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ABSTRACT

This research aims to design and build a 6-axes robot, robot controller and controlled
program for 6-axes robot. Stepper motors are used as the power source in each joint. Worm gear
set is used for power transmission system in each joint of robot. Controlled program is objected to
develop for point-to-point motion (PTP), in which the start and endpoints of the motion are
critical while the trajectory between the points are uncertain. User can manually enter required
end-effector position values in XYZ coordinate system. Robot's movement can be controlled by
dialog box, graphic program and keyboard, which based on the position control by the feedback
with feed-forward control system. Visual Basic program is used to be the controlled source code
and user interfaced programming. Encoders are selected to be the position feedback equipment
for sending the present status signal to the controlled system.

Controller is built for support both point-to-point control and path control. This
controller includes data transmission circuit (IZC to parallel transmission), analog to digital
converter (ADC), digital to analog converter (DAC) and stepper motor driving board.

The expectation of this research is ability to build a 6-axes robot, controller and
developed program in point to point motion control under the appropriated error acceptance.
Thus, to evaluate operation of robot, controller and controlled program, steps of overall system

testing are presented in this thesis.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In the present, many kinds of industries object to increase efficiency, productivity and
decrease the loss in process and processing time. Thus, for obtain these objectives, automation
system and other methods are let to be the tools to improve them. A way to support in the present
is taking robot system into these processes. So, this research is happened for learning the robot

system

This chapter describes statement and significance of the present problem, objectives,
scope of research, process of the research, assfxmption and motivation in this research.

Furthermore, the outlines in each chapter are presented in the last of this chapter.

1.2 Statement and significance of the problem

Recently, industrials trend to be the flexible manufacturing and automated industries
because they want to improve quality and increase productivity. One way to support that is the
robot and automation system. In Thailand, most of robots are imported from abroad, which
increase the production cost. This research is occurred from the way that can reduce cost and

develop our industrial and educational efficiency.

1.3 Objectives

1. To study, investigate and leamning the robot system.

2. To design and build a 6-axes robot, controller and controlled program for using to be
prototype and educational robot system.

3. To reduce cost of imported robot system from aboard.

1.4 Scope of the research

1. In each joint of 6-axes robot is activated by stepper motor only.
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The controller system is position control, which base on point to point control with
basis on kinematics control only.

The program can accept for the entering and recording of required points from user.
The robot movement can control from dialog box, graphic program and keyboard.
The robot can move by joints and Cartesian coordinate control at selectable speed.
The program can display recorded positions and their present coordinates.

The system without regard to the forces/moments that cause the motion is considered.

The inertia from dynamic of robot and disturbance are neglected in consideration.

1.5 Process of the research

1.

2
3
4
5
6.
7
8
9

Study the robot systems and their controlled system.

. Visit factory and exhibition that concern with this research.
. Study the characteristic of stepper motor and controlled methods.
. Study the required controlled systems and their circuits.

. Design and search the circuits for use to be parts in the controller.

Build PCB and assembly the controller.

. Write and debug program by Visual Basic programming version 6.
. Test Controller and program with the robot.

. Edit and improve both controller and progfam.

10. Test the efficiency of robot by operation in actual situations.

1.6 Assumption

L.

A 6-axes robot can be developed for use as the prototype in the study of automation

and robot control system.

2.

The controller and program can be used for controlling 6-axes robot with point to

point control in the acceptance error.

1.7 Motivation

As the author interested in the automation control and robotics system for a long period

and working in this field. Furthermore, the main studied course trends to the designed and



controlled system. For these motivations, the 6-axes robot is purposed to study the possibility of

robotic controlled system.

1.8 Research outline

Chapter 2 presents the literature review and basis of robot, formulation for robotic
kinematics, stepper characteristics with their control and the kinematics of worm gear.

Chapter 3 is involved for the robot kinematics and the specification of the 6-axes robot,
including the robot structure, forward and inverse kinematics. Furthermore, the kinematics control
is presented in the last section of this chapter.

Chapter 4 describes the control system for the 6-axes robot, which base on position
control with the position feedback. The methodologies for stepper motor control and data
transmission are highlighted here. Concept of programming is presented.

Chapter 5 presents the experimentation and testing of overall system, which includes
capability, repeatability, accuracy, joint interaction and joint respo;lse testing.

Chapter 6 explains the conclusion of robot's structure, controller and program testing.

Furthermore the ways to improve in the future are suggested in this chapter.

1.9 Robotic terms and definitions [1]

Accuracy The ability of a manipulator, upon receiving a controller command, to position
the end effector at a specified, but not pretaught, point in Cartesian space.

Actuator An electric, hydraulic, or pneumatic motor or other automatic device, that is
used to produce link motion.

Arm An anthropomorphic manipulator usually characterized by a series of links
connected by revolute joints.

Articulated Characterized by one or more joints.

Cartesian space Generally a two or three dimensional rectangular space defined by
mutually perpendicular Cartesian axes, normally denoted as x and y or X,y and z. In robotics, a
Cartesian space vector may also include appropriate orientation information.

Closed loop control see Unity feedback system.

Configuration The position and orientation of a particular part of a manipulator, such as

the tool or end effector.



Base Coordinate A reference system (frame), usually Cartesian, with origin fixed to
some nonmoving portion of the manipulator’s base. Note: Base coordinates are generally used to
specify the components of a three dimensional position vector from the origin of the base to the
origin of the tool frame. Furthermore, projections of the tool coordinate axes onto the base axes
are often used to specify the orientation of the end effector.

Link (Joint) Coordinates A reference system, fixed to each link, that is used to describe
the configuration of a given manipulator in terms of link (joint) displacement.

Tool coordinate A reference system, usually Cartesian, with origin attached to a moving
object at the end of the manipulator, such as a tool carried by the end effector or gripper. The
direction from which the gripper would approach an object defines the approach vector, a. The
direction that specify the orientation of the gripper, from fingertip to fingertip, defines the sliding
vector, s. The final vector, known as the normal vector, n, completes a right-handed set of vectors,
sothata xn=s.

World (Task, Station, or Universe) Coordinates ' A reference system, usually
Cartesian, with origin fixed to some reference point in the vicinity of one or more robots. Note:
World coordinates are used when a robot is employed with other devices whose configuration
must be determined relative to one another, such as in a manufacturing cell.

Degrees of freedom The number of parameters used to specify the configuration of any
element in a kinematic chain with respect to any other. Note: A rigid body that is free to move in
a three-dimensional space has six degrees of freedom, three that specify position and three that
specify orientation. Furthermore, a robot with separate drive motors for ach link is sometimes
said to have as many degrees of freedom as the number of mo.tor-driven, articulated links.

Displacement vector A vector generally defined between the (disjoint) origins of
difference Cartesian coordinate systems (frames).

End effector A particular gripper or “hand” attached to the end of a manipulator which is
generally used to transport a tool or any other project.

Geometric (Kinematic) configuration The number and types of joints and links that
comprise a manipulator, and their positioning relative to one another. For a general purpose
manipulator, the geometric configuration is called Cartesian if the first three joints are prismatic.
Cylindrical if the first joint is revolute and the next to are prismatic, and revolute if all of the first

three joints are revolute.



Robot (Robot association of America) A reprogrammable, multifunctional manipulator
designed to move material, parts, tools, or special devices through various programmed motions
for the performance of diverse tasks.

Kinematic chain A series of rigid bodies (links) connected by joints. If every link is
connected to at least two other links, the kinematic chain is said to be closed. If certain links are
connected to anly one other link, the kinematics chain is said to be open, and such mechanisms
are called manipulators.

Kinematic configuration see Geometric Configuration.

Kinematics That part of dynamics involving the study of the geometry and the time-
dependent motion of kinematic chains, without consideration of the forces and/or moments that
may have caused the motion. Forward kinematics generally is the process of solving for the
Cartesian configurations, velocities, and accelerations of a given manipulator in terms of its
articulated link displacements, velocities, and accelerations, whereas inverse kinematics pertains
to the converse process.

Kinetics That part of dynamics involving the study of the relations between the.forces
acting on manipulators, the masses of the various links that comprise a manipulator, and the link
motions. Kinetics is used to predict the motion caused by given forces or to determine the forces
required to produce a given motion.

Link A rigid body in as kinematic chain.

Link (Joint) space An n-dimensional space defined by the various displacements of and
n-link manipulator.

Mainpulator The articulated portion of a robot, teleoperator, or telechir, which normally
consists of a series of connected links, including the end effector, i.e. an open kinematic chain, as
well as any associated actuators and/or sensors.

Orientation The location of a particular axis system (frame), fixed to some link on a
manipulator, such as the end effector, relative to a base coordinate system. Often specified by
either three Euler angles or the perpendicular projections of the approach, sliding, and normal
vectors.

Path The positional information associated with a time-dependent trajectory.

Point To Point A nonservo control technique that enables a robot to stop at numerous
distinct points, often specified by an initial lead-through operation, but does not allow any

controlled motion between the points. This form of control is often used in so-called pick-and-



place type operations, where the manipulator is programmed to pick up an object at one location,
and place it at another.

Position The location of a particular point on a manipulator, such as the tool or wrist
origin, usually relative to a base (world) Cartesian coordinate system, which is defined by three
mutually orthogonal axes, such as x, y, and z.

Precision The accuracy, repeatability, and resolution associated with a manipulator.

Repeatability The ability of the manipulator to position the end effector at the same
point during repeated trials.

Resolution The smallest displacement that a manipulator can be commanded to move.

Revolute Joint(Link) A connection between a pair of links that allows only relative
rotation about a single axis (the link that rotates about the specified axis).

Sensor A transducer whose input is due to a physical phenomenon and whose output is a
measure of that physical phenomenon. Note: A sensor mounted on the magipulator and designed
to measure a physical quantity associated with the manipulator itéelf, e.g., an angular position or
velocity, is called an internal sensor. A sensor designed to measure a physical relationship
between a manipulator and its environment, e.g., the force exerted by a gripper on an external on
an external object, is called an external sensor.

Stable A “well-behaved” dynamical system whose output remains bounded in response
to bounded external input.

Steady-State Error A performance measure that reflects the difference between the
output of the a stable, closed loop system and the external input (which the system output is to
track) after the transient response has converged to zero.

Task Level (Programming) A desired, but as yet experimental, form of programming
robots using explicit command statements that specify desired functional goals, rather than the
implicit interim positional moves required to achieve the goal.

Teach Pendant (Box) A physical device (usually hand-held) that is used to move a robot
to visually determined configurations, where the link displacements can be committed to memory
or “taught” for subsequent replay during task execution.

Trajectory A special position/time curve that usually represents a desired manipulator
motion in either link or Cartesian space. A path along with appropriate velocity and/or

acceleration information.



Trajectory Planner A special computer program that generally produces a time-varying
signal representing the desired path or trajectory that a robot is to follow in either Cartesian or
link space.

Transient Response In the case of a stable system, the short-term response of the
controlled system that the normally converges to zero in some finite time.

Working Envelope The boundary of the working range (volume).

Working Range (Volume or Space) The set of all points that can be reached by any part
of a manipulator when articulated through all possible configurations.

Wrist (Links) A set of links (usually the last three) located between the main body of a
manipulator and its end effector, which is primarily used to orient the end effector. Note: If all
three of the axes of a wrist intersect at a common point (the wrist origin), the wrist is called

spherical.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Before beginning to describe the robot kinematics, control and its structure that will be
presented in the next chapter. This chapter contains the history in robot development, basic of
robot control. It includes Devit hartenberg formulation, stepper motors and their basic control,
power transmission and kinematics motion control. After this chapter, the next chapter will apply

these basis to the 6-axes robot.

2.2 Background and historical development of the robot

With the pressing need for increased productivity and the delivery of end products of
uniform quality, industry is turning more and more toward computer-based automation. At the
present time, most automated manufacturing tasks are carried out by special purpose machines
designed to perform predetermined functions in a manufacturing process. The flexibility and
generally high cost of these machines, often called hard automation systems, have led to a broad-
based interest in the use of robots capable of performing a variety of manufacturing functions in a
more flexible working environment and at lower production costs.

The word robot originated from the Czech word rol?ota, meaning work. Webster’s
dictionary defined robot as “an automatic device that performs functions ordinarily ascribed to
human beings.” A definition used by the Robot Institute ‘of America gives a more precise
description of robot: “ A robot is a reprogrammable multi functional manipulator designed to
move materials, parts, tools, or specialized devices, through variable programmed rriotions for the
performance of a variety of tasks.” In short, a robot is a reprogrammable general-purpose
manipulator with external sensors that can perform various assembly tasks. With this definition, a
robot must possess intelligence, which is normally due to computer algorithms associated with its
control and sensing systems [2].

A robot is a general purpose, computer controlled manipulator consisting of several rigid
links connected in series by revolute or prismatic joints. One end of the chain is attached to a
support base, while the other end is free and equipped with a tool to manipulate objects or

perform assembly tasks. The motion of the joints results in relative motion of the links.



Mechanically, a robot is composed of an arm (or mainframe) and a wrist subassembly plus a tool.
It is designed to reach a work-piece located within its work volume. The work volume is the
sphere of influence of a robot whose arm can deliver the wrist subassembly unit or any point
within the sphere. The arm subassembly generally can move with three degrees of freedom. The
combination of the movements positions the wrist unit at the work-piece. The wrist subassembly
unit usually consists of three rotary motions. The combination of these motions orients the tool
according to the configuration of the object for ease in pickup. These last three motions are often
called pitch, yaw and roll. Hence, for a six-jointed robot, the arm subassembly is the positioning
mechanism, while the wrist subassembly is the orientation mechanism.

