novel robot based on the Stewart Platform. The robot has

six actuators which must be adjusted to arrive at the desired position

of the platform. This position must be specified by six position

parameters; namely the coordinates (X0, Yo, Zo) of a point on the

platform and the Euler angles (a, 13, y) of the platform.

In order to control the motion of the platform we must determine

the lengths of the six actuators required to bring the platform into

the desired position and orientation; this is most easily done by

using coordinate transformations. Homogeneous coordinates provide a

way to represent any coordinate transformation by a matrix multipli-

cation.

A master-slave control system was constructed. It consists of an

AIM-65 microcomputer and six discrete component controllers using

transistor-transistor logic (TTL). Each controller has a 16-bit D-type

register with clear, a 16-bit comparator and a 16-bit up/down counter.



A complete and detailed examination of the motion of the robot is

beyond the scope of this work, However, several planar sections through

the range of motion give some impression of the complete range of

motion.
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MASTER-SLAVE CONTROL SYSTEM

FOR A NOVEL ROBOT DESIGN

I. INTRODUCTION'

1-1. Robots and Their Control Systems

Webster's definition of a robot is "a machine in the form of a

human being that performs the mechanical functions of a human being."

Bernard Roth's (1) defines robots as "mechanical devices which possess

attributes usually associated with humans, or humans who exhibit

behavior usually associated with machines." Another definition of

robotics is the "mechanical duplication of human capabilities."

So, a robot's basic function is not to look or behave like a human

being but to do human's work.

An industrial robot is a programmable machine that possesses

certain anthropomorphic characteristics. Time magazine (2) estimates

the total number of robots in the world at 20,000 before 1979. Why

are they so popular? Because the robot's benefits are many:

1. High productivity: Robots work three shifts a day, since

they do not tire; they also require no coffee breaks, vacations or

time off.

2, Better product quality: Once you program a robot to make a

part or perform an operation correctly, it will do so repeatedly.

3. Easily reprogrammed: Different programs can be stored,

interchanged and reused.

4. Unaffected by hazardous conditions: If the workplace is hot,

dangerous and uncomfortable, industrial robots are likely candidates

for the job.
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5. Great strength: Industrial robots are capable

of lifting items as heavy as several hundred pounds. Typical tasks

performed by industrial robots in manufacturing are parts handling,

loading and unloading, spray painting, welding, and assembly.

What components do robots consist of? Basically, they consist

of the manipulator or "mechanical unit" which actually performs the

manipulative ftinctions, the controller or "brain" which stores data

and directs the movement of the manipulator, and the "power supply"

which provides energy to the manipulator and controller. Figure 1-1

is a block diagram of these basic robot components.

power supply

controller

manipulator

Figure 1-1. Basic block diagram of robot components.

There are three common physical configurations for robots:

spherical, cylindrical and articulated arm. The three types are

illustrated in figure 1-2 (3, 4).

In the spherical configuration, the body of the robot pivots

both horizontally, and vertically. Attached to the body is

an arm that is moved by the body motion. In turn, a gripping device

or hand is attached to the arm. In the cylindrical configuration, the



robot body is a vertical column that swivels around avertical axis.

The arm of the robot is horizontal and can be made to move up or

down and in or out with respect to the body. In the articulated arm

configuration, the rotary-joined arm can operate in a large working

volume for its size, giving greater reach and greater application

flexibility. The jointed arm also allows the robot to reach in

close to its base at floor level which is an important consideration

for many material handling and machine loading applications.

RadialWrist traversebend

(gay
eric._

Rotational traverse
L.,

I Wrist
Wrist yaw swivel

Vertical
traverse

(a)

Elbow
extension

3

Roll

(C)

Figure 1-2. Degrees of freedom in (a) spherical, (b) cylindrical,
(c) articulated arm robot configurations.
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In current robot designs, the six basic motions or degrees of

freedom are incorporated as three arm or body motions and three wrist

movements. These are vertical traverse, radial traverse, rotational

traverse, wrist swivel, wrist bend, and wrist yaw.

The controller unit consists of electronics and hardware that read

and interpret the program of instructions and convert it into the action

of the actuator. The typical elements of the controller unit include a

microprocessor, signal output channels to the actuator, and feedback

channels from the actuator.

In order to obtain the best performance from manipulators and

controllers, individual power supplies for each manipulator and

controller should be supplied. To reduce channel cost,

manipulators and controllers sometimes are connected to a common

power supply. However, any change which occurs in the power supply

will appear in all measurements as an error. Therefore, common

power supplies are only advantageous when less accurate measurements

are sufficient.

1-2. A Novel Robot Design

Nearly all robot arms in use today are open kinematic chains (5].

The typical robot arms used are shown in Figure 1-2 and Figure 1-3.

An open kinematic chain used as an arm has certain advantages.

First, it gives a long reach for the number of joints. Second, it

gives a large range of motion. Third, it is compact so that it can

reach into a small space.

These advantages are paid for with some disadvantages, As

illustrated by Figure 1-3, when the end-effector holds something,
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(a)

(c)

(b)

(d)

Fiaure 1-3. (a) Open kinematic chain in which the gripper has
six degrees of freedom.

(b) Simple planar robot arm can reach into a small
hole.

(c) Extended arm supporting a load.

(d) The effect of kinematic indeterminacy.

the appendage is a cantilever, which is a very inefficient structure

because the load is supported only by moments. The problem of

indeterminacy is illustrated in Figure 1-3 (d). This means that with

the gripping mechanism in one position, the other links can be in

many positions.

These difficulties can be overcome by using closed kinematic

chains. Figure 1-4 shows a planar robot arm based on a closed

kinematic chain. This closed kinematic chain is very strong and

rigid, unlike a cantilever. But this system also has certain
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disadvantages. First, it needs more joints and links. Second, it can

not easily reach into holes and the range of motion and length of

reach are more limited than an open kinematic chain.

"hand"

Figure 1-4. A planar robot arm based on a closed kinematic chain.

