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ABSTRACT

Development in manufacturing, automation, space and underwater exploration
has shown vast number of robots being used where most of the existing robots are of
coordinated control of a single arm only. Increasing demand for robots application,
especially in manufacturing has opened a new challenge; dual arm robot cooperation.
This challenge is to develop robots which can carry out greater task which could either
be heavy in load or complex in working. The main objectives for this project are to
study on the available techniques of cooperative control, to design a program based on
the chosen technique, to integrate the program in the system of two existing robot arms
handling one common load and to ensure precise tracking of a desired formation and
simplicity in its design. The methods being used in this project are performing literature
review, selection of cooperative control technique where three cooperative control
techniques namely Master/Slave control, Centralized and Decentralized control are
compared and implemented to the existing robots, as well as conducting experiment on
the real system. Results from the experiment are analyzed and improvised to prove that
cooperative control technique could be used for this study. Results from this study are
in form of programming of the control system, ladder diagram showing inputs and
outputs of the system utilized and calculation of error of relative coordinate of the two
robots after experiment execution. In conclusion, master/slave technique has been
selected to be most suitable for this study based on its accuracy and simplicity of its
design. The objectives for this project have been achieved where no error above 1mm
recorded which indicates accuracy and number of lines of programming are 21 lines for
Master and 16 lines for Slave robot thus, proving its simplicity. However, improvement
on the method used coul%d be further studied to minimize number of lines, using other

method or extension of this project where rotational motion could be studied.
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CHAPTER 1
INTRODUCTION

The purpose of this progress report is to explain in details on the research topic of
Cooperative Control of Dual Series Robots, to report on the progress and finding
completed and achieved as well as on the way forward of this research. Chapter 1 of

this report will cover the background of study, problem statement, objectives and scope

of study.
1.1 BACKGROUND OF STUDY

This project correlated with the study of various techniques in cooperative control
namely Master/Slave, Centralized and Decentralized where one of the techniques is
chosen and a controller (controlling device) is to be designed to ensure two (2)
autonomous robots can cooperatively working together in handling one common load

_using on}y one controller.

Robotic is not a single area of technology but encompasses such diverse areas of
technologies as mechanical, electrical and electronic systems I Most industrial robots
today are designed to replace human workers in unpleasant, hazardous or too precise
jobs. The robots designs used are often patterned after human functions. Analyzing how
humans use their arms, legs and other moving parts is helpful in developing moving
parts for robots while the study of human brains; how human remember and interpret

information helps in adapting artificial intelligence to be use in robots o



Various studies made on human challenges scientists and engineers. to keep improving
robots’ functions and communication as in this project, cooperative communication

between two robots are studied.
1.2 PROBLEM STATEMENT

Most of the existing robots applications in manufacturing are of coordinated control of a
single arm working on one specific task and are independent of each other 1 Even
research work in the past has concerned only the position control of éingle
manipulators. When we take a look at the actual human behavior of handling, we use
two hands efficiently and skillfully, and are producing not only the simple quantitative
effect that the use of two hands does twice of the work by one hand, but also the
qualitative effect that it makes possible tasks which are impossible to execute with one
hand?. Furthermore, these robots, although are efficiently working on their specifically
designed task, are very expensive and can usually only do one type of work with
limitation in load handling™!. |

For example, in manufacturing floor where unpleasant, hazardous or too precise job is
required, more robots are needed to perform the jobs where each robot; depending on
the types and tasks specified, could cost from $10,000 up to a million per robot and
could be more. Whenever the robot becomes malfunctioned, or failed to work, the cost
to-repair it, even the spare parts is very expensive. The robots may require specialized

skill to repair and maintain them.

When a new batch of products are being run, new processes are going to take over the
old procedures and thus, new robots have to be bought to replace the existing robots
which may not be suitable for the new tasks due to the specific task designed. The
specific designed task could be in terms of range of working rate, tools can be used with

the robot and limitation in movements or workspace the robot could reacht®.



In cases where the lead of production increases, the existing robot may encounter
difficulty in handling the new loads as each robot is designed to work with limited load
handling capabilitieslz]. This situation may lead to the possibility to have to buy a new

robot to handle the new loads.