Most of today’s robot, though controlled by mini and microcomputer, are basically
simple positional machines. They execute a given task by playing back prerecorded or
preprogrammed sequences of motions that have been previously guided or taught by user with a
hand held control teach box. Moreover, these robots are equipped with little or no external
sensors for obtaining the information vital to its working environﬁx'ent. As a result, robot are used
mainly improving the overall performance of the manipulator systems are presented in this
research.

The below table describes some highlights in the developed history of robotics.

Table 2.1 Some highlights in the history of robotics [2].

Year Highlights descriptions

2000 B.C. | - An Egyptian toy dog with a lever—controllgd jaw is fabricated.

1400s - The first android clocks are developed in Germany and Switzerland.

1770 - Piere and Henri Jacquest-Droz construct lifelike automata that can write, draw
and play musical instruments and are controlled by cams and driven by springs.
1818 - Eli Whitney invents a milling machine.
1830s - Charles Babbage devises his analytical engine, the forerunner of the modern
digital computer.
1870s - Herman Hollerith perfects the first automatic calculator.

1921 - Karel Capek’s play Rossum’s Universal Robots introduces the term robot,

derived from the Czech word robota, which means, “forced labor”.

1930s - The first spray painting machines with recorded paths are developed.
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Table 2.1 Some highlights in the history of robotics (continue)

Year Highlights descriptions

1940s - Isaac Asimov and John Campbell devise the concept of the intelligent robot
that follows introduces, and together they write numerous science fiction stories
about robots. Asimov coins the phase robotics to denote the study of robots.

1942 - The first automatic sequence controller is developed at Harvard University.

1944 - R. Goertz introduces the first master-slave (teleoperator) manipulator.

1946 - George Devol develops the magnetic controller playback devices.

1948 - J.P. Eckert and John Mauchley complete construction of the ENIAC computer
at the University of Pennsylvania.

1949 - EDSAC, the first computer with a stored program, is developed at Cambridge
University

1952 - The first numerically controlled machine tool i.s.built at MIT.

1954 - Georgr Devol designs the first programmable robot.

1955 - Denavit and Hartenberg develop their method for determining and specifying
the configuration of the various links in a manipulator.

1956 - Joseph Engelberger, a Columbia University physics student, buys the rights to
Devol’s robot and soon after starts the Unimation Company.

1961 - The first Unimate robot is installed in Trenton, New Jersey, plant of General
motors (to tend a die-casting machine).

1965 - John McCarthy initiates a major proémm in robotics at the Stanford
University Artificial Intelligence Laboratory (SAIL).

1968 - Kawasaki Heavy Industries in Japan obtains a licensing agreement from
Unimation.

1970 - The Stanford manipulator, which uses electrical drive motors, is employed to
automatically stack colored blocks at Stanford University.

1974 - Cincinnati Milacorn introduces the T3, the first robot to employ a completely
revolute configuration.

1975 -Unimation Inc. registers its first financial profit.

1978 - The first PUMA (whose design is based on Victor Sheinman’s Stanford

manipulator) is shipped to GM by Unimation.
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The overall D-H coordinate transformation matrix is then given by

cosd; -siné, "0 b,

i _[cosa;sing, cose;cosh, -—sina; —d,sing,
i-1=

2.1

sing;siné, sing;cosf, cosa; d,cosq;

0 . 0 0 !

2.4 Stepper motor characteristics and control [4]

Stepper motors are being widely used in simple position control system in the open loop
and closed loop modes. A digital computer or microprocessor can directly drive a stepper motor
using binary numbers. The stepper motor exhibits the characteristics of a synchronous motor. It

produces a steady torque at a given speed.

2.4.1 Constructional features

A stepper motor could be either of the reluct;mce type or of the permanent
magnet type (PM) stepper motor has salient magnetic poles and a reluctance stepper motor has
unmagnetized salient poles. The basic two-phase stepper motor consists of two pairs of stator
poles. Each of the four poles has its own winding. The excitation of any one winding generates a
north pole(N) and a south pole (S') gets induced at the diametrically opposite side.

The four poles structure is continuous with the statorframe and the magnetic field
passes through the cylindrical stator annular ring as figure 2.2. The rotor magnetic system has two
end faces. The left face is permanently magnetized as ‘south pole’ and the right face as ‘north
pole’. The south pole structure may-have three of five pole faces and the north pole structure
possesses similar pole faces. The north pole structure is twisted w.r.t. the south pole structure so

that a south pole comes precisely between two north poles as figure 2.3.



Figure 2.2 Stepper motor cross-sectional view

+ Flux
S

L

S S

-Front View . N

Rotor \j
- Flu
S

Rear View

Figure 2.3 Typical stepper motor rotor

2.4.2 Parameters of stepper motors
Certain parameters of stepper motors are defined as following

1. Step angle: This refers to the angle through which the motor moves for one
step.

13



14

2. Stepping rate: The number of steps executed per second is known as the
stepping rate. If the stepping pulses are given at a rate greater than the maximum allowable rate,
then the motor would miss many steps.

3. Holding torque: This is equal to the external torque which must be applied to
break away from its equilibrium position, when a stator winding remains excited.

4. Dynamic torque: The torque produced by the stepper motor under a constant
stepping rate is known as the dynamic torque.

5. Detent torque: This is the torque required to overcome the residual
magnetism and reluctance torque under the unexcited condition. This torque enables the motor to
hold a load even when the stator windings are de-energized.

6. Holding torque/inertia ratio: High performance motors have a large holding
torque/inertia ratio. Such motor have a length greater than the diameter.

7. Step response: When a single step is executed by the motor, the rotor exhibits
a decaying oscillatory response. Mechanical (viscous dampers) may be employed to reduce the
setting time.

Some of above parameters are illustrated in below figure.

Torque Holding Torque

Holding Torque
Detent Torque |
\\\
.
6 (Rotor) Winding Current
@ (Rotor) Switch Speed

Decel el

Time Time (milli sec)

Transient Response Ramping

Figure 2.4 Characteristics of stepper motor



15

8. Resonance: The inertia of the motor together with the magnetic stiffness from
an oscillatory system. At certain stepping rates, this phenomenon causes the rotor to oscillate and
lose the step integrity. Addition of inertia and viscous damping would improve the stability.
Special inertia cum viscous dampers called Lanchester dampers are commonly employed.

9. Ramping: The process of controlling the switching frequency or stepping rate
to accelerate a motor from zero to full speed as well as to decelerate it from maximum speed to
zero without losing steps is called ramping. For handling large inertia loads, the ramping
characteristics must be carefully specified.

10.Step size: The north pole structure is offset with respect to the south pole
structure by one pole pitch as explained. In an arrangement where there are four stator poles and
three pairs of rotor poles, there exist 12 possible stable positions in which a south pole of the rotor
can lock with a north pole of the stator (and the corresponding north pole of the rotor locks with
south pole of the stator). It is clear that the step size is (360°/12) = 30° (mechanical). These
stable positions can be attained by simply energizing the winding's‘ on any one of the stator poles
with a direct current.

There are at least three different schemes available for “stepping” a stepper
motor. These are:

(a) wave scheme

(b) 2-phase scheme and

(c) half stepping or mixed scheme.

These three schemes are described in detail in the following sections

2.4.3 Wave scheme (unipolar operation)

The stepper motor windings Al, B1, A2, B2 can be cyclically excited with a dc
current to run the motor in the clockwise direction. By reversing the phase sequence as Al, B2,
" A2, Bl, we can obtain anticlockwise stepping. The excitation signals for the wave scheme appear

as shown in figure 2.5.
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Figure 2.5 Wave scheme

2.4.4 Stepping diagram

The four possible rotor positions and the corresponding stator excitations
illustrated in figure 2.6. In step (a) it is seen that the rotor pole S1 locks with the stator pole Al
(N) and the rotor pole N1 locks with the stator pole A2(S"). Unde'r.these conditions, it is obvious
that the winding A1 must have been energized. A2(S’) is an induced south pole.

Next, Al is de-energized and B1 is turned on. The nearest rotor pole S2 locks
with BI(N) and the corresponding rotor pole N2 locks with the induced pole B2(S’). This is

illustrated in step (b) of figure 2.6.

Figure 2.6 Simple wave scheme for stepper motor
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When A2 alone is energized next, the nearest rotor pole S3 locks with A2(N) (step (c) of
figure 2.8).

B2 alone is energized next and the nearest rotor pole S1 locks with B2(N). Totally 12
such steps cause a displacement of 360 degrees. The step angle is 30 degree (mechanical).

The switching sequence for the wave mode excitation is given in table 2.2.

Table 2.2 Wave switching scheme

Anticlockwise Clockwise

Step Al A2 Bl B2 |Sep Al A2 Bl B2

1 1 0 0 0 1 1 0 0 0
2 0 0 0 1 2 0 0 1 0
3 0 1 0 0 3 0 1 0 0
4 0 0 1 0 4 0 0 0 1

2.4.5 2-phase schemes

In this scheme, any two adjacent stator windings are energized. There are two
magnetic fields active in quadrature and none of the rotor pole faces can be in direct alignment
with the stator poles. A partial but symmetric alignment of the rotor poles is of course possible.

Typical equilibrium conditions of the rotor when the windings on two successive
stator poles are excited are illustrated in figure 2.7. In step (a), ‘Al and Bl are energized. The
pole-face Sl tries to align itself with the axis of AI(N) and the pole face S2 with BI(N). The
north pole N3 of the rotor finds itself in the neutral zone between A1(N) and B1(N). S1 and S2 of
the rotor, position themselves symmetrically w.r.t. two stator north poles. .

Next, when B1 and A2 are energized, S2 tends to align with BI(N) and S3 with
A2(N). Under equilibrium conditions, only partial alignment is possible and N1 finds itself in the
neutral region, midway between B1(N) and A2(N) [step (b)]. In step (c), A2 and B2 are on. S3 an
S1 tend to align with A2(N) and B2(N), respectively, with N2 in the neutral zone. Step (d)
illustrates the case when A1 and B2 are on.

The step angle is 30 degrees as in the wave scheme. However, the rotor is offset
by 15 degrees in the two-phase scheme w.r.t. the wave scheme. A total of 12 steps are required to
move the rotor by 360 degrees (mechanical). Two-phase drives produce more torque than the

wave drives.



The switching sequence for the 2-phase scheme is given in Table 2.3.

Table 2.3 2-phase switching scheme

Anticlockwise Clockwise

Step Al A2 Bl B2 |Step Al A2 Bl B2

1 1 0 0 1 1 1 0 1 0
2 0 1 0 1 2 0 1 1 0
3 0 1 1 0 3 0 1 0 1
4 1 0 1 0 4 1 0 0 1

Step(c) Step(d)

Figure 2.7 2-phase drive scheme
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2.4.6 Half stepping scheme
The wave scheme as well as the 2-phase scheme give step of size 30 degrees for
the stepper motor under consideration. Howevef, there is an offset of 15 degrees between these
two schemes. By interleaving these two schemes, the step size can be reduced to 15 degrees,
thereby improving the accuracy of the stepper motor. The half stepping scheme is a mixture of the
wave scheme and the 2-phase scheme [figure 2.8 (a) to (i)]
The switching sequence is:
(i) A1(ON) (i) Aland B1 (ON) (iii) B1(ON) (iv) Bl and A2 (ON)
(v)A2(ON)  (vi)A2and B2(ON)  (vii) B2(ON) (viii) B2 and Al (ON)
(ix)A1 (ON), etc.
Eight steps are required to move the shaft by 120 degrees and 24 steps for one
complete revolution. By reversing the switching sequence, the direction is reversed. One major
disadvantage of the half stepping scheme is torque fluctuations. This is because the aligning

torque for the wave scheme is different from that for the 2-phase scheme.

Figure 2.8 Half step scheme
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Figure 2.9 Half step scheme (continuous)

2.4.7 Stepper motor drive circuit

A two-phase stepper motor can be excited by passing a current through the
individual windings on each of the four poles. Only a single-ended power supply is required to
operate the motor in the unipolar mode.

Darlington transistor pairs drive the windings. The voltage rating of the zener
diodes must be much smaller than the breakdown voltage of the transistors. A free wheeling diode
provides a decay path for the windings current when the transistors are switched off. The
individual transistors get the control signals (ON/OFF) from a port buffer into which the

command word is loaded by the microprocessor or computer.
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(i) for the wave drive the command words can be

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
(ii) for the 2-phase scheme, the command words are
1 1 0 0 0 0 0 0
0 1 1 0 0 0 0 0
0 0 1 1 0 0 0 0
1 0 0 1 0 0 0 0
(iii) for the mixed mode scheme, the command word are
1 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0
0 1 0 0 0 0o 0 0
0 1 1 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 1 1 0 0 0 0
0 0 0 1 0 0 0 0
1 0 0 1 0 0 0 0

2.4.8 Open loop and closed loop control of stepper motor

A stepper motor can be driven through the specified number of step by
supplying the required number of pulses in the proper sequence. This number is generated during
every sampling period by a computer of microprocessor along with the direction code. No
feedback is necessary and the position need not be sensed if the load is small is small. However, if
the load torque is large, there is a possibility of a slip taking place; i.e. even before the stepper
motor can completely execute a step, the next pulse may arrive, causing the motor to miss the
steps. In such situations, a shaft encoder is necessary to provide the feedback information.