Thus, there is a trade off between an open kinematic chain and a closed

kinematic chain. The one used in Figure 1-4 above could be used

but it is only a planar mechanism and spatial movements are required.

This problem could be solved by adding another rotating joint whose

axis is in the plane of the mechanism, but there is a better way.

There is a mechanism which is a spatial analog of the mechanism used

above. It is called the Stewart Platform (53. Figure 1-5 shows a

Stewart platform model in its simplest form. It is an octahedron

with two opposite faces as the rigid base and rigid platform. The

other six faces are open; the six edges that outline these faces are

linear actuators. With the base fixed, the platform has six degrees

of freedom which means that it can take any position and any orienta-

tion within a limited volume of space.
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ball and socket joint

Figure 1-5. This is a Stewart Platform based on a regular
octahedron.

We are currently using the robot arm shown in Figure 1-6 in

our investigations. This robot is a six-legged device built by

Dr. Eugene Fichter, Department of Industrial and General Engineering,

Oregon State University. This robot is built from Fischertechnik

components, homemade screw jacks, and a DC motor actuation system.

Each screw jack consists of a threaded rod and a length of brass

tubing with a nut soldered to the end of the tube.

This thesis describes a control system which consists of the

AIM-65 microcomputer and discrete component controllers using

transistor-transistor logic (TTL). The robot platform has six legs

which must either lengthen or shorten to arrive at the desired
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Figure 1-6. The model we are currently using in our investigation
is shown.

position of the platform. This position must be specified by six

different position parameters which include X0, Yo, and Zo as

coordinates as well as Euler angles a, s, y. By adjusting the lengths

of the legs, any position within the range of motion of the mechanism

can be reached.
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II. GENERAL PRINCIPLES OF ROBOT

MANIPULATOR CONTROL THEORY

In this chapter we will describe different types of control.

2-1. General Types of Control

The general types of control can range from manual control to

artificial intelligence. This range is illustrated in Figure 2-1 (6).

manual man o

control computer o

supervisory man

control computer :---1

automated man o---

control computer o---

artificial

intelligence

man

computer :-1

Figure 2-1. General types of control.

Under manual control, the man provides all of the commands to

the system. In artificial intelligence, the computer generates all

commands once the system is started. Supervisory control represents

a trading of control between man and computer. In automated control

a dual responsibility is present in that both the man and the
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computer have separate, distinct functions.

2-2. Methods of Control

The methods of control are divided into three categories:

digital, analog, and hybrid.

1. Digital Control

Digital signals (0, 1) are transmitted by data entry terminals,

counters, shaft encoders, and many other devices, An example of a

situation where use of digital control is appropriate is controlling

a stepping motor. The digital computer has only to give out step

commands "forward" or "backward" at a prespecified frequency. The

stepping motor locks into a fixed position when power is applied to it.

2. Analog Control

Many control signals are in analog form such as pressure,

forces, velocity, flow, temperature and vibration. In order to take

the measurements, appropriate transducers have to be used.

Transducers are used to measure the continuous analog signals by

converting the variable (such as temperature, flow, etc.) into a

more convenient electrical signal (such as voltage or current).

3. Hybrid Control

A hybrid system interacts closely with a computer but closes

some significant portions of the servo loop with analog components.

All systems are hybrid to some extent, even those mentioned under

"digital" above. A hydraulic servo valve is, for instance, an analog

device which can be driven digitally. The hybrid system has the

advantages of relieving some of the necessity for very precise

timing of the computer software and distributes the control away
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from one control processor to a number of simpler analog units.

2-3. Control of Functions and Motions

These types of control can be divided into four categories:

non-servo control, servo-control, point-to-point control, and

continuous-servo control.

1. Non-servo Control

The typical operating sequence of non-servo control taking

hydraulic or pneumatic systems, for example, is as follows:

Step 1. At the start of program execution, the controller signals the

control.

Step 2. Then the valves open allowing oil or air to the actuators, and

the manipulator's actuators begin to move.

Step 3. The valves remain open and the actuators continue to move until

physical restraints are reached. Then the valves are closed.

Step 4. Repeat from (1) until the entire sequence of steps has been

executed.

2. Servo Control

The typical operating sequence of a servo-controlled robot is as

follows:

Step 1. At the start of program execution, the controller addresses

the memory locations of the first command position and also reads the

actual position measured by the position feedback system.

Step 2. These two sets of data are compared and their differences,

commonly called "deviation signals", are transmitted as "command

signals" to the manipulator's actuators.

Step 3. As the actuators move, feedback devices send position data
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back to the controller. These "feedback signals" are compared with

the desired position data and new deviation signals are generated,

and sent as command signals to the actuators.

Step 4. This process continues until the deviation signals are

effectively reduced to zero, the signal to the driver is blocked and

the actuators come to rest at the desired position.

Step 5. The process is repeated sequentially until the entire program

has been executed.

3. Point-to-point Control

This type of control is perhaps the simplest and most frequently

used control method. Moving each actuator of the robot individually

until the combination of actuator positions yields the desired

position of the robot end effector. When this desired position

is reached. it is programmed into memory thereby storing the

individual position of each actuator. Each actuator runs at its

maximum or limited rate until it reaches its final position.

Consequently, some actuators will reach their final value before

others.

Further, because there is no coordination of motion between

actuators, the path and velocity of the gripper between points is not

easily predictable. For this reason, point-to-point control is used

for applications where only the final position is of interest and

the path and velocity between points are not prime considerations.

The point-to-point control robot is typically used in a wide variety

of industrial applications for both parts handling and tool handling

tasks.
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4. Continuous-Servo Control

This type of control is used where the actuator should move

through a continuously controlled path, rather than through the

shortest point-to-point path. Among these operations are paint

spraying, continuous welding processes, and other tasks. Typically,

robots using this type of control are moved by the operator through

the desired path in the exact manner and speed by which he wishes

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

the desired path, the position of each actuator is recorded. So, the

control of path increases the memory requirements of the robot. For

this reason, magnetic tape or disk storage means are generally used.