Therefore, in order to reduce, if not solved the problems as stated above, an external
coniroller is to be designed which integrate the collaboration between two robot arms to
~ work cooperatively for applications beyond the capability of a single arm such as

manipulation of massive and bulky objects and handling flexible payloads®™!,

However, many technical issues have to be resolved before these systems can be fully
utilized in the areas such as assembly automation and flexible manufacturing. Amongst
the issues include the design of coordinated motion, stale and robust control,

algorithms, programming methodologies and fast collision avoidance schemes?!,

1.3 OBJECTIVES
The objectives of the project are:

» To design a program using the Cooperative Control method

» To integrate the program in the system of two existing robot arms towards
cooperatively working in handling one common load

»  To ensure precise tracking of a desired formation conﬁghration and simplicity

in the design

Three (3) Cooperative Control techniques are going to be evaluated and one will be
chosen to be applied in designing the controller which will give the optimum accuracy

in position tracking with simplicity in its controller design.



Precise tracking is indicated by accuracy of movement between the two robots and is
measured in terms of relative distance between the two end-effectors at the start of the

experiment and at the end.

Simplicity of the design will be determined by the number of lines of programming

work of the controller,
1.4 SCOPE OF STUDY

The project is basically involves study on cooperative control techniques and choose the
best technique suit the problem arises; which is to coordinate the arm control over a
common load. The chosen control technique will be modeled and implemented on the

serial robot system. Therefore, the scopes of study for the project are:

1} Conduet literature review on Cooperative Control techniques and programming
theory

2) Familiarization with serial robot system available in UTP

3) Implemerit the controller to the existing serial robots

3) Model and conduct experiment on the chosen Cooperative Control technique

5) Perform studies on results obtained from experiment conduct



CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1 COOPERATIVE CONTROL TECHNIQUES

Multiple robots grasping or handling a common object form a closed chain that is
extremely nonlinear and coupled™. The control will become complex, constraints is
" imposed and the number of actuators exceed the system mobility. _When dual or
multipte robot system does a common task such as assembling, it receives constraints
from the environment and, due to these constraints ability tb control the object motion

and constraint forces between environment and the object becomes vital. P!

The difference between cooperative system and non-cooperative system or autonomous

are as shown in Table 1;

Table 1 : Comparison between Cooperative and Autonomous System

Cooperative System _ Autonomous System
s Collection of dynamical object s A system which is having own
which communicate and cooperate controller and is programmed to
to achieve a common or shared achieve the objective
objectivel!! individually'!
o Achieved through communication ¢ Does not involve communication
between robots | between robots




In general, there are three techniques could be used in cooperative control which are :

2.1.1 Master/Slave Control

Master/Slave control method is a method where one or a group of robot arms
play the role of master, and the rest of the arms from the slave group are moving
in conjunction with the master™. The main strength of the Master/Slave scheme
is the simplicity of control of multi-robot system. The high-level controller

specified only the behavior of the master. Other robots just track the master'®],

Master/slave mechanisms are in general, cost-effective, accurate and can be
easily impleménted{g]. Hoﬁ?ever, when the master breaks down, the whole
formation fails. There is also no feedback formation which means, when there is
a lag of the slave behind the master by any reason such as perturbation in the

environment occurs, this event does not affect the motion of the mastert®,

Methods for controlling master/slave robots can be divided into two categories;
unilateral control system and bilateral control system!” where Table 2 describes

the differences and Figure 1 illustrated the systems.

Table 2: Difference between Unilateral and Bilateral Control System

Unilateral Control Bilateral Control

e No force-feedback available o There is a force-feedback signal
from the slave unit from the slave unit to the master

| control

¢ Simple controller and ¢ Controller and mechanism more
mechanism complex than unilateral control

¢ Difficult in dexterous ¢ Dexterous manipulation is
manipulation possible




Position

(@) Uniateral System

Posttion

‘ ’ " Force
i . Visual Fesdback

(b} Bllateral System

Figure 1 : Master/slave Control System

The serial communication is often done by interruption. The master unit
indicates when the movement should start, and it does this by interrupting the
slave operation so that it could be attended. The slaves do not make any kind of

decisions, they just execute the commands™®,

2.1.2 Centralized Control

In a system containing more than one robot, centralized control refers to
oversight of all the individual robots by a single controller"l. Communication
between the controller and the robots is usually done by wireless means such as
radio, or flexible wire, and fiber optic. In a centrally controlied robotic system,
the main computer plays the role of quasi-human operator. The individual units
are cojmpletely and continuously dependent on the central controller, and cannot
function if the communication link is severed™.