The number of pulses to be executed and the actual number of steps performed
by the motor are compared and the error is used for delivering further pulse proportional to the

error to the stepper motor driver. The motor would come to rest only if the error becomes zero.
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When the error is positive, the pulses are fed in the positive sequence and when the error is
negative, the pulses are fed in a negative sequence.

In general, the computer must iceep track of the total number of steps through
which the motor has moved from the initial or calibration position up to the present position. The
enables one to know the present joint angle of a robot w.r.t. reference frame. If the robot must

move from @, to @, , the number of steps through which the motor should move will correspond

to the difference (8, - 6,)

Table 2.4 Comparison between DC motor and stepper motor

DC motor

Stepper motor

1. Torque is proportional to the armature
current.

2. Large size for the same maximum torque.
3. Precise arbitrary positioning is possible.
4. Rapid response

5. High holding torque

6. Must operate in the closed loop mode.

7. Non-synchronous movement.

8. Commutators and brushes required
maintenance.

9. Requires bipolar power supplies (forward
and backward direction movement).

10. The drive is smooth.

1. Torque changes are not possible.

2. Small size for the given maximum torque.
3. Position is qu;mtized and precise.

4. Response time is poor

5. Not suitable for high holding torque; use for
light load only.

6. Can operate in the open loop or closed loop
modc;..

7. Synchronous operation is possible.

8. No maintenance is required.
9. Can operate from a single battery.

10. Accelerates and decelerates during each

step, so the operation is jerky.
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From the geometry of the figure, see that

W* =W cosg, sin A

W? =Wsing, (2.6)

W? =W cosg, cos A

Using the subscripts # and G to indicate forces acting against the worm and gear,
respectively. W~ is the separating or radial, force for both the worm and gear. The tangential
force on the worm is W™ and W * on the gear, assuming a 90° shaft angle. The axial force on
the worm is ', and on the gear, W” . Since the gear forces are opposite to the worm forces

can be wrote as

Wy =W, =W” 2.7)
Wy, =W, =W*

It is helpful in using Eq.(2.6) And also Eq.(2.7) To observe that the gear axis is parallel to
the x-direction and the worm axis is parallel to the z-direction and that can be employed a right-
handed coordinate system.

The motion of one tooth relative to the mating tooth is primarily a rolling motion; in face,
when contact occurs at the pitch point, the motion is pure rolling. In contrast, the relative motion
between worm and worm-gear teeth is pure sliding, and must expect that friction plays an
important role in the performance of worm gearing. By introducing a coefficient of friction, can
develop another set of relations similar to those of Eq.(2.6) In figure 2.12, the force W acting
normal to the worm tooth profile produces a frictional force , having a component in the negative

x-direction and another component in the positive z-direction. Eq.(2.6) Therefore becomes

W* =W(cosg,sin A+ ucosl)
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WY =Wsing, (2.8)
W* =W(cosg, cos A~ usin 1)

Equation, of course, still applies.
Substitution # “into the third part of eq. (2.7) and multiply both sides by M, the

frictional force to be

HW,
W,=uW =— : (2.9)
' psin A —cosg, cos A

Another useful relation can be obtained by solving the first and third parts of Eq.(2.7)

simultaneously to get a relation between the two tangential forces, the result is

_cosg, sin A+ pucos

W, =W, =— (2.10)
i “ psin A —cosg, cos A '
Efficiency 7 can be defined by using the equation
Wy, (without friction) @
= a

Wy, (with friction) -

Substitution Eq. (2.10) with £ =0 in the numerator of Eq.(a) at the same equation in

the denominator. After some rearranging, the efficiency becomes

_cosg, —ptan A
cosg, + ucotd

(2.11)

Selecting a typical value of the coefficient of friction, = 0.05, and the pressure angles
shown in Table 2.5, we can use Eq.(2.11) to get some useful design information. Solving this

equation for helix angles from 1 to 30° gives the interesting results shown in Table 2.6.
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Table 2.6 Efficiency of worm gearsets for x = 0.005

Helix angle i/, degrees Efficiency 77, percent
1.0 . 25.2
2.5 46.8
5.0 62.6
7.5 71.2
10.0 76.8
15.0 82.7
20.0 86.0
25.0 88.0
30.0 89.2

Many experiments have shown that the coefficient of friction is dependent on the relative
or sliding velocity. In Figure... V; is the pitch-line velocity of the gear and V,, the pitch-line

velocity of the worm. Vectorially, ¥, =V, +V; consequently,

Ve = Vy

= (2.12)
¥ cosa

Published values of the coefficient of friction vary as much as 20 percent, undoubtedly
because of the differences in surface finish materials, and lubrication. The values on the chart of

Figure 2.13 is representative and indicate the general trend.

0.10

=3
,% 0.08 ‘\
SN ENAN
& \J\ A (More friction material)
g 0.04 -~ \l
& 7 8 e
3 High quality material - —
8 .00 | (Hioh quality )

0

0 2 4 6 8 10

Sliding velocity Vg ,m/s

Figure 2.13 Coefficient of friction for worm gearing



CHAPTER 3

6-AXES ROBOT KINEMATICS AND CONTROL

3.1 Introduction

This chapter is involved for the robot kinematics and control algorithm. The robot
kinematics deals with the analytical study of geometry of motion of a robot arm with respect to a
fixed reference coordinate system without regard to the forces/moments that cause the motion is
presented. There are two fundamental problems in robot arm kinematics. The first problem is
usually referred to as the direct (or forward) kinematics problem. While the second problem is the
inverse kinematics (or arm solution) problem. In the last of this chapter is introduced to the
kinematics motion control for using in the basically control system, which can be applied for both

point to point control and path control.

3.2 Working enveloped range of the 6 axes robot
The below figure presents the working range of a 6-axes robot in vertical. This figure

shows the set of all positions that given manipulator can reach.

881
|

437

'Q’gag

144
225
261
265

614

Figure 3.1 Working enveloped range of developed 6-axes robot (vertical)



30

The details of robot structures are presented in Appendix A (Drawings of a 6-axes robot),

which shows detail in each part.
3.3 Proposed 6-axes robot's structure specifications
The 6-axes robot required specification, which is the articulated vertical robot, is

presented as in table 3.1.

Table 3.1 Proposed specifications of a 6-axes robot

1. Manipulator
®  Drive type DC stepping motor
®  Configuration Joint arm
®  Coordinate system

® Joint Cartesian

® Tool Cartesian
®  Degree of freedom 6 Axes (D.O.F.)
B Gripper actuators Magnetic, Pneumatic
2. Classification Point To Point control
3. Power requirement 220~240 Y, 50~60 Hz
4. Working motion (relate with the home position)
B Arm sweep -175 to +175 degree
®  Shoulder swivel -110 to +45 degree
®  Elbow extension -30 to +45 degree
" Yaw =175 to +175 degree
® Pitch 90 to 0 degree
® Roll -175 to +175 degree
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3.4 Kinematics of 6-axes robot

3.4.1 Forward kinematics of 6-axes robot [6]

In this robot, the first joint axis points up vertically along the z, -axis, the second
joint axis is perpendicular to the first joint axis with a small offset distance a, = OA, the third
Joint axis is parallel to the second with an offset distance @, = AB, and the fourth joint axis is
perpendicular to the third joint axis with a small offset distance a, = BC . In addition, the last
three joint axes intersect one another perpendicularly in sequence at a common point P, which is
d, distance away from point C. this robot belongs to a special class of robot where the last three
joint axes intersect at the wrist center. The kinematics problem for this type of robot can be
partitioned into two sub-chains: one associated with the first three moving links and the other
with the last three moving links. That is, in solving the inverse kinematics problem, the position
of the wrist center can be solved independently of the orientation part, therefore reducing the

complexity of the problem.

X3
Xa
X «
C x5
" ve s 4
83 ™\ 94
B d . \
22 . Xg
G [
a d
2 6
Z
A 1 9 Q\
150 Ye 2g
Xo > o \A
21 < "
1
\
N J )

Figure 3.2 Position analysis of 6-axes robot
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TABLE 3.2 D-H Parameters of the 6-axes robot

Joint , a, d 6,
1 wl2 a 0 6,
2 0 a, 0 6,
3 /2 a, 0 6,
4 -7/2 0 d, 6,
5 72 0 0 2
6 0 0 d 6,

Note that this manipulator employs a four-bar linkage to drive the third joint. The four-
bar linkage simply transmits the motion of the third motor mounted on the wrist to the third joint.
Otherwise, it has no effect on the kinematics of the manipulator. In the following analysis we
neglect the effect of the four-bar linkage and treat the manipulator as a serial manipulator.

Using the coordinate systems established, the correspond.ing link parameters are listed in
Table 3.2. Substituting the D-H link parameters into D-H formulation, obtain the D-H

transformation matrices:

c6, 0 56, acé
04 = 56, 0 -cb, as6, G.1)
o 1 0 0

0 0 0 1

c6, —-s6, 0 acb,
4 = s6, c¢6, -c6, a,s6, " 62)
0 0 1 0

0 0 0 1

cd, 0 50, a,H,
s, 0 -c6, a,s0,

24, (3.3)
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‘4, = (3.4)

cd; 0 50, 0

4 s, 0 —-cf, O
A = 35
? 0 1 0 0 3

| 0 0 0 1]

—096 -s6, 0 O

s s, ¢, 0 O
Ag = 3.6
6 0 0 1 d, 66

| 0 0 0 1

The end-effector location is given by

ux vx wx qx
oAs = U, vy Wy q, (3.7)

u: v.'. wZ qZ

0 0 0 1

The loop-closure equation is obtained in two steps. First, we multiply Equations. (3.1),

(3.2) and (3.3)
Oty $8 cOsby cOa+ach, +achy)
0 4,="4,"4,24, = 56cby; —cb, $656y 56 (a +ac, +a,cly) (3.8)
56,, 0 —cb, a,56,, +a,56,,
0 0 0 1
Next, we multiply Equations. (3.4), (3.5) and (3.6)
c6,cO,c6, —s6,s6, —c,c6,s6, c6,s6;, dic,so,
ptaiy | OO0, ~sBobstvelgh, A5t dshsds |
—s6.c, 56,56 c, d,+dgcb,

0 0 0 1
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Hence the resulting transformation matrix is given by
°4,="4 4, (3.10)

Where °4, describes the end effector location.

Substituting Equations. (3.8) and (3.9), yields the elements of OA‘S as follows:
u, =c[cOy(cl,cl,cl;, —56,56,) —56,,50,c6,]1+ 56,(s0,c0,c 6, + c6,56,),
u, =56[cOy(cO,cOc6; —56,50,) — s6y,56,c6;]— c6,(s6,c0,c 6, + cO,56),
u, = 56,,(c,c;cl; —56,56,) + cb,,56,c6;,
Vv, =6 [—cO;(cO,c0,c6; — 56,56,) + 560,,50,c6,]1+ 56/ (—56,c0,¢6; + c6,56;),
v, =56 [—cO,,(cO,c6,c6; + 56,56;) + 565,560,051 - c6,(=56,c0,c0, + cB,56,),
v, = —50),(cO,c0,c6, +56,56;) — c0,;50,c6,
W, =c6,(cOyc0,cO; + 56,,56;) + 56,56,c6;,
W, = 56,(cOyc0,c0; + s6),565) — 56/s6,c6;,
w, = 56,,c0,50; —cO,,cH;,
q, = cO[a, + a,cb, + a,cOy; + d 5Oy, + dy(cO,3c 0,505 + s6,,c0,)] + ds6,50,56;, (3.20)
q, =s6[a +a,cO, +a,c0,, +d, 50,5 + ds(c0,,c0,50; + s6,,c6,)] - dys6,56,56;, (3.21)

q, = a,56, +a,50,; —d,cOy; + d(56,,c6,50; — cO,,c ;).
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Although the equations above can be used to solve the inverse kinematics, they are
highly nonlinear and difficult to solve. In what follows we present a more efficient method of

solution by separating the wrist-center-position pfoblem from the orientation problem.

3.4.2 Inverse kinematics of 6-axes robot [6]
3.4.2.1 Wrist Center Position
Note that the last three joint axes intersect at the wrist center point P.
Hence rotations of ihe last three joints do not affect the position of P., The wrist center P, and the
vector relation between them,
The wrist center position with respect to and expressed in the end-

effector coordinate system is

6p = QP = [O’O’_dﬁ’l]r- . (3.11)

The wrist center position with respect to and expressed in the base coordinate

system is

px qx - d6wx

0 D b, q,— d6wy
p= = = X (3.12)

OP p: q: - dGWz

1 1
Hence, given the end-effector location, we can find the position of the wrist center point P with

respect to the base coordinate system. Furthermore, we observe that the position of the wrist

center P with respect to the link 3 coordinate system is given by

‘p=CP =100,d,,1T (3.13)

Transforming 3 D into the base coordinate system, we obtain

°p="4p. (3.14)
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Equation (3.14) consists of three scalar equations in three unknowns. Hence the position and
orientation of the inverse kinematics problem are de-coupled.
Theoretically, we can solve Equation (3.14) for the three joint angles. In what follows we

take a simpler approach. Multiplying both sides Equation (3.14) by the inverse of oAl , obtain that

(4) " p='4p. (3.15)

Substituting Equations (3.1) through (3.3) into (3.15) yields

p.c6,+ p,s6 —a = a,ch, +a,ch,, +d,sb,, (3.16)
P. = 0,56, +a,56,, —d,cO,, (3.17)
P56, —p,6 =0, ' (3.18)

where p,,p, and p, are given by Equation (3.12).