2-4. Hierarchy Type of Control

The basic idea of hierarchial control is to partition the overall

control problem into a number of different levels as shown in

Figure 2-2 (7). Each level in the partitioned control hierarchy

accepts commands from the next higher level and responds by generating

ordered sequences of simpler commands to the next lower level. The

control system uses sensory feedback to close control loops where

appropriate.

The first level in the hierarchy is where servo-control functions

are computed. The input commands are joint positions which are

compared to the feedback from the joint position indicators. If

these values are different, a drive signal is generated to move each

joint until the position error is nulled.

The second level of control takes commands in the form of

primitive operations such as MOVE X, Y, Z. This control level
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GO TO POSITION 12

elemental
move
function

1. th ird level

MOVE X ,Y, Z

primitive
function second level

JOINT POSITION COMMANDS

servo
function

first level

JOINT POSITION DRIVE SIGNALS
INDICATOR TO JOINT
FEEDBACK ACTUATORS

Figure 2-2. Hierarchial control strategy.

receives joint position feedback and generates the necessary

sequence of joint position values to the first control level to

accomplish its input commands.

The third level in the hierarchy receives input commands in the

form of elemental moves such as GO TO POSITION 12. As a result of

this command, the third level monitors the joint position feedback

and generates a sequence of primitive operations. Each primitive

operation generates a sequence of joint position values to the first

level of control. This level in turn generates the drive signals
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to the actuators that move the arm.

2-5. Master-Slave Type of Control

In this section we are specifically concerned with the master

slave control system for this novel robot.

According to the servo-control method, the basic principles of

robot control is very straightforward.

The key principle in this type of control is to move the system

in the direction that minimizes some deviation function. A deviation

function might be D=Ld-L, where D is the deviation and Ld is the desired

leg length and L is the actual leg length. When D=0 for all legs, the

platform is at the desired position. If any D is negative, then the leg

has moved too far and must reverse its motion. Thus, always moving in

the direction which makes D approach zero will' provide a type of control.

So, the control system described here has two levels of control.

Namely, master level and slave controllers. At the master level,

the X0, Yo, Zo, a, 6, and y parameters are transformed into leg

lengths and receives information on when movement is complete.

The slave controllers each consists of a servo loop to control leg

length and a new length register to drive the leg; they serve as

interface between robot and microcomputer. The system block diagram

is shown in Figure 2-3. Overall master-slave control system

configuration is shown in Figure 2-4.
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position
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matrix
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Figure 2-3. Master-slave control system diagram.
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m.c.:mechanical connection
M.C.:motor controller
P.F.: position feedback

Figure 2 -4. Investigation master-slave control system

configuration.
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III. MATHEMATICAL BASIS OF CONTROL SYSTEM

In order to control the motion of the platform, we must determine

the set of leg lengths required to bring the platform into the desired

position (X0, Yo, Zo) and orientation (a, 0, y); this is most easily

done by using the homogeneous coordinate representations. By using

homogeneous coordinates, any transformation of coordinates can be

represented by a matrix multiplication. This is not possible with the

non-homogeneous coordinate representations. Because the desired

movement between points is comprised of both translations and

rotations, the operation of matrix multiplication of homogeneous

transformation can establish the overall relationship between any

two points.

3-1. Homogeneous Coordinates System

In this robot we have two coordinate systems. One is on the

platform called moving coordinate system and the other is fixed on the

base called fixed coordinate system (refer to Figure 1-5). The use

of homogeneous coordinates gives a convenient and efficient way of

mapping "rotations and translations" from a moving coordinate system

into a cooresponding fixed coordinate system. First we will describe

the rotation in two dimensions.

For example, a two-dimensional figure can be rotated about the

origin. This is shown in Figure 3-1 for rotation in the counter

clockwise direction (8). Figure 3-1 shows that point B, (1, 0), is

transformed to the point B*, with X*=(1) cos 0 and Y*=(1) sin 0 and

that point D, (0, 1), is transformed to D*, with X*=-(1) sin 0 and



Y*=(1) cos e. The general 2x2 rotation matrix is cos a sin 8

Y,Y -sin a cos e

C(1,1)

Figure 3-1. Rotation in two dimensions.

B 1,0

19.

X,X *

For the special case of 900, the results are 0

[
1 0-

The determinant of the 2x2 component matrix is +1 that means it

produces a pure rotation about the origin.

How about translation? Following Rogers and Adams (8] this

difficulty can be overcome by introducing a third component to the

position vector (X Y) making (X Y 1). The transformation matrix

then becomes a 3x2 matrix, for example,

1 0

0 1

m n

The number of columns in the point matrix must equal the number

of rows in the transformation matrix.
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(X Y 1

1

0 1 = (X+m Y+n) = (X* Y*)

m n

The constants m, n cause a translation of X* and Y* relative to X and

Y. However, a 3x2 matrix is not square and thus does not have an

inverse. This difficulty can be overcome by utilizing a 3x3

matrix, for example,

1 0

0 1 0

m n 1

as the transformation matrix. The addition of the third element to

the position vector and the third row to the transformation matrix

allows us to perform a translation of the position vector. In the

same way we can extend two-dimensional analyses to three dimensions.

Hence a point in three-dimensional space (X Y Z) is represented

by a four-dimensional position vector (X Y Z 1). In general, the

representation of an n component vector by an n+1 component vector

is called the homogeneous coordinate representation. The transforma-

tion from moving coordinates to fixed coordinates is given by

(X Y Z 1) = (x y z 1) T, where T is some transformation matrix,

The generalized 4x4 transformation matrix for the three-dimensional

homogeneous coordinate can be partitioned into four separate sections:

abc0
d

ghi0
lmnl

e f 0

L_

3x3

lx3

3x1

lx1
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The 3x3 matrix produces a transformation in the form of rotation.

The 1x3 row matrix produces translation, and the 3x1 column matrix

produces perspective transformation. The final single element

produces overall scaling.

3-2. Coordinate Transformation System

The coordinate systems used in developing the necessary equations

in this robot are shown in Figure 3-2.

CE

F.
X

Figure 3-2. Coordinate System.