Centralized control can best be implemented when the constraints and
environments are known. This method also works well in settings where the task
of each robot is independent of each other. Unfortunately, centralized method
faced -difﬁcuhies in coordinated tasks; tasks that require tight, continuous and

coordination between the robot armst'!,



2.1.3 Decentralized Control

In decentralized control, each robot in the fleet is capable, to some extent, of
making its own decisions and operating without instructions from other robots

or from a central controller™.

In a robotic system that employs uniformly distributed control, there is no main
controller; each robot is fully autonomous, containing its own controller. Each
unit is equal to all the others in significance’™. In some systems, there is a main
controller that oversees some of the operations of each unit in the fleet. This is
known as partially distributed control. Another example of partially distributed
control is a system in which each robot receives a set of instructions from a
central controller, stores those instructions, and then carries them out

independently of the central controller!'?.

Robot autonomy might at first seems like a great assets; if a robot functions by
itself, then when other parts of the system fails, the robot will keep working.
However, in a system where many identical robots are used, autonomy is
inefficient. It is better from an economic standpoint to put programs in one

central computer that controls all the robots®!.



2.2 COMPARISON BETWEEN COOPERATIVE CONTROL TECHNIQUES

From the studies made above, in summary, the comparison of advantages and

disadvantages of the three (3) cooperative contro! techniques namely Master/Slave,

Centralized and Decentralized control are as stated in Table 3:

Table 3: Comparison between Cooperative Control Techniques

Master/Slave Control

Centralized Control

Decentralized Control

Advantages:

» Cost-effective

¢ Very accurate

» Controller design is
simple especially for
slave unit

¢ Easily implemented

» Only one main

~ controller need to be

designed
» Effective when
constraints in

environment is known

e Larger task domains could

be implemented

o Greater efficiency

s Greater fault-tolerance and
robustness

¢ Can operate even if
communication link is severed

» Each robot able to make own

Decisions

Disadvantages :

e Error in the master
could add in error of
operation when

operation perform

¢ Cannot operate if
communication link 1s
severed

® Robots are very
dependent of one

another

¢ Can be very costly to
implement
¢ Controller design is very

complicated




After comparing the advantages and disadvantages of each technique in the cooperative
control, it can be. seen that decentralized control method gives the best solution to
cooperative and coordinated tasks where each robot is having a controller of their own,
and therefore, be able to make decisions and can still perform the required tasks even
when the communication link between them are severed or interrupted. The field of
decentralized control is being widely studied and has wider range of tasks could be

implemented.

However, decentralized control is rather complicated and expensive for this study which
involves two-robot arms which are independent of each other and the constraints are
known. In other words, to ensure simplicityof the controller and cost-effective method
to be implemented for this study, yet provide accurate results as of the measurement of
relative position between the two robot arms manipulators, the Master/Slave control
method is preferable. This method can be improve further by studying the error exhibits
by both arms and take into account during the designing of the controller to ensure the

error does not effect the accuracy and efficiency of the task.

Table 4 : Lists of Early Works on Cooperative Control™”

Confrol Strategy Description
Leader-follower Translation of single object
Leader-follower Translation and rotation of single abject
Stiffness or Compliance Traitslation of single object
Stiffness or Compliance Translation and rotation of single object
| Impedance Translation and rotation of single obsect
Hybrid positton-force Translation of single object internal loading
Hybrid position-force | Translation and rotation of single object internal loadig
Hybrid twist-wrench Translation of single object wiernal loading
Hybrid twist-wrench Translation and rotation of single object mternal loading
Hybrid fwist-wrench Translation of two abjects mternal loading
Hybrid twist-wrench Translation and rotation of two objects internal loading

10



2.3 CONTROL OF FORMATION

Early work in dual-arm robot control features a master/slave architecture; whereby one
arm moves under kinematics position control while the other follows the first, usually
using force feedback and is therefore a special combination of position and force
control. Another name for this type of control is leader-follower'!. Generally, it is
desirable to exert some form of control over the object being manipulated and the

internal loading of object(s) being manipulated and thus share the task.
2.3.1 Position Control

In the control of master/slave formation, assumptions are made that each robot
has the ability to measure the relative position adjacent to the master. Once the
formation for the master is given, the slave motion is governed by local conirol
laws based on the relative dynamics and relative position of the robots in

formation®.