A solution for 8, is found immediately by solving Equation (3.18).

6, = tan™' 22 (3.19)

P

Hence there are two solutions of 8, . Specifically, if 6, = 6] 'is a solution, 8, = 8, + s also a
solution, where 726, 20. We call 6, =6 the front-reach solution and 6, =6 +7
6, = 6, + m he back-reach solution. Because of the four bar linkages and other mechanical
constraints, the back-reach solution is physically impossible.

An observation of the kinematics structure reveals that the distance between point 4 and
the wrist center P is independent of 6, and @,, which implies that these two variables can be

eliminated simultaneously. Summing the squares of Equations (3.16), (3.17) and (3.18), gives
ks, + kcO, = k,, (3.20)

where k, = 2a,d, .k, = 2a,a,and k, = pl + . + pl -2p,ac6 ~2p,as6,+d -a& —d. —d..
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Convert Equation (3.20) into a polynomial by making use of the following trigonometric

identities:

1-1] 2t 0.
c6y =—2= and 50, =-——2=, where ; = tan—=.
L +14 2

Substituting the trigonometric identities above into Equation (3.20) yields

(ky + k)5 =2kt + (ky — k) = 0. (3.21)
Hence
kit \kl+k2—k?
o _ tan™' = 1 5 ks , (3.22)
2 ky +k, .

Equation (3.21) yields (1) two real roots if &’ +k}+kZ>0,(2) one double root if
Kl + k. + & =0,and (3) no real roots if k? + k2 +k? <0. When Equation (3.21) yields a
double root, the arm is either in a fully stretched or a folded-back configuration. On the other
hand, if Equation (3.21) yields no real roots, the position is not reachable.

Once @ and Ojare known,f,can be obtained by back substitution. Expanding

Equations (3.16) and (3.17), we obtain
ueb, +vs6, =y, (3.23)
HoCO, +v,50, = ,, (3.24)
where
M =a,+a,cl,+d,sé,,

v, =-a,s0, +d,c6,,
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7 =P +p,s6 —a,
Wy, = a;56, —d,cé,,

v, =a, +a,c6;,+d,s0,,

72=p:'

Therefore, we can solve Equations (3.23) and (3.24) for cf,and 56,. Once 56, and c6, are

found, a unique value of &, is obtained by taking
6, = Atan2(s6,,c6,) (3.25)

We conclude that given the wrist center position, mathematically there are at most four

possible arm configurations, but due to the mechanical limits, only two are physically possible.

3.4.2.2 End-Effector Orientation
Once 6,,6,and 8, are solved, °4, is completely known. The remaining

joint angles can be found by multiplying both sides of Equation (3.10) by (OA3 )_l :

A= (04T 4, (3.26)

Note that the elements on the right-hand side of Equation (3.26) are known, and only the rotation
part of Equation (3.26) is needed for computation of the last three joint angles. The rotation
matrices OR3 and 3R6 are given by the upper 3x3 sub-matrices of Equations (3.8) and (3.9)
respectively.

Equating the 3 x 3 element of Equation (3.26) yields
0, =cos™' r, (3.27)

where ry; = w,c6,50y, +w 56,56y, —w.c6,;. Hence, corresponding to each solution set of

6,,6,and 8, , Equation (2.92) yields (1) two real roots if |r33l <1l,and 2) €, =0 ormif lr33| =1.
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When 6; = 0or, the sixth joint axis, Z, is in line with the fourth joint axis, z;,and the wrist
is said to be in a singular configuration. The condition |r33| > 1 cannot physically arise.

Assuming that s&; # 0, we can solve 94 and G, as follows. Equating the 1x 3 element

of Equation (3.26) yields

_ W,B,cO,; +w,56,c0,; +w 50,

c, (3.28)
! 56,
Equating the 2 x 3 element of Equation (3.26) yields
w,s6, - w cO
5, =1 1 (3.29)

50,

Hence, corresponding to each solution set of 8,,68,,6,; and &, Equations (3.28) and (3.29) yield a

unique solution of &, :
6, = Atan2(s6,,c6,). (3.30)

Similarly, equating the 3 x 1 element of the Equation (3.26) yields

u,c050,; +u, 5656, —u.cby

cl. = (3.31)
¢ 50,
Equating the 3 x 2 element of Equation (3.26) yields
v,c0,50,; +v,56,50,, —v_c6.
5, == 1902 T VS Ao T Va0 (3.32)

50,

Hence, corresponding to each solution set of 6,,8,,6,,0, and6;, Equations (3.31) and (3.32)

yield a unique solution of & :

6, = Atan2(s6,,cH;). (3.33)
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Conclude that corresponding to each solution set of the first three joint angles, there are
two possible wrist configurations. Since there are four possible upper arm configurations, a total
of eight manipulator postures are possible. However, due to mechanical limits, fewer than eight
manipulator postures are physically realizable. When s&; = 0, Equations (3.28) through (3.33)
degenerate. For such a singular condition, only the sum of difference of &,and G, can be

computed.
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3.4.3 Kinematics control of manipulators [7]

From the inverse kinematics of a robot manipulator arm, can know what joint
values need for any particular location of P,. Thu.s, to make P, follow some specified trajectory in
Cartesian space, a straight line or circular arc, for example, must be first calculated how each joint
must move, specify this joint motion in term of a series of joint position reference value, and then
input these, at an appropriate rate in time to the controller of each joint. The process of tuming a
specified Cartesian space trajectory of P, into sequence of appropriate joint position reference
value, one sequence for each joint, is called kinematics control.

The relationship between the robot program, kinematics control and basic level control of

the robot is illustrate below

Programming > Robot program Start and ‘end location of P,
- I " type of trajectory
® time or speed of action

®  precision of action

Task specification

~--| Kinematics model of robot arm

-
Y '
2
Trajectory -1~ Joint value ranges + max and min
generation -1----]joint speeds + max accelerations
# --------- -
]
]
Reference value s
] .
. Lo . . .
generation Joint trajectories g, (f)and gq,(t)
Robot A :
obo ..
Basi l H Sampling time used to generate the
+Work space  [® > asic contro Cmee

reference values sequences, ¢,
+ Task object

Sequences of reference values, one

for each joint controller

Figure 3.3 Relationship between the robot program, kinematics control and basic level control
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The kinematics control process of robot manipulator arm consists of the following five
steps of functions
1. Convert the (next) movement speciﬂcation from the program into an analytical and

continuous Cartesian space trajectory with respect to basement.

=[x, ), 3.0, 2, 0w (0),8.(0),8,OT

“And do the same for the rate of change of location, if necessary to obtain

Q.

2. Sample the Cartesian trajectory Q,(f) to obtain a finite number, m, of sample points

on the continuous trajectory, so as to have

i i i i i i .
o = [xﬁ",yﬁ’, 5), i),,ge(),¢e()]7’,=1,m,m

And do the same for the rate of change of location trajectory, if necessary to produce

3.(a) Using the inverse kinematics relation of the robot manipulator arm, convert each

Cartesian trajectory sample point vector, Q,U) , into a corresponding joint space vector.

D =[g®,q0,q:

In this step, the possibility of multiple solution to the inverse kinematics relation must be treated.
RO
(b). Using the inverse Jacobian relation, convert each instantaneous velocity vector Qe
()
into a corresponding joint speed vector ¢ . In this step, the possibility of singular configuration

must be treated.
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0
4. Using the sequence of vector q(') and g ,i=1,..,m, generate continuous

expression g, (f) and q ;) J =1,...,n, which pass through or sufficiency near to each of joint
U]
space sample points, g'’, and rate of change sample points, ¢ ,i=1...m to produce

continuous joint space trajectories for each joint.
5. Sample each continuous joint trajectory g, (f) and g ;). =1,...,n, to generate a

sequence of discrete reference value for each joint. g, (k#,,)and q ,Ckt,)sj =1,...,n where ¢,

is the sample period used.

The above steps are applied to sample articulated 2-axes robot as following.
By specified straight line motion of P, as figure 3.13, the continuous Cartesian space

¢

trajectory is thus the straight line between P and P

Yo
ttart
position
~\C\]2(S)
\‘\ final
" position
=0 .
q'(s q~| (f) qz(r)

C(// Sr X,

Figure 3.4 Continuous trajectory of P, from start to finish on 2D Cartesian space



Step 2 is thus to sample this continuous Cartesian space trajectory, as shown below.

Figure 3.5 Sample points on the continuous trajectory on 2D Cartesian space

'\‘\ final
pi™_  position
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Using the inverse kinematics relation, step 3 then converts each Cartesian space sample

point into a n-dimensional joint space point, where n is the number of degree of freedoms of the

robot manipulator.

2
-(5)
q =

q

®
=)

p
-3)
q

4
=(2)

¢
~(1)
q

-0 -®
- -(S
q =4

1

Figure 3.6 Sample trajectory points in 2D joint space

Step 4 involves fitting a smooth continuous curves to these joint space sample points.
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Figure 3.7 Interpolated continuous joint space trajectory

And step 5 involves sampling, over time, this joint space trajectory

-0
q

5

TR
N

Figure 3.8 Sample joints space trajectory

to generate sequence of position reference values for the 2 joints of robot arm.
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9,
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Figure 3.9 Joint reference values in time

The Cartesian space sampling, inverse kinematics calcﬁlations, joint space fitting and
subsequence reference value generation, all introduce some error into the process. The resulting
motion of P, is thus, in general not exactly the same as specified trajectory, there will always be

some variation from this.

specified
trajectory of p,

Actual generated

@/j o/ >x0

Figure 3.10 Actual and specified trajectory
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By increasing f,, it can make the movement of P, slower, and similarly by decreasing
I, it can make the movement of P, faster. However, making f,_ too small or too large may
produce less precision in the movement of P, and it is important that t,, is never made too small
compared to the slowest joint rate in the basic control of the robot arm.

There are many types of trajectory in kinematics control. The trajectory of P,, the
motion of the location of P, in Cartesian space form P'” to P, can be generated by tree
different types of joint space trajectories, only the last of which can be used to produce fully
specified Cartesian space trajectories, such as straight lines or circular arcs.

Type 1, Point-to-point trajectories, in which each joint trajectory is generated completely
independently of the other joint trajectories.

Each joint is move from the starting position to its final position at some default rate.

In this type of trajectory generation, can distinguish two subtypes,

a). Joint-by-joint motion, in which each joint is move in turn, in strict sequence. Thus, for
simple 2D planar arm, it has joint space trajectories as follov'vs., together with the resulting

Cartesian space trajectory of P,. The total motion time is therefore the sum of each joint motion

time and the resulting motion of P, is often rather jerky and non-smooth.

q %
A
start
pss) position
®
92 4 ' Generated
&) trajectory of p
1
® .
"
final
0 qf’) @ @ p(:) position
-t @1 (S5 X
& %
F ¥ 1]

Figure 3.11 Point to point trajectory (joint by joint motion)
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b). Simultaneous joint motion, in which all joint motion are started together, thus
reducing the motion time to the time taken by the slowest joint or the joint which has the furthest
to move. The motion of P, is smoother, but as each Jjoint finishes, the motion of P, become jerky

and non-smooth.

q %
A 4
start
ps |poskion
L]
)
% Generated
® trajectory of p,
q
N ®
L q,
® p® final
[1] q, ¢ poskion
- t <(1£ N =X,
#91
t,
_ﬁ

Figure 3.12 Point to point trajectory (Simultaneous joint motion)

As can be seen, in this kind of trajectory generation, it is not easy to know exactly what
the motion path of P, will be between its specified start and final locations.

Type 2, Coordinated or synchronous trajectories, in which, all the individual joint
motions are arranged to both start together and to finish together. This produces much smoother
F, motion and is also energy efficient, since the amount of acceleration and de-acceleration is
keep to a minimum., thus keeping to a minimum the amount of work needed to .complete the

complete arm motion.
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q %
F F
start
p® posiion
o) ¢ Generated
q, straight fine
trajectory of p
(s *
1
]
L q,
o final
0 — q P, posktion
o t (g /4 & - Xo
t=t, I

Figure 3.13 Coordinated or synchronous trajectory

To achieve this type of coordinated to synchronous trajectory, the kinematics controller
first has to analyses the motion of all the joints needed to produce the métion of P, to find the
joint which needed the most time. All other joint are then made to take this time to complete their
‘particular motion.

The total motion time is thus, again, the time taken for the slowest joint or the joint which
has the furthest to travel.

As for the type 1 trajectories, although the resulting motion of P, is smoother, it is again difficult
to know exactly what trajectory it will follow between the specified start and finish locations.

Type 3, Continuous trajectories, in which P, must follow some specified trajectory in
Cartesian space, not just move (somehow) from the specified ‘start location to the specified finish

location.
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Figure 3.14 Continuous trajectory
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In this case, the joint space trajectories, the motions of each joint, are typically quite

complicated and will, in general, involve changes is rate of movement and changes in direction of

movement.
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Robot control system: Physical control system for the 6-axes robot is shown as figure

3.15.

Fwd. kinematics mse—-- Cart. point storage

L |

]

]

]

: i

i i

: :

H Inv. kinematics Trajectory planner !