Point 0 is the origin of the moving system. The coordinates of

point 0 in the XYZ fixed system will be given (X0, Yo, Zo) and Euler

angles for the moving coordinate system are a, f3, and Y. The Euler

angles are then defined as the three successive angles of rotation

and completely specify the orientation of the xyz moving system

relative to the XYZ fixed system. The sequence will be started by

rotating the initial moving system of axes, xyz, by an angle a

counterclockwise about the z axis, and the resultant coordinate system



22

will be labelled the x'y'z' axes (see Figure 3-3). In the second

stage the intermediate axes, x'y'z', are rotated about the x' axis

counterclockwise by an angle 0 to produce another intermediate set,

the x"y"z" axes. The x" axis is at the intersection of the xy

and the x"y" planes and is known as the line of nodes. Finally,

the x"y"z" axes are rotated counterclockwise by an angle y about

the z" axis to produce the desired x"Py"'z"' system of axes 0).

z

Figure 3-3. The rotations defining the Euler angles (91

The elements of the complete transformation matrix A can be

obtained by writing the matrix as the product of the separate rota-

tions. Thus, the initial rotation about z can be described by a

matrix D.

COS a sin a 0

-sin a cos a 0

0 0 1

Similarly, the second transformation corresponds to a rotation about,

x', with the matrix C:



1 0 0

C= 0 .cos a sin 6

0 -sin a cos a

and finally a rotation about z", with the matrix B:

cos y sin y 0

B= -sin y cos y 0

0 0 1,,.

The product of the successive matrices, A=BCD, then follows as:

cos y cos a cos y sin a

- sin y cos B sin a +sin y cos B cos a

- sin y cos a

sin y sin B

- sin y sin a cos y sin B

-cos y cos B sin a +cos y cos B cos a

sin a sin a - sin B cos a cos B

23

According to the previous section, (see Figure 3-4 (a)), the equations

used to find the coordinates of point a through f in the XYZ coordinate

system as follows:

(Xa, Ya, Za, 1) = (xa, ya, Za, 1) T

and similarly for points b through f.

Where homogeneous transformation matrix

cos y cos a cos y sin a

-sin y cos B sin a +sin y cos B cos a sin y sin B i 0

-sin y cos a -sin y sin a

-cos y cos B sin a +cos y cos B cos a cos y sin B I 0

sin B sin a -sin B cos a cos a 0

X
o

Y
0

z
o

I 1
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In the T matrix the 3x3 part produces a transformation in the form of

rotation. The part of 1x3 row matrix (X0, Yo, Zo) produces translation.

Now, lengths Ad', Be, Cf, Da, Eb and Fc can be found (refer to Figure

3-4 (a)). Because the equation to find leg lengths are just the

Pythagorean Theorem as follows:

Da = + (V -Y )
2

+ (Za-ZD)
2

u a D

and similarly for lengths Eb through Cf.

3-3. Coordinate Data

As mentioned before the leg lengths, for instance, Da is obtained

from the transformation equation and the Pythagorean Theorem. The

coordinates of point a in the xyz moving system (xa, ya, za) and point

D in the XYZ fixed system (XD, YD, ZD) are constant. Figure 3-4 (a)

shows joint (a, b, c, d, e, f), (A, B, C, D, E, F) in xyz, XYZ spatial

coordinate system. Figure 3-4 (b) (c) shows (xyz), (XYZ) coordinate

system in planar which the z-axis or Z-axis is perpendicular x-y or

X-Y plane and making them z=0, Z=0. Table 3-1 shows the joint

coordinate data.



(b) Moving coordinate system;

z 0 plane.

(a) Moving and fixed coordinate
system in three dimensions.

Firjure 3-4.

(c) Fixed coordinate system;

Z = 0 plane.
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TABLE III-1. JOINT COORDINATE DATA (UNIT = INCHES).

leg X Y Z x y z

Fc +9.5 -.75 0 +1.78 -2.43

Eb -4.1 -8.6 0 +1.22 -2.76 0

Da -5.4 -7.85 0 -3.0 -.328 0

Cf -5.4 +7.85 0 -3.0 +.328 0

Be -4.1 +8.6 0 +1.22 +2.76 0

Ad +9.5 +.75 0 +1.78 +2.43 0
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IV. HARDWARE DESIGN

The task of connecting manipulators to the input/output port of the

microcomputer is called interfacing. There are six controllers used

in interfacing between the microcomputer and six leg manipulators.

Each controller has a 16-bit D-type flip-flop with clear, a 16-bit

comparator, and a 16-bit up/down counter with motor controller and

position feedback. The input/output port is a location in memory

that can be used to transfer data either from the microprocessor to

the manipulators or from the manipulators to the microprocessor.

First we will describe the I/O port of the AIM-65 microcomputer and

then describe overall circuitry diagram. After this we will describe

the function of each part of the controller.

4-1. 6522 Versatile Interface Adapter (VIA)

The I/O (input-output) diagram of the 6522 versatile interface

adapter (VIA) in AIM-65 is shown in Figure 4-1.

TO 6502 CPU FROM 6502 CPU

port A data
direction
register

Thbidirectional
data bus

address bus

640963

decoding
circuitry

port A registerc4091313

I I

409621
port B data
directionregister

r40960/Port Bl registerIIII ill I

A7 A6A5A4 A3A2/41 AO B/7 BL135 BO
/// /*'

* ( ) represents decimal address in memory location.

Figure 4-1. Block diagram of 6522 I/O ports.
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This device has two eight-bit bidirectional programmable ports.

Each line on these data buses can be used .as input or output depending

upon the value of the corresponding bit in the data direction registers.

A "zero" or "one" in a bit position of the data direction register

causes the corresponding peripheral data line to function as input or

output respectively. We have programmed the data direction of the

VIA for the desired operations in this robot according to the

description given in Table 4-1.

TABLE IV-1. ASSIGNMENT OF VIA I/O LINES.