] ]

i |

] ]

i @POperate '
______ ¢, ]
'ismtch :

Teach Y '
Pendant :

Position error

Motor driver

1 8

Motor dynamics

N B

Robot dynamics

1

Physical position

Figure 3.15 Physical control system for 6-axes robot



52

¢ E]W -
E ;.IV
L@ T T@
e o L

1

ip b k
o] ‘-*"--“* -

@G e -
—E}’

EﬁLE}m' 1

Figure 3.16 Block diagram of 6-axes robot control

3.5 Characteristics of the I/O expander for I’C-bus system [8]

The I°C bus is for 2-way, 2-lines communication between different ICs or modules, The
two lines are serial data lines (SDA) and serial clock line (SCL). Both lines must be connected to
positive supply via a pull-up resistor when connected to the output stages of a device. Data

transfer may be initiated only when the bus is not busy.
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For the purpose of multi-device connection, the bus is used in the robot-controlled

system as shown in the figure 3.17.

Computer

—ememane mrmememt ettt ma .

Controller

Parallel to I’C
Converter

I’C Expander 1 I’C Expander 2 I’C Expander 3
Motor Driver Motor Driver Gripper A/D Converter
(M1~M4) (M5~M6) Driver

Ll Motor § l LI Gripper I

Manipulator

Figure 3.17 System configuration via the I°C bus for robot control system

3.5.1 Bit transfer

One data bit is transferred during each clock pulse. The data on the SDA line

must remain stable during the HIGH period of the clock pulse as changed in the data line at this

time will be interpreted as control signals as shown.
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Figure 3.18 Bit transfer.

3.5.2 Start and stop conditions
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Both data and clock lines remain HIGH when the bus is not busy. A HIGH to

LOW transmission of the data line, while the clock is HIGH is defined as the start condition (S).

A LOW to HIGH transmission of data line while the clock is HIGH is defined as the stop

condition (P).

r—=n r=—1
|
Il

/ l SDA

L ’ Lo d
START " sTOP
CONDITION CONDITION

Figure 3.19 Start and stop conditions.

3.5.3 System configuration

A device generating as message is a “transmitter” , a device receiving is the

“receiver”. The device that controls the message is the “master” and the devices, which are

controlled by the master, are the “slaves”. Figure below present the system configuration for this

robot control
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3.5.4 Acknowledge

The number of data bytes transferred between the start and the stop conditions
from transmitter to receiver is not limited. Each byte of eight bits is followed by one acknowledge
bit. The acknowledge bit is a HIGH level put on the bus by the transmitter whereas the master
generates an extra acknowledge related clock pulse. A slave receiver which is addressed must
generate an acknowledge after the reception of each byte. Also a master must generate an
acknowledge after the reception of each byte that has been clocked out of the slave transmitter.
The device that acknowledges has to pull down the SDA line during the acknowledge clock pulse,
so that the SDA line is stable LOW during the HIGH period of the acknowledge related clock
pulse, set-up and hold times must be taken into account. A master receiver must signal an end of
data to the transmitter by not generating an acknowledge on the last byte that has been clocked
out of the slave. In this event the transmitter must leave the data line HIGH to enable the master

to generate a stop condition.

——A _
DATA QUTPUT BY l | x x /
TRANSMITTER l -

| |
pATAOUTRUT | i \_/_
BYRECEVER | |

SCL FROM MASTER l s | 1 2 _— 7 8 [
b
START . ?
CONDITION

CLOCK PLLSE FOR ACKNOWLEDGMENT

Figure 3.20 Acknowledgement on the I'C-bus

The number of data bytes transferred between the start and the stop conditions from
transmitter to receiver is not limited. Each type of eight bits is followed by one acknowledge bit.
The acknowledge bit is a HIGH level put on the bus by the transmitter whereas the master
generates an extra acknowledge related clock pulse.

The slave receiver which is addressed must generate an acknowledge after the reception
of each byte. Also a master must generate an acknowledge after the reception of each byte that
has been clocked out of the slave transmitter. The device that acknowledge has to pull down the

SDA line during the acknowledge clock pulse, so that the SDA line is stable LOW during the
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HIGH period of the acknowledge related clock pulse, set-up and hold times must be taken into
account.

A receiver must signal an end of data to the transmitter by not generating an acknowledge
on the last byte the has been clocked out of the slave, In this event the transmitter must leave the

data line HIGH to enable the master to generate a stop condition.

3.6 Characteristics of D/A and A/D conversion [8]

This research use IC PCF8591 to be A/D and D/A converter, which is a single-chip,
single supply low power 8-bit CMOS data acquisition device with four analog inputs, one analog
output and a serial I’C interface. Three address pins A0, Al and A2 are used for up to eight
devices connect to I'C bus without additional hardware. Address, control and data to and from the
device are transferred serially via the two-line bi-directional I’C bus. The functions of the device
include analog input multiplexing, on-chip track and hold function, 8-bit analog-to-digital
conversion and an 8-bit digital-to-analog conversion. The maximum conversion rate is given by

the maximum speed of the I'C bus,

3.6.1 Addressing
Each PCF8951 device in an I'C bus system is activated by sending a valid
address to the device. The address consists of fixed port gnd a programmable part. The
programmable part must be set according to the address pins A0, Al, A2. The address always has
to be sent as the first byte after the start condition in the I'C-bus protocol. The last bite of the
address byte is the read/write-bit, which sets the direction of the following data transfer as figure

below.

MSB LSB

1 10 {0 |1 [A2 [A]l |AO [R/W

T g

Fixed part Programmable part

Figure 3.21 Address byte
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3.6.2 Control byte

The second byte sent to PCF8591 device will be stored in its control register and
is required to control the device function. The upper nibble of the control register is used for
enabling the analog output, and for programming the analog inputs as single-end or differential
inputs. The lower nibble select on of the analog input channels defined by the upper nibble. If the
auto-increment flag is set the channel number is incremented automatically after each A/D
conversion,

If the auto-increment mode is desired in applications where the internal oscillator
is used, the analog output enable flag in the control byte (bit 6) should be set. This allows the
internal oscillator to run continuously, thereby preventing conversion errors resulting from
oscillator start-up delay. The analog output enables flag maybe reset at other times to reduce
quiescent power consumption.

The selection of a non-existing input channel results in the highest available
channel number being allocated. Therefore, if the anto-increment flag is set, the next selected
channel will be always channel 0. The most significant bits of both nibbles are reserved for future
functions and have to be set to 0. After a power-on reset condition all bits of the control register
are reset to 0. The D/A converter and the oscillator are disabled for power saving. The analog

output is switched to a high-impedance state.
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MSB LSB

0 X |x | X |0 [|X |X |x

A/Dchannel number;

00 Channel 0

Auto increment flag: 01 Channel 1
(switched on if 1) 01 Channel 2
11 Channel 3

Analog input programming:

00 Four signals ended inputs
AINO------ channel 0
AIN]1------ channel 1
AIN2------ channel 2
AIN3------channel 3

Analog output enables flag: analog output active if 1
Figure 3.22 Control byte

3.6.3 Digital to analog conversion (DAC) principle
The third byte sent to a PCF8591 device is stored in the: DAC data register and is
converted to the corresponding analog voltage using the on-chip D/A converter. This D/A
converter consists of a resistor divider chain connected to the external reference voltage with 256
taps and selection switches. The tap-decoder switches one of these taps to the DAC output line.

The output voltage supplied to the analog output AOUT is given by the formula as figure.



MsB LSB 7280983
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-
-+ ./
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-+ /-
VAGNDT— %
v, oo —4 —
55700 01 02 03 04 FE FF HEX CODE

Figure 3.23 DAC data and DC conversion characteristics

The waveform of a D/A conversion sequence as below figure.
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PROTOOOL[ISI ADDRESS ,D[AICONTHOLBYTE [AI ODATA BYTE 1 IAI DATA 8YTE 2 IA]

V' Al e W8 S el e a Wi

—————————————— PAEVIOUS VALUE VALUE OF
HELD IN DAC DATA BYTE 1
HIGH IMPEDANCE STATE OR RAEGISTER
PREVIOUS VALUE HELD IN DAC REGISTER

7280964

time

Figure 3.24 DAC conversion sequence



3.6.4 Analog to digital conversion (ADC) principle

The A/D converter makes use the successive approximation conversion
technique. The on-chip D/A converter and a high-gain comparator are used temporarily during an
A/D conversion cycle. An A/D conversion cycle is always started after sending a valid read mode
address to a PCF8591 device. The A/D conversion cycle is trigged at the trailing edge of the

acknowledge clock pulse and is executed while transmitting the result of the previous conversion

as figure

PROTOCOL[SI ADDRESS ['IAI OATA BYTE O [Ai DATA BYTE 1 [Al DATA BYTE 2 IAI

VI B VRWE S AWE N AWE AW

7T80988

SAMPLING SAMPLING . SAMPLING
BYTE 1 BYTE 2 ' BYTE 3

CONVERS} CONVERS!
OF BYTE ¥ OF 8YTE 2 OF BYTE 3

G i o 1

TRANSMISSION TRANSMISSION ' TRANSMISSION
OF PREVIOUSLY OF BYTE 1 OF BYTE 2
CONVERTED BYTE

Figure 3.25 ADC conversion sequence

The conversion cycle is triggered an iriput voltage sample of the selected channel

is stored on the chip and is converted to the corresponding 8-bit binary code. Samples picked up

from single-end inputs are converted to an 8-bit two’s complement code as figure below

7Z30069

FF &

FE+

T 254 285 Vain = Vagro
Viss

Figure 3.26 ADC conversion characteristics of single-ended inputs
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3.7 Programming

Visual Basic 6.0 program is developed for controlling to remote 1/0 expander for I'c
(Inter-IC Communication) by PCF8574, which is a silicon CMOS circuit. It provides general-
purpose remote I/0 expansion for most controller families via the two-line bi-directional bus I°C.
Controller program is developed by relate to the forward and inverse kinematics formulation in
the first section. This program can operate both teach mode and programmable mode. Teach
mode will accept command from operator for guiding manipulator by real time controller.

Procedures for sending data (from controller) to I'c expander boards in control system.

1. Send start signals to expander boards.

Send address word to expander board. |
Waiting acknowledge signal from expander board.

2

3

4. Send data signal to expander board.

5. Waiting acknowledge signal from expander board.
6

Send Stop signal to expander board.

3.7.1 Sub-programming for generating signals of I'C bus system via parallel port

START signal:
Private Sub Start() ‘
Out &H37A, Inp(&H37A) Or 1 ‘SDA=1
Out &H37A, Inp(&H37A) Or 2 ‘SCL=1
Out &H37A, Inp(&H37A) And &HFE ‘SDA=0
Out &H37A, Inp(&H37A) And &HFD *SCL=0
End Sub




STOP signal:

Private Sub Stop()
Out &H37A, Inp(&H37A) And &HFE 'SDA=0
Out &H37A, Inp(&H37A) Or 2 ‘SCL=1
Out &H37A, Inp(&H37A) Or 1 ‘SDA=1
End Sub

Logic 1:
Private Sub Send1()
Out &H37A, Inp(&H37A) Or 1 ‘SDA=1
Out &H37A, Inp(&H37A) Or 2 ‘SCL=1
Qut &H37A, Inp(&H37A) And &HFD ‘SCL=0
End Sub

Logic 0:
Private Sub Send(()
QOut &H37A, Inp(&H37A) And &HFE ‘SDA=0
Out &H37A, Inp(&H37A) Or 2 ‘SCL=1
Out &H37A, Inp(&H37A) And &HFD ‘SCL=0
End Sub

Acknowledge signal:
Private Sub Ack()
Out &H37A, Inp(&H37A) Or 1 'SDA=1
Out &H37A, Inp(&H37A) Or 2 ‘SCL=1
Out &H37A, Inp(&H37A) And &HFD ‘SCL=0
End Sub




Send data 8-bits:

Private Sub Send8bit(A as Integer)
For J =7 to Step -1 ‘ ‘Loop 7
If (A And 2°J) = 2~J Then ‘Test bit 0 or 1
Call Send1
Else
Call Send0
End if
Next |
End sub

Sample program for sending data 8-bits:

Private Sub Senddata( B as Integer)
Call Start ‘Start
Call Send8bit(&H70) 'éend address
Call Ack ‘Acknowledge
Call Send8bit(B) ‘Send data
Call Ack ‘Acknowledge
Call Stop ‘Stop

End sub




3.7.2 Sub-programming for A/D and D/A converter

A/D converter (continuously read 4-analog signals):

Private Sub ADC()
Call Start

Call Send8bit(&HS90)
Call Ack

Call Send8bit(&H45)
Call Ack

Call Stop

Call Start

Input1.txt = (IN*5)/255
Call CtrlAck
Input2.txt = (IN*5)/255
Call CtrlAck
Input3.txt = (IN*5)/255
Call CtrlAck
Inputd.txt = (IN*5)/255
Call CtrlAck

Call Stop

End sub

‘Channel 1

‘send acknowledge by controller
‘Channel 2

‘'send acknowledge by controller
‘Channel 3

‘send acknowledge by controller
‘Channel 4

‘send acknowledge by controller

Sub-program CtrlAck:

End Sub

Private Sub CtrlAck()

Out &H37A, Inp(&H37A) And &HFE ‘SDA=1
Out &H37A, Inp(&H37A) Or 2 ‘SCL=1
Out &H37A, Inp(&H37A) And &HFD ‘SDA=0
Out &H37A, Inp(&H37A) Or 1 ‘SCL=0
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Function IN:

Private Function IN()
For =7 to 0 Step -1
Out &H37A, Inp(&H37A) Or 1 ‘SDA=1
Out &H37A, Inp(&H37A) Or 2 ‘SCL=1
If (Inp(&379) And &HB80) = &H80 Then ‘Read SDA
IN1 =2710rIN1
End if
Out &H37A, Inp(&H37A) And &HFD ‘SCL=0
Next |
IN = IN1 ‘Data 8 bits
End function

D/A converter (send output analog signals):

Private Sub DAC()

If Val(Out.Txt) >5 Then Qut.txt =5
Call Start

Call Send8bit(&H90)

Call Ack

Call Send8bit(&H44)

Call Ack

Call Send8bit(Val(Out.txt)*51.2)
Call Ack

Call Stop

End sub




CHAPTER 4

METHODOLOGY

4.1 Introduction

In this chapter, the control system for 6-axes robot based on position control with the
position feedback and feed-forward control is presented. The methodologies for stepper motor
control and data transmission are highlighted here. The rc system is used as the data
transmission system. Input and output devices can be taken to the computer control for processing
via the digital to analog or analog to digital converter. Data transmission, controlled circuits and
stepper motor drivers will be shown in the next section in this chapter. The programs for control
all devices and circuits are detailed. Furthermore, robot structures and all parts are designed and

drawn as the basis of required specifications.