I/O drive Description Remarks

PAO-PA7

PB6-PB7

PBO-PB2

PB3

PB4

PB5

output

output

output

not used

input

not used

leg length

leg length

demultiplexer input

not used

movement complete

not used

4-2. Controller Hardware

Figure 4-2 is a circuit diagram of the overall interface

between microcomputer and manipulators. In this diagram it includes

I/O port, demultiplexer, controllers, motor controllers, and position

feedback. Figure 4-3 shows these circuits mounted on the mother

board. Each of the controller I/O buses connect with the mother board

using a 22/44-pin edge connector. The pin assignment of controller I/O
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buses is shown in Figure 4-4.

Each controller consists of four 4-bit registers, four 4-bit

comparators, and four 4-bit up/down counters. Figure 4-5 shows one

controller circuit diagram with one channel motor controller and one

position feedback. Figure 4-6 shows two sides of one controller.

Figure 4-3. Controller circuit mounted on the mother board.
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Figure 4-6. Shows two sides of one controller.



34

4r3. Demultiplexer and Register

The circuit diagram of the demultiplexer and two 8-bit registers

is shown in Figure 4,5. The condition of the 74LS138 demultiplexer's

eight output lines depend on the conditions at the three binary select

inputs (PBO-PB2) and the three enable inputs. Two active-low (G2A ,G2B)

and one active-high (G1) enable inputs reduce the need for external gates

or inverters when expanding. Function table is shown in Table 4-2 (10).

TABLE IV-2. DEM'JLTIPLEXER FUNCTION.

inputs outputs

enable select

G1 G2* C B A YO Y1 Y2 Y3 Y4 Y5

X H XXX H H H H H H

L X XXX H H H H H H

H L LLL L H H H H H

H L LLH H L H H H H

H L LHL H H L H H H

H L LHH H H H L H H

H L HLL H H H H L H

H L HLH H H H H H L

H L HHL H H H H H H

H L HHH H H H H H H

*G2 = G2A + G2B H = high level, L = low level
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The six leg lengths generated by the transformation program are

passed to the 74LS273 register via the 6522 I/O port. The register

is a device used for temporary data storage. The data at the inputs

are transferred to the outputs only on the positive-going edge of

the clock (pin 11) pulse.

Why is the demultiplexer used here? Because the first leg

length has to be assigned to the first controller and the second leg

length should go to the second controller and so forth for controllers

three to six. This can be done by following these steps (refer to

Figure 4-5 and Table 4-2).

Step 1. Set PBO-PB2 high. The outputs (YO-Y5) go high and the

outputs of the inverters low. The 74LS273 13-latches are

disabled.

Step 2. Generate first leg length and send to the input of all

74LS273 registers.

Step 3. Set PBO-PB2 low then the demultiplexer outputs through the

inverters will generate high only on YO. This enables the

first leg's register thus storing the data in the first

register.

Step 4. Procede similarly for the rest of five registers.

These steps are implemented by the software program using basic

language "POKE" statements.

4-4. Comparator and Up/Down Counter

The circuit diagram of the four 4-bit comparators and four 4-bit

up/down cpunters is shown in Figure 4-5. These four 4-bit 74LS85

magnitude comparators perform comparison of straight binary codes.
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Three fully decoded decisions about two 1.6 -bit words (A, B) are made

and are externally available at three outputs.

The A>B, A<B and A=B outputs control direction and on/off of the

motors. When A> B, the motor runs forward and when A<B, it runs

backward. When A=B, the motor will stop.

The four 4-bit 74LS191's are synchronous, binary, up/down counters.

The outputs are triggered on a low-to-high level transition of the

clock input if the enable input is low. A high at the enable input

inhibits counting. The direction of the count is determined by the

level of the down/up input. When low, the counter counts up and when

high, it counts down. Figure 4-7 illustrates the use of the inverter

and the gate control up/down. Table 4-3 shows the result.

7485

A>13 5

A<E3 7

74191

5 U,

Figure 4-7. Schematic diagram for the control U/D.
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A > 8 A < B U/DA > B (A > B)A(A < B)

H L L L U

L H H H D

TABLE IV-3. U/D CONTROL RESULTS.

Also, level changes at the up/down input of the 74LS191 should

be made only when the clock input is high. Count and inhibit sequences

are illustrated by the timing diagram in Figure 4-8,

clock

down/up 1

enable

13a

Qb

do

14 15 0 1 2 34

I..- count up

4 3 2 1 0 15

I-0-count down ---01

Figure 4-8. Counter timing diagram.
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4-5. Motor Cqntroller

Figure 4-9 shows one channel of the motor controller circuit

connected with the comparator, This circuit is simplified considerably

by the presence of only three modes of op ?ration: full forward, full

backward, and completely stopped. Each motor has three control input bits

A,B, A.B, and A(B. As shown in Table 4-4 with AA high from the

comparator, the motor will be driven forward because /3,31- is low and

A=B is high. This lights the LED, makes Q3 conduct and current flows

through Ql. For the same reason, a logical high at the A<B output from

comparator will drive the motor backward. A logical high at the

A=B output from comparator will drive the motor off because each motor

can be independently driven in the forward or backward or stop.

Figure 4-10 shows the six channel motor controller circuit mounted on

the board (11).

7'485
A)13 5

A=B 6

TIL
119

TIL
119

+10V
0

TIP34
01

820

470

470
+5V

A<I3

+1 OV0
820 C12

TIP33

Figure 4-9. Schematic diagram for the motor controller.



39

A> B A=B A<B MotorA>B A=B A<B

H L L L H H Forward

L H L H L H Stop

L L H H H L Backward

A = Desired leg length

B = Actual leg length

TABLE IV -4. MOTOR FORWARD, BACKWARD, AND STOP CONTROL
RESULTS.

Figure 4-10. Six channel motor controller circuit mounted on
the board. (Courtesy of Ken Austin)
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4-6. Position Feedback

Control of a robot requires knowledge of the position of each leg.

There are a number of ways to get this information. Among the more

accurate techniques involves a particular kind of transducer, called

a shaft encoder, and special purpose hardware to interface the

encoder to the controller's counter.

First we will describe the shaft encoder. This type of encoder

consists of an opaque disk with a hole on it. A incandescent light

source is assigned to each disk with a corresponding phototransistor

on the opposite side of the disk. The light, disk, and phototran-

sistor are arranged so that, as the disk rotates, the hole passes

between the light and phototransistor so that for each rotation of

the disk, the phototransistor produces one pulse. The actual

position is determined by counting the number of pulses. Figure 4-11

shows disk and this type of arrangement. Figure 4-12 shows a photo-

graph of this arrangement.

hole in disk

motor

light sou

Phototransistor

Figure 4-11. Arrangement of shaft encoder.
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Figure 4-12. Arrangement of shaft encoder in our robot.

The phototransistor is a three-element photoelectric device

combined with a small glass lens that focuses the arriving light rays

into a narrow beam which is restricted principally to the desired

area. A phototransistor is shown in Figure 4-13.



42

Figure 4-13. A phototransistor.

Therefore, we must provide special hardware (see Figure 4-14)

to get the pulses from the phototransistor that only delivers

milliamperes of current and can not drive the counter. This difficulty

can be overcome by using the output of the phototransistor to drive a

monostable multivibrator through a Schmitt-trigger. We use the

74LS221 dual monostable multivibrators with Schmitt-trigger input (103.
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COUNTER pHOTOT RAN SIST OR
MONOSTABLE

MULTI VIBRATOR

SCHM IT T

TRIGGER

74221

Figure 4-14. Schematic of position feedback circuit.

The Schmitt-trigger is a snap-action circuit that is useful for

converting the slow-rise time waveform from the phototransistor into

a fast-rise square wave. The monostable circuit has only one perma-

nently stable state. After it is triggered, the circuit returns to its

original stable state after a time T. Since it generates a rectangular

waveform and hence can be used to gate the controller's counters, it

is also called a gating circuit. Furthermore, since it generates a

fast transition at a predetermined time T after the input trigger, it

is also referred to as a delay circuit (12).

The timing diagram from phototransistor, Schmitt-trigger, and

monostable multivibrator is shown in Figure 4-15. Also, Figure 4-16

shows this position feedback circuit mounted on the board.
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0-Time

Figure 4-15. (a) Phototransistor output waveform.

(b) Schmitt-trigger output waveform.

(c) Monostable multivibrator output waveform.
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Figure 4-16. Position feedback circuit mounted on the board.
(Courtesy of Ken Austin)
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V. SOFTWARE DESIGN

In this chapter we discuss issues of design of the software system

for computer controlled manipulators.

5-1. BASIC Language

The computer used in this thesis was a Rockwell AIM-65 Advanced

Interactive Microcomputer. The central processing unit of the AIM-65

is the widely used 8-bit 6502 microprocessor.

Our first attempt was a hybridization of BASIC, and a package of

assembly language routines. BASIC has the advantage of making mathe-

matical computations very easy. This was particularly desirable for

robot control since movements are easily represented as coordinate

transformation. Furthermore, BASIC, unlike FORTRAN, is commonly

available as an interpreted rather than compiled language; hence

programs can be quickly modified without the need to be recompiled.

Even during execution, the program can be halted, internal variables

examined, corrections made, and execution resumed.

The primary disadvantage of the system was that it was too slow.

There were too many functions and decision making steps which had to

be made within the software program. Furthermore, although BASIC was

well suited to our own research, we could not reasonably expect

practical industrial systems to require operators experienced in high

level computer language programming.

5-2. Control System Software

This robot control software program is written in the "BASIC"

language. The program is constantly going through a series of
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instructions. The program is subdivided into three main parts. The

first part uses the matrix methods described above to get six leg

lengths. The input of this portion of the program is six parameters of

the desired position labelled XO, YO, ZO, Al, A2, and A3. The maximum

leg length in this robot is 25.5 inches, and the minimum leg length

is 15.5 inches. These lengths in inches.must be converted to lengths

in "pulses" or rotations of the shaft encoder. The conversion factor

is 32. This conversion is also done in this section of the program.

Figure 5-1 shows the first part of the flow chart about this portion.

In the second part of the program the main purpose is to assign

each leg length to the corresponding controller register using "POKE"

statements. But we still have another problem; POKE is limited to a

maximum of 255. Port A and B are two separate 8-bit ports and the

controller register is 16-bits; how can they match together? The

problem is how to use 10-bit data buses (only 10 of the 16 bits are

used) to send information to each controller for the possible maximum

equal to 320 with 8 bits in port A and 2 bits in port B. The first

thing to do is to decide how many bits we must use in port A and

port B. Second is to assign the leg length to the appropriate

controller register. Table 5-1 shows how to do it. Figure 5-2 shows

a flow chart of the second part of the program.
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TABLE V-1. 10-BIT OUTPUT PORT ASSIGNMENT FOR LEG LENGTH RANGE.

PB7 PB6 PA7 PA6 PA5 PA4 PA3 PA2 PA1 PAO RANGE*

9

2
8

2
7

2
6

2
5

2
4

2
3

2
2

2
1

2
0

2

512 .256 128 64 32 16 8 4 2 1

0 0 0 0 0 0 0 0 0

0 0 1 1 1 1 1 1 1 1 255

0 1 0 1 0 0 0 0 0 0 320

* = After conversion.



START

Input Plat. Coor.

XO, YO, ZO, Al, A2, A3

I

Sin and Cos Function

Manipulate

1

K=0

Read Moving and Fixed

Coordinate Data

Homogeneous Transformation

Matrix Manipulate

1

Pythagorean Theorem

Manipulate

Get Six Leg Length

Conversion Factor

D(K) = 32 * Leg Length
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Register Enable

yes
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Figure 5-2. Flow chart of position control algorithm.
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The last part of the program, the "movement complete" determination

routine, determines the motion of the platform. When all the six

actuators have finished their motion, the comparators will send A=B

signal ("finished") to AND gate (refer to Figure 4-5). This part of

the program uses the "PEEK" statement. Figure 5-3 shows this part of

the flow chart. The software control program is in the Appendix A.