4.2 Steps of building a 6-axes robot, controlled system and programming

The steps of building a 6-axes robot, controlled system and programming are

1. Design a 6-axes robot’s structures and components (the detafls of all parts are shown
in drawing, which are in the appendix A)

2. Build the robot’s components and accessories, after that assembles them together.

3. Design the controlled circuit, print circuit boards, which includes transmission circuit,
digital to analog circuit, analog to digital circuit, stepper motor controlled circuit and their wiring.

4. Assemble all boards and their wiring into the controlled box.

5. Design the controlled program by reference the concept of flow-chart, which shown
in the appendix B.

6. Wrte source code program by using Visual Basic programming version 6.0
(Beginning from the sub programs for testing stepper motor operations are wrote. After the
operations are passed, the next step is writing overall of program, which includes program display
and their source code.)

7. Test the robot and controlled system (The testing includes accuracy, repeatability and
load capacity by point to point control. Furthermore, for testing affect of rotating in each joint to

others, the joint interaction testing is presented in chapter 5.)
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CHAPTER 5

EXPERIMENTATIONS AND TESTING

5.1 Introduction

To verify the capability of the robot and controlled system, this chapter is devoted for
robot testing. The testing is separated to four-topics, that are

1. Payload capacity and accuracy testing

2. Repeatability testing

3. Joint interaction testing

4. Joint response testing

Next sections will describe details in each topic. The details includes testing method,

testing results and discussions.

5.2 Payload capacity and accuracy testing

5.2.1 Testing method

This experiment is designed to measure the payload capacity and accuracy of robot
mechanism and controlled system.. For each observation, the robot's gripper is commanded to
move from the home position to desired position. After the motion is completed, the actual
po§ition of gripper is measured. The robot's gripper is commanded to return to home position. The
procedure is repeated 10 cycles, but change the desired positions. Speeds and payload capacities
are changed in each experiment. In this experiment, robot is tested in the working range, X-axis
is in range between 144 to 614 mm., Y-axis is in range between 144 to 614 mm. and Z-axis is in
range between -330 to 550 mm.

Payload capability and accuracy testing are separated to 12 sets of parameters, with
operating frequency of control loop is 10 Hz. By changing parameters as following.

1. Set 1: Speed on level 1 ( 5 degree/sec.) with load 0.2 kg.

2. Set 2: Speed on level 1 (5 degree/sec.) with load 0.3 kg.

3. Set 3: Speed on level 1 ( S degree/sec.) with load 0.4 kg.

4. Set4: Speed on level 1 ( 5 degree/sec.) with load 0.5 kg.

5. Set 5: Speed on level 2 ( 10 degree/sec.) with load 0.2 kg.
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Set 6: Speed on level 2 ( 10 degree/sec.) with load 0.3 kg.
Set 7: Speed on level 2 ( 10 degree/sec.) with load 0.4 kg,
Set 8: Speed on level 2 ( 10 degree/sec.) with load 0.5 kg.

© © N o

Set 9: Speed on level 3 ( 15 degree/sec.) with load 0.2 kg.

10.Set 10: Speed on level 3 ( 15 degree/sec.) with load 0.3 kg.
11.Set 11: Speed on level 3 ( 15 degree/sec.) with load 0.4 kg.
12.Set 12: Speed on level 3 ( 15 degree/sec.) with load 0.5 kg.

5.2.2 Testing results and discussions

This section describes the result of robot testing. Figure 5.1 is an example of payload and
accuracy testing. The other testing are shown in appendix C.

Figure 5.1 shows an example of ten test runs in payload capacity and accuracy testing,
with the dotted line indicates the desired point and the solid line the actually followed. This case

is set 1, the desired velocity is 5 degrees/second, payload is 0.2 kg:
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Payload capacity and accuracy testing, speed level 1, 0.2 kg.
700 «
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t
> 200 Ave.error (V) = 2.7 Actual Y-values
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Payload capacity and accuracy testing, speed level 1, 0.2 kg.
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Payload capacity and accuracy testing, speed level 1, 0.2 kg.
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Figure 5.1 Example of payload capacity and accuracy testing (speed level 1, 0.2 kg. load.)

Figure 5.1, in the first graph shows the comparison between desired point and actual
points on x-axis. This graph indicates that the average error in x-axis is 2.7 mm,

In the second graph shows the comparison between desired point and actual points on y-
axis. This graph indicates that the average error in y-axis is 3.4 mm.

In the third graph shows the comparison between desired point and actual points on z-
axis. This graph indicates that the average error in z-axis is 2.8 mm.

After experimentation, all of data is kept in appendix C. From this data, position error in

each experiment, which is grouped by the speed, can be summarized as table 5.1.



Table 5.1 : Position error on each axis compares with speed level (mm.)

Axis Speedlevel 1 | Speedlevel 2 Speed level 3 Average
3.27 3.40 3.57 3.41
2.80 2.83 2.97 2.87
2.70 2.80 2.90 2.80
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Figure 5.2 To Figure 5.4 are comparison graphs between load capacity and position error

on each axis.

Emor (X-axis)

Comparison between load capacity and error on X-axis

Upper acceptance

=

0215

03Kg 04Kg

05Kkg

Loed capechty (Kg-

Figure 5.2 Comparison between load capacity and error on X-axis

Figure 5.2 shows the position error on x-axis. Limit of upper error is 4 mm. In this graph,

all of errors are in specificative limit. As speed is increased, the error increase. In the same way,

the error is increased as increasing payload capacity. The maximum error is 3.7 mm.. This error is

occurred when running test on speed level 3 (15 degrees/sec.), with 0.5 kg. load.
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Cormparison between load capacity and error on Y-ads

Error (Y-axis)
K i
g

0 v Load capacty (Kg)
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Figure 5.3 Comparison between load capacity and position error on Y-axis

Figure 5.3 shows the position error on y-axis. Limit of upper error is 4 mm. In this graph,
all of errors are in specificative limit. Speed is’increased, the error increase. In the same way, the
error is increased as increasing payload capacity. The maximum error is 3.6 mm.. This error is

occurred when running test on speed level 3 (15 degrees/sec.), with 0.5 kg. load.

Corrparison between load capecity end emror on Z-ads
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Figure 5.4 Comparison between load capacity and position error on Z-axis

The last axis is z-axis. Figure 5.3 shows the position error on z-axis. Limit of upper error

is 4 mm. In this graph, some errors are not in specificative limit. Payload capacity directly effects
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to position error. As running test on 0.5 kg. load, errors are over the upper acceptance error line.
This graph shows that payload capacity of robot is limited at 0.4 kg. load. The maximum error is
2.8 mm. (in limit of upper acceptance error). This error is occurred when running test on speed
level 3 (15 degrees/sec.), with 0.4 kg. load.

Due to the target of acceptance error is less than 4.0 mm. From the experimentation,
found that the maximum payload capacity should be 0.4 kg. for keeping the acceptance error

target.

5.3 Repeatability testing

5.3.1 Testing method

This experiment is designed to measure the repeatability mechanism and controlled
system of robot. For each observation, the robot's gripper is commanded to move from the home
position to desired position. After the motion is completed, the. actual position of gripper is
measured. The robot's gripper is commanded to return to home position. The procedure is
repeated 10 cycles in the same desired position. Speeds and payload capacities are changed in
each experiment. In this experiment, robot is tested in the working range, X-axis is in range
between 144 to 614 mm., Y-axis is in range between 144 to 614 mm. and Z-axis is in range
between -330 to 550 mm.

Repeatability experiments are separated to six sets of parameters, with operating
frequency of control loop is 10 Hz. By changing parameters as fc;llowing.

1. Set 1: Speed on level 1 ( 5 degree/sec.) without load, test 10 cycles.
Set 2: Speed on level 2 ( 10 degree/sec.) without load, test 10 cycles.
Set 3: Speed on level 3 ( 15 degree/sec.) without load, test 10 cycles.

bl A

Set 4. Speed on level 1 ( 5 degree/sec.) with maximum load, test 10 cycles.

b

Set 5: Speed on level 2 ( 10 degree/sec.) with maximum load, test 10 cycles.

6. Set 6: Speed on level 3 ( 15 degree/sec.) with maximum load, test 10 cycles.
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Repeatability testing, speed on level 2, w/o load (X-axis)
Set point
(X-values)
800 * <+ ye e & *> e - —— 150
500 —=—200
—4— 250
400 P & P re P & & —— m
300 4 =350
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Figure 5.5 Repeatability experiment (set 1: speed level 2, without load) on x-axis

Figure 5.5 shows the example of repeatability experiment (set 1) on x-axis. The vertical
axis of this graph indicates desired position. The horizontal eixis indicates the cycle no. of
running. Desired points are 10 points, with test runs 10 cycles in each point. Average repeatability

on this experiment is 1.87 mm.

Repeatability testing, speed on level 2, w/o load (Y-axis)
Set paint
(Y-vales)
800 —a N —————t 1
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Figure 5.6 Repeatability experiment (set 1: speed level 2, without load) on y-axis

Figure 5.6 shows the example of repeatability experiment (set 1) on y-axis. The vertical
axis of this graph indicates desired position. The horizontal axis indicates the cycle no. of
running. Desired points are 10 points, with test runs 10 cycles in each point. Average repeatability

on this experiment is 0.74 mm.



Repeatability testing, speed on level 2, wio load (2-axis)
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Figure 5.7 Repeatability experiment (set 1: speed level 2, without load) on z-axis

Figure 5.7 shows the example of repeatability experiment (set 1) on z-axis. The vertical
axis of this graph indicates desired position. The horizontal ax1$ indicates the cycle no. of
running. Desired points are 10 points, with test runs 10 cycles in each point. Average repeatability
on this experiment is 0.47 mm.

For other 5 sets of experimentation data are kept in appendix C, with their graphs. Table

5.2 shows the repeatability at speed on level 1 to level 3, without load. and distinguished on

figure 5.8.

Table 5.2 : Repeatability (without load), mm.

Axis Speed level 1 | Speed level 2 Speed level 3 Average
X 1.66 1.87 1.93 1,82
0.71 0.74 0.76 0.74
0.43 0.47 0.47 0.46
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Repeatabllity testing, without load

E . T lLevelt
% —8— Leovel 2
3
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0 T y Coordl axis
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Figure 5.8 Repeatability testing, without load

Figure 5.8 shows the comparison of repeatability in each axis. This graph shows the
comparison between three speed levels. Vertical axis indicates repeatability in mm. Horizontal
axis indicates coordinate axis. From the graph, speed level directly effects to repeatability.
Maximum repeatability come from maximum speed (level 3). Minimum repeatability come from
minimum speed (level 1). Repeatability fall to the lowest point from x-axis to z-axis. Average
repeatability on x-axis is 1.82 mm., on y-axis is 0.84 mm. and z-axis is 0.46 mm.

Peak-repeatability on the x-axis is came from the joint 1 of robot’s structure. This joint
directly effects to x-axis because it is the robot basement.

Table 5.3 shows the repeatability at speed on level 1 to level 3, without load. and

distinguished on figure 5.9.

Table 5.3 : Repeatability (with maximum load), mm.

Axis Speed level 1 Speed level 2 Speed level 3 Average
X 1.98 2.03 2.04 2.02
Y 0.80 0.82 0.85 0.82
zZ 0.50 0.53 0.59 0.54
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Repeatability testing, with max.load (0.4 Kg.)

15 - e ——Lavel 1
\ —&— Level 2
1
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Repeatability {(mm.)

X-axis Y-axis Z-axis

Figure 5.9 Repeatability testing, with maximum load

Figure 5.9 shows the comparison of repeatability in each axis (test on maximum load).
This graph shows the comparison between three speed levels. Ver.tical axis indicates repeatability
in mm. Horizontal axis indicates coordinate axis. From the graph, speed level directly effect to
repeatability. Maximum repeatability come from maximum speed (level 3). Minimum
repeatability come from minimum speed (level 1). Repeatability fall to the lowest point from x-
axis to z-axis. Average repeatability on x-axis is 2.02 mm., on y-axis is 0.82 mm. and on z-axis is

0.54 mm.