PRINT "WAIT"

Figure 5-3. Flow chart of movement complete algorithm.
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VI. MOTION PLATFORM PERFORMANCE

In this chapter we will look at the results of the system's

behavior, by examining different cross sectional views of the range of

motion of the Stewart Platform. First we will look at the software

program.

6-1. Software To Examine System.Behavior

This software program will simplify the task of looking at various

physical configurations of this robot mechanism and its range of

motion. Attention is now focused on platform response as a function of

parameters X0, Yo, Zo,a , p. andr. A complete and detailed examina-

tion of the motion of the robot is beyond the scoff of this work. So

a number of planar sections through the volume which is the range of

motion are presented.

The program is divided into two parts; the main program and the

subroutine. The main program is focused on changing X0, Yo, Zo.

The subroutine is focused on changing Euler angles and plotting the

graph. The flow chart is shown in the Figure 6-1 and 6-2. The

program is shown in Appendix B.

6-2. Results

The range of motion of the Stewart Platform was studied for

different planar sections (X-Y, Y-Z, X-Z) through the volume of space

that the robot can reach. Results for the Euler angles, -30°, -15°,

0°, 15°, 30° are plotted using as symbol "+" for points within the

range of motion.

These plots are given in Figure 6-3 through 6-8. Figure 6-3 shows

the range of motion in the X=0 plane. This planar graph shows an

umbrella-shaped region. This region is symmetrical about the vertical
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axis. The bottom curve looks like a ripple. Figure 6-4 shows the

range of motion in the X=5 plane. This cross section is smaller than

Figure 6-3 but has the same shape. Figure 6-5 shows the feasible region

in the Y=0 plane. This graph also looks like an umbrella-shaped region

but below Z=15 it is not symmetrical. Figure 6-6 shows the feasible

region in the Y=5 plane. This graph also looks like an umbrella-

shaped region but below Z=14 it is not symmetrical. Figure 6-7 shows

the feasible region in the Z=16 plane. This region is symmetrical about

the X axis. Figure 6-8 shows the feasible region in the Z=13.5 plane.

This region is symmetrical about the X axis. There is a large area

in the center which it is not feasible to reach but the center point

is still a feasible solution.
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Figure 6-1. Flow chart of system's behavior main program.
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Figure 6-2. Flow chart of system's behavior subroutine.
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VII. APPLICATIONS AND BENEFITS OF THIS ROBOT DESIGN

7-1. Applications

Numerous potential applications exist for the Stewart Platform

based mechanical arm in material handling, assembly, and material

shaping, and coating tasks. Some of the applications are:

1. Pick up from and return to moving conveyor.

The parts to be loaded into stationary machines, e.g. grinders,

are picked up from and replaced onto a moving conveyor. Figure 7-1

illustrates this concept; the mechanical arm is ceiling mounted allowing

an efficient machine clustering and maximizing the utilization of

floor space. ceiling mount

Figure 7-1. Material handling application.

2. Spot welding on a moving conveyor.

A sheetmetal structure is welded as it moves past the robot.

Wall mounting for this application is illustrated in Figure 7-2.
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Figure 7-2. Welding application.

3. Antenna steering.

Other potential areas of application exist where rotational motion

is more important than translational movement. Such a potential

application is illustrated in Figure 7-3 where the mechanical arm is

utilized as a mount for a tracking antenna.

Figure 7-3. Antenna steering application.

7-2. Benefits

System reliability and application flexibility are fundamental

requirements of a general purpose industrial robot. Reliability

assures the user that the robot will continue doing its job and
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application flexibility reduces the special engineering time and the

time to debug special auxiliary equipment. This robot configuration

and computer-based control were found to offer significant benefits:

1. Simple reliable machine.

The legs of the robot consist of screwjacks. The lengths of these

screwjacks are controlled by DC reversible motors.

2. Control reliability.

The use of master computer and slave controller results in a level

of reliability that has been built and tested.

3. Control flexibility.

The use of a microcomputer-based control allows the control

software to be changed without difficulty. Six controllers resolution

can be changed for appropriate use.

4. Controlled position.

The position that the platform will take is always fully point-

to-point controlled within the boundary. The six legs are coordinated

to maintain the platform on the microcomputer generated position.

The orientation of the platform in space is also controlled at all

times.

5. Ease of interfacing to other equipment.

A computer-controlled robot can easily work as part of a team of

robots, e.g. spot welding or spray painting. Typically, such systems

of robots would be coordinated by a higher level or supervisory

computer which directs the individual robot computers.
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APPENDIX A

2 REM MASTER-SLAVE CONTROL SOFTWARE PROGRAM USING "BASIC" LANGUAGE
6 REM DIMENSION SUBSCRIPT REPRESENTS SIX LEGS

10 DIM X3(6), Y3(6), Z3(6), S(6), 0(6), R(6), N(6), NI(6), D(6)
15 REM INPUT SIX PARAMETERS FOR DESIRED POSITION AND ORIENTATION
20 INPUT "PLATFORM COORDINATE SYSTEM?" XO, YO, ZO, Al, A2, A3
30 RESTORE

35 REM SIN AND COS FUNCTION MANIPULATE
40 R1 = Al / 180 * 3.14159
50 R2 = A2 / 180 * 3.14159
60 R3 = A3 / 180 * 3.14159
70 S1 = SIN (R1)
80 S2 = SIN (R2)
90 S3 = SIN (R3)

100 Cl = COS (R1)
110 C2 = COS (R2)
120 C3 = COS (R3)
125 REM TRANSFORMATION MATRIX MANIPULATE
130 Tl = Cl * C3
140 T2 = S1 * C2 * S3
150 T3 = Cl * S3
160 T4 = S1 * C2 * C3
170 T5 = S1 * S2
180 T6 = S1 * C3
190 T7 = Cl * C2 * S3
200 T8 = S1 * S3
210 T9 = Cl * C2 * C3
220 TA = Cl * S2
230 TB = S2 * S3
240 TC = S2 * C3
250 TD = C2
255 REM K = 0 REPRESENTS THE FIRST LEG AND SO FORTH TO K = 5
260 K = 0