5.4 Joint interaction testing
5.4.1 Testing method
This experiment is designed to observe the joint interaction. The experiment is performed
by revolution a tested joint while other joints are not commanded to move. While tested joint is
moving, motion of six joints are record. Tested joint is began from joint 1 to joint 6. The operating
frequency of control loop is 10 Hz.

Figure 5.10 shows the joint interaction while moving joint 2. Vertical axis indicates joint
angle and horizontal axis indicates running time. As moving joint 2, Joint 3 is effected from this
motion as shown in third graph of figure 5.10. These joint interaction come from structure of
robot. Friction in each joint connection and alignment of parallel link between joint 2 and joint 3

are the answer for this matter.
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Figure 5.11 shows the joint interaction while moving joint 3. Vertical axis indicates joint
angle and horizontal axis indicates running time. As moving joint 3, Joint 2 is effected from this
motion as shown in third graph of figure 5.11. This effect come from structure of robot. Friction
in each joint connection and alignment of parallel link between joint 3 and joint 2.

For tested joints, joint 1, 4, 5 and 6 not effect to the other joints while they are moving.

Their experimental results are illustrated in appendix C.

5.5 Joint response

5.5.1 Testing method

This section is devoted for joint response testing. Testing is done by record the joint
revolution. Robot’s gripper is commanded to move from point (0, 560, 642), which is the home
position of robot, to target point (-191, 162, 572). While moving, angle changing are record in
each sampling time. Sampling time for keeping data is 0.01 second. The data is shown in the
comparison graph between position of angle and time in each controlled system. These controlled
system are open loop control, feedback control and feedback with feed forward control.

As the required target point (-191, 162, 572), the inverse kinematics solution for
revolution in each joint are jointl at +90 degrees, joint2 at +45 degrees, joint3 at —45 degrees,

joint4 at —90 degrees, joint5 at —90 degrees and joint6 at +45 degrees.
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Figure 5.12 shows the joint response graph. This graph shows response in each joint
,which compares the response in each controlled system. Controlled system includes open loop
control, feedback control and feedback with feedforward controlled system. These graph is
operate under value of Kf (feedforward gain) equal to 10, while value of Kp (proportional gain)
equal to 5.

From testing, found that feedback with feedforward controlled system can control robot
to track nearly required angle. While alone open loop or feedback controlled system can not track
as required angle. The feedback with feedforward can control robot to the' target, but alone open
loop or feedback controlled system cannot control robot to the target. Error come from these
controlled system. Graphs show the error, which produce from open loop and feedback control
system. Error in open loop controlled system is higher than feedback controlled system. Error in

feedback with feedforward controlled system is smallest,



CHAPTER 6

CONCLUSIONS

6.1 Introduction

The previous chapters introduced literature review of robot, kinematics of robot, robot
control system, methodology, experimentation and testing. This chapter is the final unit, which
summarize the result of overall in this research. Furthermore the ways to improve in the future are

suggested in this chapter.

6.2 Conclusions

This thesis presents the principle of 6-axes robot designation and controlled system. The
6-axes robot is designed and built by lightweight material. Robot structure is combined from
parallel and serial links. Stepper motors are used as the power source in each joint. Worm gear set
is used for power transmission system in each joint of robot. Controlled program is objected to
develop for point-to-point motions (PTP). User can manually enter required end-effector position
values in XYZ coordinate system. Dialog box can control robot’s movement, graphic program
and keyboard, which based on the position control by the feeciback withr feed-forward control
system. Visual Basic program is used to be the source code controlled and user interfaced
programming. Encoders are selected to be the position feedback equipment for sending the
present status signal to the controlled system. Controller is built for support both point-to-point
control and path control. This controller includes data transmission circuit (I'C to parallel
transmission), analog to digital converter (ADC), digital to analog converter (DAC) and stepper
motor driving board.

In side of controlled system, Inertia is always changed as robot move. So it is difficult to
control with it. So in this thesis, inertia is not considered in controlled system because the motion
is slow movement. Feedforward control system is applied to solve this problem. Input dynamic
compensation is employed as the feedforward part of control system. It is used in conjunction

with an inner loop feedback compensator in order to improve the dynamical behavior of a system.
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From the testing, Error from alone open loop control system is more than feedback control
system. Increasing value of Kf (feedforward gain) and appropriated Kp (proportional gain) can
reduce error. But high values of Kp can make system unstable. In this thesis, appropriate value
for Kfis 10 and Kp is 5.

Some error came from the robot structure. Because of designation of robot structure is
parallel and serial links. Most error came from these parallel links. This error can be avoided by
design with serial links. High accuracy can be achieved using a heavy rigid structure, which is in
contradiction to light and flexible structure as designed.

The resolutions of feedback equipment are only 8 bites. Higher resolution should be
applied for increasing efficiency.

This thesis is completed with building of a 6-axes robot and controlled system. The robot
can be the laboratory demonstration manipulator or the works that accept its specification. In
additional, the objectives can be achieved as described. The success is the beginning point of
local-designation, which can reduce cost of expenditure in investment. And more, know-how can

be obtained from this research and it can be developed for the advance technology.
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Drawings of a 6-axes robot
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Programming flow chart



158

Programming flow chart

To describe the outline of robot controlled programming, controlled flow charts
are presented as figure B.1 ~B.5. And the displa)'/s of developed program are shown as in figure
B.6 and figure B.7.
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START
T Run to home

8

Taaua— (Home position) T ||||||

|
_ Reset l_l ="

Reset theta to home

]
|
[ mes=6 | L __ _| Theiao2) = Thetahome(2

Theta(0,1).= Theta_home(1)

_ Theta(0,3) » Theta_home(3)

B Theta(0,4) = Theta_home(4)

Theta(0,5) = Theta_home(5)

— Enmor =0 _ Theta(0,6) = Theta_home(6)
_ I=1 _ (Initial point)

o sy

A\l
i
_ m:o”uo 4

— Re®nter input data _

| oxi.oviozn |

T Inverse kinematics function

4

_ _=<.o_.mm kdnematics _.. ||||||

Theta(i,1) to Theta(i,Axes)

Inverse kinematics function

False Theta(i,Axes) are

]

_ Inform error J

i
_“ !
|
|

— Emor=1 _

in work range?

Figure B.1 Programming flow chat for 6-axes robot control (page 1)
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Compare with present angles

e sE w

SN

j=it |

-t

e e =

&
k%

Theta(i.j) >
Theta(l-1.) ?

Theta_move(ij} =
-(Theta(i.j)- Theta(-1,]))

Theta_move(,j) =

(Theta(i.j)- Theta(i-1,{))

False

Theta(i,j) =

Theta_move(i,})

j= Axes ?

True

AN

Figure B.2 Programming flow chat for 6-axes robot control (page 2)
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|

Motor_stop(1) = 1
Motor_stop(2) = 1
Motor_stop(3) = 1
Motor_stop(4) = 1
Motor_stop(5) = 1
Motor_stop(6) = 1
Motor_stop(7) = 1

!

Robol_slop = sum
of Motor_stop(all)

!

Tollerance = 0.1

|

,ﬁw

Steps = 1

AL

1

Robot_stop =0 ?

(initial motor)

True

Figure B.3 Programming flow chat for 6-axes robot contro! (page 3)
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C4

Present_degree(k)

_ Motor_s

Motor run (forward)

_’ Run _oq‘,im_d (k) _

| m

M

Robot_stop = sum Robot_stop = sum
of Motor_stop(all) of Motor_stop(all)

<>

& —orma s mmnearr s

= =

Figure B.4 Programming flow chat for 6-axes robot control (page 4)
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True

Interruption
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requested ?

True

¥ > Nny
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]
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!
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|
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m
m
i
i False
* !
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i
;

i = total_point

corma ex el

Figure B.5 Programming flow chat for 6-axes robot control (page 5)
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APPENDIX C

Experimental data



Graphs of payload capacity and accuracy testing

166

Payload capability and accuracy testing are experimented by change speeds and loads as

following.

1.
2.
3.

>

© X N W

10. Speed on level 3 ( 15 degree/sec.) with load 0.3 kg.
11. Speed on level 3 ( 15 degree/sec.) with load 0.4 kg.
12. Speed on level 3 (15 degree/sec.) with load 0.5 kg.

Speed on level 1 (5 degree/sec.) with load 0.2 kg.
Speed on level 1 ( 5 degree/sec.) with load 0.3 kg.
Speed on level 1 (5 degree/sec.) with load 0.4 kg.
Speed on level 1 (5 degree/sec.) with load 0.5 kg.

Speed on level 2 ( 10 degree/sec.) with load 0.2 kg.
Speed on level 2 ( 10 degree/sec.) with load 0.3 kg.
Speed on level 2 ( 10 degree/sec.) with load 0.4 kg.
Speed on level 2 ( 10 degree/sec.) with load 0.5 kg.
Speed on level 3 (15 degree/sec.) with load 0.2 kg.



Payload capacity and accuracy testing, speed level 1, 0.2 kg.
700 »
600 o
-~ 500 4
E
£ 4001
% 3004 " - *= = Required Y-value
> 2004 Ave. error (Y) = 2.7 Actual Y-values
100 o
o Tested-points
1 2 3 4 5 & 71 8 8 1
Payload capacity and accuracy testing, speed level 1, 0.2 kg.
700 =
600 o
B 5004
E o]
:;:’ 2004 © = *- - Required X-value
% 2004 Ave, error (X) = 3.4 Actual X-values
1001 Tested-points
v 2 3 4 85 8 71 8 85 1w
Payload capacity and accuracy testing, speed level 1, 0.2 kg.
600 m
500 o
400
o oo Ave. error (Z) = 2.8 ** ** - Required Z-value
~E— 2009 Actual Z-values
] 100 o
s 0 . - o - - - - - s Tested-points
N0l 2 4 5 6 7 ] 9 10
-200 o
=300 4
-400

Figure C.1 Payload capacity and accuracy testing, speed level 1, 0.2 kg.

167



168

Payload capacity and accuracy testing, speed level 1, 0.3 kg.
700 »
600 o
‘5009
\E 400 o
;f 3004 = * " Required X-value
-
% 2000 Ave. error (X) = 3.2 Actual X-values
100+
0 Tested-points
1 2 3 4 5 & 1 8 98 1
Payload capacity and accuracy testing, speed level 1, 0.3 kg.
700+
600
-~ 500 4
E
% 400«
E 200
E o286 - =+ = Required Y-value
200+ Ave. error (Y) = 2. Actual Y-values
1004
0 Tested-points
1 2 3 4 5 8 7 8 9 10
Payload capacity and accuracy testing, speed level 1, 0.3 kg.
600 »
500
4004 -
~ 3004 Ave. error (Z) = 2.7 = * *° - Required Z-value
E 2004 Actual Z-values
g 100+ .
-'.;, o - . . v . . . ’ . Tested-points
N 1004 2 4 5 6 ? 8 9 10
200 4
300 <
-400

Figure C.2 Payload capacity and accuracy testing, speed level 1, 0.3 kg.
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Payload capacity and accuracy testing, speed level 1, 0.4 kg.
700 =
600 o
T 5009
% 400 4
—§ 300+ = * - Required X-value
; 2004 Actual X-values
Ave, error (X) = 3.2
1004
0 v v r v v - v v +
1 2 3 4 5 6 7 8 [ 10 Tested-points
Payload capacity and accuracy testing, speed level 1, 0.4 kg.
700+
600 o
- 500 ¢
E 400 o
s "= *°° ' Required Y-value
§ 300
3 Actual Y-values
> 2004 Ave, error (Y)=2.9
1004
0 Tested-points
1 2 3 4 5 [] 7 8 9 10
Payload capacity and accuracy testing, speed level 1, 0.4 kg.
600 «
500 o
4004 Ave, error (Z) = 2.6
2z o - = #° - Required Z-value
£ 2004 Actual Z-values
g 1004
? ) v v - v . r . gy Tested-points
N ool 2 4 5 6 7 8 9 10
-200 »
<300 o
400

Figure C.3 Payload capacity and accuracy testing, speed level 1, 0.4 kg.



170

Payload capacity and accuracy testing, speed level 1, 0.5 kg.
700 -
600 o
e 5004
‘E’ 400
% 3004 - * *° - Required X-value
> . -
X 2004 Ave. error (X) = 34 Actual X-values
100 o
0 Tested-points
1 2 3 4 s & 1 8 8 1
Payload capacity and accuracy testing, speed level 1, 0.5 kg.
700«
600
- 500+
2 m
g 1 * = *-* Required Y-value
> 00 Ave. error (Y) =34 .
Actual Y-values
1004
0 Tested-points
1t 2 3 4 5 & 7 8 8 1w
Payload capacity and accuracy testing, speed level 1, 0.5 kg.
600 »
5004 //‘
400+ =
- 2004 Ave. error (Z) = 5.2 * - *° - Required Z-value
E 200 Actual Z-values
8 100 4 )
.§ 0 Tested-points
N o0 2 4 5 ] 7 ] 9 10
200 4
-300 o
-400

Figure C.4 Payload capacity and accuracy testing, speed level 1, 0.5 kg.



N 171

Payload capacity and accuracy testing, speed level 2, 0.2 kg.

700
600 o
500

400 4

200 - .
©* ** Required X-value

Ave. error (X) = 3.6 Actual X-values

X-values (mm.)

200

100 «

- . Tested-points
1 2 3 4 5 [} ? [} ° 10

Payload capacity and accuracy testing, speed level 2, 0.2 kg.

700 =
600
500 o

400 o

300 4

Y-values (mm.)