263 REM READ MOVING AND FIXED COORDINATE DATA
265 READ Xl, Yl, Zl, X2, Y2, Z2
268 REM HOMOGENEOUS TRANSFORMATION MATRIX MANIPULATE
270 X3(K) = X1 * (T1-T2) - Yl * (T3+T4) + Zl * T5 + YO
280 Y3(K) = X1 * (T6+T7) - Yl * (T8-T9) - Zl * TA + YO
290 Z3(K) = X1 * TB + Y1 * TC + Zl * TD + ZO
295 REM PYTHAGOREAN THEOREM MANIPULATE
300 S(K) = X3(K) - X2
310 0(K) = Y3(K) - Z2
320 R(K) = Z3(K) - Z2

325 REM INTEGER LEG LENGTH D(K) AFTER CONVERSION

330 D(K) = INT (32 * ScaR (S(K) * S (K) + 0(K) * 0(K) + R(K) * R(K)))

340 IF D(K) > 816 OR D(K) < 496 THEN 360

345 N(K) = D(K) - 496
350 GO TO 380
360 PRINT "INFEASIBLE SOLUTION, TRY AGAIN"

370 GO TO 20
372 REM SECOND PART PROGRAM FROM 380 TO 930
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375 REM SET PORT A DATA DIRECTION REGISTER TO OUTPUT PORT
380 POKE 40963, 255
385 REM ASSIGN LEG LENGTH RANGE TO APPROPRIATE SUBPROGRAM
390 IF N(K) > 0 AND N(K) < 255 THEN 500
400 IF N(K) 7256 AND N(KT < 320 THEN 600
480 REM DISTRIBUTED 0 TO 255
500 POKE 40962,239
510 POKE 40960,7
520 POKE 40961, N(K)
530 POKE 40960, K
540 GO TO 900
580 REM DISTRIBUTED 256 TO 320
600 POKE 40962,239
610 POKE 40960,7
620 N1(K) = N(K) - 256
630 POKE 40961, N1(K)
640 K1 = 64 + K
650 POKE 40960, K1
660 GO TO 900
900 K = K + 1
910 IF K < 5 THEN 265
920 POKE 40962,239
930 POKE 40960,0
935 REM TEST MOVEMENT COMPLETE
940 IF PEEK (40960) = 16 THEN 1000
950 PRINT "WAIT"
960 GO TO 940
1000 PRINT "MOVEMENT COMPLETE"
1010 GO TO ZO
1050 REM MOVING AND FIXED COORDINATE DATA
1100 DATA 9.5, -.75, 0, 1.78, -2.43, 0
1110 DATA -4.1, -8.6, 0, 1.22, -2.76, 0
1120 DATA -5.4, -7.85, 0, -3.0, -.328, 0
1130 DATA -5.4, 7.85, 0, -3.0, .328, 0
1140 DATA -4.1, 8.6, 0, 1.22, 2.76, 0
1150 DATA 9.5, .75, 0, 1.78, 2.43 0
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0: dim X(6), Y(6), Z(6), S(6), 0(6), R(6), N(6), T(6, 6); deg; fxd 0
. 1: scl -17, 17, 11, 29; csiz .5, 1, .66

2: axe -17, 11, 1, 1
3: 1.78 4 T (1, 1) 4 T (6, 1); -2.43

T (6, 4); -.75 4 T (1, 5)
4: 1.22 4 T (2, 1) T (5, 1); -2.76

T (5, 4); -8.6 4 T (2, 5)

4 T (1, 2); 9.5 4 T (1, 4) 4

4 T (2, 2); -4.1 4 T (2, 4) 4
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5: -3 4 T (3, 1) 4 T (4, 1); -.328 4 T (3, 2); -5.4 4 T (3, 4) 4
T (4, 4); -7.85 4 T (3, 5)

6: .328 4 T (4, 2); 7.85 4 T (4, 5)
7:. 2.76 -. T (5, 2); 8.6-} T (5, 5)
8: 2.43 4 T (6, 2); .75 4 T (6, 5)
9: -164 Y; 154 Z

10: -30 4 r4 r5 4 r6
11: gsb "C"
12: plt Y, Z, 1
13: if not flgl; gto 16
14: cplt -.3, -.3; lbl "+"
15: prt (MY + 16) 1000 + Z) 1000 + r4) 100 + r5) 100 + r6 + 454545
16: if (V + .25 4 Y) < = 16; gto 10
17: -16 4 Y; if (Z + .5 4 Z) < = 28; gto 10
18: stp
19: "C": sin (r4) 4 r7; sin (r5) 4 r8; sin (r6) r9; cos (r4) r10;

cos (r5) 4 rll; cos (r6) 4 r12
20: rlOr12 4 r13; r7rilr9 r14; rlOr9 r15; r7r11r12 r16; r7r8

r17; r7r12 r18
21: rlOrllr9 r19; r7r9 4 r20; rlOrllr12 r21
22: r1Or8 4 r22; r8r9 r23; r8r12 r24
23: 1 K

24: T(K, 1) (r13-r14) - T(K, 2) (r15 + r16) + T (K, 3) r17 + X 4 X(K)
25: T(K, 1) (r18 + r19) - T(K, 2) (r20 - r21) - T(K, 3) r22 + Y Y(K)
26: T(K, 1) r23 + T(K, 2) r24 + T(K, 3) rll + Z 4 Z(K)
27: X(K) - T(K, 4) S(K); Y(K) - T(K, 5) 4 0(K); Z(K) - T(K, 6) 4 R(K)
28: r(S(K)S(K) + 0(K)0(K) + R(K)R(K) 4 N(K)
29: if N(K) > 25.5 or N(K) < 15.5; gto 32
30: if (K + 1 4 K) < = 6; gto 24
31: sfg 1; ret
32: if (r4 + 15 4 r4) < =30; gto 19
33: -30 r4; if (r5 + 15 4 r5) < =30; gto 19
34: -30 4 r5; if (r6 + 15 4 r6) < =30; gto 19
35: cfg 1; ret *11665