== - Required Y-value

200 4 Actual Yqvalues

Ave, arror (Y)= 2.7

100 4

0 v v y v - - v v v Tested-points
10

Payload capacity and accuracy testing, speed level 2, 0.2 kg.

600 «
500 «

400 4 Ave. error (Z) = 2.9
300 o

- = *= - Required Z-value
Actual Z-values

200
100 o

v * 1 Tested-points
10

Z-values (mm.)

-100 o
200 o
-300 o
-400

Figure C.5 Payload capacity and accuracy testing, speed level 2, 0.2 kg.



Payload capacity and accuracy testing, speed level 2, 0.3 kg.

700 =
—~ 600 4
g 500
£ 00
RS 400 4
g
=2 300 o
S ° = = *- - Required X-value
i 200
tad Ave. error (X) = 3.3 Actual X-values
100 +
0 v v . - v v - v J -poi
. : 3 : 4 . 7 o 5 10 Tested-points
Payload capacity and accuracy testing, speed level 2, 0.3 kg.
700 -
600
- 500 «
g
E 400
8
=)
K 300 4
> ] = = %= - Required Y-value
200 Ave. error (Y)=2.9 Actual Y-values
100 o
0 r v v r - v v - t Tested-points
1 2 3 4 5 [ 7 8 ° 10

Z-values (mm.)

-100 o
-200
-300 o
-400

Payload capacity and accuracy testing, speed level 2, 0.3 kg.

600 ~
500 Ave. error (Z) = 2.8

== * - Required Z-value

400 o Actual Z-values

300 +
200 4
100 o

L
©

p Tested-points

~ o
o d
o o
~
©

Figure C.6 Payload capacity and accuracy testing, speed level 2, 0.3 kg.
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Payload capacity and accuracy testing, speed level 2, 0.4 kg.

700 =
600 o
] 500 o
E 400
8 == % - Required X-
3 300 4
EYPN PPN
; 200 o Ave. error (X) = 3.3
100
0 v v - . - - - - « Tested-points
1 2 3 4 s 8 ? 8 9 10
Payload capacity and accuracy testing, speed level 2, 0.4 kg.
700 »
800 o
g 500 o
E 400 o
g
El 300 4
d © = - Required Y-
> 200 + Ave, error (Y)= 2.9 1
value
100
° . - v - - - . - . Tested-points
1 2 3 4 s [ 7 8 ° 10

Payload capacity and accuracy testing, speed level 2, 0.4 kg.

600 =
500 o

400
300 4 Ave. error (Z) = 2.7

= - ** Required Z-
200 4
100

value

* —— Tested-points
9 10

Z-values (mm.)

~ o
-

"°°+ 2 4 5 [
-200 o
-300 4
-400 4

Figure C.7 Payload capacity and accuracy testing, speed level 2, 0.4 kg.
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Payload capacity and accuracy testing, speed level 2, 0.5 kg.
700«
~ 600
g .
5 500
g 400 4
'?‘; 3009 = * - Required Y-value
S, 2004 Actual Y-values
1004 Ave, error (Y) =3.5
0 v — v v r r - . -poi
1 2 3 4 5 [} 7 8 9 10 TCSth pomts
Payload capacity and accuracy testing, speed level 2, 0.5 kg.
700
S 0
[
% 400
g 300 - = - =" Required X-value
™ Actual X-values
5 100 Ave, error (X) =3.5
o4 r v v v v r - - ] -poi
] 2 3 4 5 6 7 8 [} 10 TCSth pomts
Payload capacity and accuracy testing, speed level 2, 0.5 kg.
600
500
- 400
=] 200 Ave, error (Z) = 5.6
E - - *°* Required Z-value
§ Actual Z-values
—a T | 1 Ule'pUllllb
I> 9 10
N

Figure C.8 Payload capacity and accuracy testing, speed level 2, 0.5 kg.



Payload capacity and accuracy testing, speed level 3, 0.2 kg.
700 =
600
E 500 o
E
‘; 400 4
5
E 300 4 == * - Required X-value
> 200 4 Ave. error (X) = 3.8 Actual X-values
100 4
0 . -~ Tested-points
1 2 3 4 5 [] 7 8 9 10
Payload capacity and accuracy testing, speed level 3, 0.2 kg.
700 «
600 4
’E 500 =
é 400 «
8
=3
= 300 o
J <= *° - Required Y-value
> 200 4 Ave, error {Y) = 2.8
Actual Y-values
100 4
0 v v v . v v v v———ey Tested-points
1 2 3 4 5 8 7 8 9 10
Payload capacity and accuracy testing, speed level 3, 0.2 kg.
600 -
500 4
400 o Ave. error (Z) = 3.0
g 3004 - = +- - Required Z-value
E 200 4 Actual Z-values
3 100
g 0 v T g T v v v r % Tested-points
I{I 100 4 2 4 5 6 7 8 9 10
-200 4
=300 4
-400

Figure C.9 Payload capacity and accuracy testing, speed level 3, 0.2 kg.
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Payload capacity and accuracy testing, speed level 3, 0.3 kg.

700 =
600
500

400 +

300 o == * - Required Y-value

Actual Y-values

Y-values (mm.)

200 o Ave. error (Y) = 3.0

100

° v v v v v v v v +« Tested-points
1 2 3 4 s 8 7 8 [ 10

Payload capacity and accuracy testing, speed level 3, 0.3 kg.

700 =
600 +

500 <

400 4

= © *° - Required X-value

300 4 Actual X-values

X-values (mm.)

200 4 Ave. error (X) = 3.4

100 o

° ; Tested-points

Payload capacity and accuracy testing, speed leve! 3, 0.3 kg.

600 4
500 o

4004 Ave. error (2} = 2.9
300 o
= ** Required Z-value
Actual Z-values

200 =
100 4

1 Tested-points
8 9 10

Z-values (mm.,)

-100 o
-200 +
-300

]

Figure C.10 Payload capacity and accuracy testing, speed level 3, 0.3 kg.



Payload capacity and accuracy testing, speed level 3, 0.4 kg.

700
600

500 =

400 4

* = ®-- Required X-value

300 o Actual X-values

200 «
100 o Ave. error (X) = 3.5

X-values (mm.)

0 v v - v v v v v s Tested-points
1 2 3 4 5 [} 7 8 [} 10

v

Payload capacity and accuracy testing, speed level 3, 0.4 kg.

700 o
600

500

400 4

= * %+ Required Y-value

300 o Actual Y-values

Y-values (mm.)

200 + Ave. error(Y) = 3.1

100 «

- - - s Tested-points
1 2 3 4 5 6 7 ] ] 10

Payload capacity and accuracy testing, speed level 3, 0.4 kg.

600 =
500 o
400 <
300 4
200 ~
100 9

Ave. error (Z) = 2.8

== ** - Required Z-value
Actual Z-values

- y + Tested-points
8 9 10

Z-values (mm.)

-100 9
-200 o
-300 ~
-400

Figure C.11 Payload capacity and accuracy testing, speed level 3, 0.4 kg.
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Payload capacity and accuracy testing, spéed level 3, 0.5 kg.
700 =
— 6001
g -
T 4004 - = # - Required X-value
_g 3004 Actual X-values
; 2004 Ave. error (X) =3.7
100 o
Tested-points
0 v - - v v v v v ]
1 2 3 4 6 7 8 9 10
Payload capacity and accuracy testing, speed level 3, 0.5 kg.
700 «
600 o
E 500 o
E
] 4004
2 s - = ** * - Required Y-value
o
> _ Actual Y-values
g, 204 Ave. error (Y) = 3.6
100+
Tested-points
1 2 3 4 5 & 1 8 8 1
Payload capacity and accuracy testing, speed level 3, 0.5 kg.
600
500
~ %0
E 300 Ave, error (Z) = 5.8 -+ - - Required Z-value
E 2 .
§ 100 Actual Z-values
s 0 v - - v v v v v s Tested-points
:] 100 2 4 5 7 s 9 10
200
-300
-400

Figure C.12 Payload capacity and accuracy testing, speed level 3, 0.5 kg.
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Graphs of repeatability testing

1.
2.
3.
4.

Speed on level 1 ( 5 degree/sec.) without load, test 10 times on the same point.

Speed on level 2 ( 10 degree/sec.) wi.thout load, test 10 times on the same point.
Speed on level 3 ( 15 degree/sec.) without load, test 10 times on the same point.
Speed on level 1 ( 5 degree/sec.) with maximum load, test 10 times on the same
point.

Speed on level 2 ( 10 degree/sec.) with maximum load, test 10 times on the same
point.

Speed on level 3 ( 15 degree/sec.) with maximum load, test 10 times on the same

point.



Set point

(¢-values)

600

Average repeatability = 1.66

Repeatability testing, speed on level 1, wio load (X-axis)

- 150
—e— 200
—*—250
— 300
—®— 350
—— 400
—®— 450
— 500
— 550
—*— 600

Testing no.

Set point
(Y-vatues)

500 -

400

300

200 4

100
Average repeatabliity= 0,71

Repeatability testing, speed on leve! 1, w/o load (Y-axis)

—— 150
, 200
——250
—— 300
—e—350
—— 400
—e— 450
== 500
—=— 550
—+ 600

Testing no.

Set point
(Z-values)

- 888888

-100 1

<300 Avserage repealability = 0.43

-400 T T T T T T

Figure C.13 Repeatability testing, speed level 1, without load

Repeatability testing, speed on level 1, w/o load (Z-axis)

——,m
—e— 200
—O—.‘m
—0

~e— 100
-—— 200
~e— 300
—= 400
—=— 500
—— 550

Testing no.
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Repeatability testing, speed on level 2, wio load (X-axis)
Set point
(Xvalues)
600 { +— —a— —— — —— 150
—— 200
500 —— 250
- v . - - » . 200
400 —— 1350
» » » » - » . 400
300
—=— 450
200 ~=— 500
-~ 550
100 1 —+— 600
Aerage repeatability = 1.87
0 T T T T r T r Testing no.
1 2 3 4 5 6 7 8 e 10
Repeatability testing, speed on level 2, w/o load (Y-axis)
Set point
(Y+values)
600 - —— 150
—— m -
500 .——250
- —— Sm
400 —=— 350
» - - —— - —s 00
300
—=— 450
200 1 ~—= 500
—— 550
100 4 —+— 600
Average repeatability = 0.74
0 T T T T T T 2 T Testng no.
1 2 3 4 5 6 7 8 9 10
Repeatability testing, speed on level 2, w/o load (Z-axis)
Set point
(Z-vatues)
600
500 —— 350
400 —
300 - w » - » »- -100
—— o
J
200 —=— 100
100 -{ » - - - - —e— 200
0 —*= 300
100 —- 400
~=— 500
+200 —+— 550
-300 Average repeatability = 0.47
400 T T T r T T - v Tasting no.
1 2 3 4 5 [ 7 8 9 10

Figure C.14 Repeatability testing, speed level 2, without load
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Set point

(Y-wvalues)

600 -

500 4

Awarage repeatability = 0.76

Repeatability testing, speed on level 3, w/o load (Y-axis)

—— 150
—— 200
——250
—— 300
—®= 350
—%— 400
—=— 450
— 500
—— 550
— 600

Testing no.

Set point
{Z-vatues)

Asrags repeatability = 0.47

Repeatability testing, speed on level 3, w/o load (Z-axis)

—— 350
—— 200
——-100
-0

~—*= 100
—&— 200
= 300
—— 400
=== 500
—*= §50

Testing no.

Set point
(Xvalues)

Awrage repeatabilily = 1.93

Figure C.15 Repeatability testing, speed level 3, without load

Repeatability testing, speed on tevel 3, wio load (X-axis)

150
—— 200
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=500
—— §50
—*= 600

Testing no.
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Repeatability testing, speed on level 1, with max. load (X-axis)
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(X-values)
600 1 e———e— +- — —— 150
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Repeatability testing, speed on level 1, with max. load (Y-axis)
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Repeatability testing, speed on ievel 1, with max. load (Z-axis)
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Figure C.16 Repeatability testing, speed level 1 with maximum load
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Average repeatability= 2,03

Repeatability testing, speed on fevel 2 with max. load (X-axis)
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Repeatability testing, speed on level 2, with max. load (Y-axis)
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Repeatability testing, speed on level 2, with max. load (Z-axis)
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Figure C.17 Repeatability testing, speed leve2 with maximum load
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Repeatability testing, speed on level 3, with max. load (X-axis)
Set point
(Xvalues)
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Repealability lesing, speed on level 3, with max. load (Y-axis)
Setpoint
(Y~alues)
600 § *—— - — — 150
—=— 200
500 —— 250
- - - » - ] 200
400 —— 350
— - » - 100
300 —— 50
200 - — 500
=550
—— 600
100
Average repestabillly = 0.85
0 T T u T u T T T T Tesing no.
1 2 3 4 5 6 7 8 9 10
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Figure C.18 Repeatability testing, speed leve3 with maximum load
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Graphs of joint interaction testing

1.

A O

Move only joint 1, measure effected angle on other joints.
Move only joint 2, measure effected :;ngle on other joints.
Move only joint 3, measure effected angle on other joints.
Move only joint 4, measure effected angle on other joints.
Move only joint 5, measure effected angle on other joints.

Move only joint 6, measure effected angle on other joints.
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Figure C.19 Joint-interaction testing (move joint 1, others are in home position)
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Figure C.21 Joint-interaction testing (move joint 3, others are in home position)
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