We can assume that two hands grasp the object firmly and that two hands and
the object are supposed to be one body, the position of a point on the object is
determined by three (3) degrees of freedom of the master arm, Therefore the
slave arm has to move completely following the motion of the object moved by

the master arm, and cannot have degrees of freedom to the object.

11



Figure 2: Notation for Formation Control

The scenario used in the feedback control of the formation is where the slave
follows the master by controlling the relative distance and orientation' between

the two are as illustrated in Figure 2. The relative dynamics equations used are

as follows:
o= Vet
¥ o= V@
miE = FT
g = o
Fo = T i=0,... st—1

3

where %i:wi (i = 1,2} are the linear and angular velocities at the centre of each

robot -7} are the mass and moment of inertia, and {(F'.T%} are the control

force and torque.
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We are interested in the relative motion between the master (robot 1) and the

slave (robot 2). Letting ph= V=24 07 =) ¢ = ¢ - 0% and denoting by

¥ is the angle between the directions of master velocity and the line segment,

?, the equation of relative dynamics becomes'®*!:

pro= vicos(y +9) - eos(y)

Yoo _lvr'sinwi_;.qﬁnmﬂ-;—};vﬂsinwf)
M p

my = F?

¥ = w-wd

Jef = T, i=l..n-1

‘Combining and utilizing all the equations above, the relative position between
the two robot arms with forces of action on a constraint object is known and
thus, can be controlled. The relative position between the two rlob.ots, P! is the
main parameter to be maintained to ensure no collision between the robots, as
well as to ensure the accuracy of the controller in maintaining specified relative

position throughout the task performed.

2.3.2 Force Control

While the bulk of earlier work was based on position representation, cooperation
of two manipulators requires interaction which is expressed in a force

representation.

External forces and the interactive force between two arms can be obtained by
the use of the wrist force sensor which is to be installed. Therefore, the control
of motor torque of each joint is adopted instead of joint position control. The
wrist force sensor is used in order to measure the interactive force between two

arims.

13



There -are two basic tasks could be performed using the force control of
formation involving cooperative robots; say handling a long bar which are

parallel transfer and rotational transfer tasks.

2.3.2.1 Parallel Transfer

Parallel transfer means that the object is transferred maintaining the
orientation of the two arms. Before considering parallel transfer tasks,
the interaction of two arms should be considered. These two arms are
supposed to work where one acts as a master arm and the other as a slave

arm. The slave arm must be moved in cooperation with the master arm.

The slave arm is entirely force servoed and is free to move where
necessary to follow the master arm. It applies forces to the object, if
necessary. It exerts torques to cancel the interactive force from the other

arm.

If the slave arm were only following forces resulting from motion of the
other arm, there would be a lag in  acceleration.
For high performance, a feedforward term is included where slave arm

knows what the master arm is doing.

2.3.2.2 Rotational Transfer

Rotational transfer means that two hands rotate the object around an
arbitrary axis. One example of this task is the rotation of a large box or a’
long bar. If position control is applied to execute this task, the motion
becomes awkward. But by using torque control for each joint to generate

a force barrier to the direction of the rotation in both hands, the motion

becomes very smooth.

14



2.4 KUKA ROBOT (KR 30-3)

Figure 4(a) Principal Components of the Figure 4(b) Rotational axes and

robot directions of rotation in motion of the robot

KUKA KR 30-3 is the model of the robots going to be used in this study which are
available in UTP. This robot, as shown in Figure 4(a) is a six (6) axis industrial robot

which consists of :

(1) Wrist

(2) Arm

{(3) Link Arm

(4) Rotating Column

(5) Base Frame

(6) End-Effector / Gripper

15



2.4.1 Manipulation and Control

In the analysis of spatial mechanism (manipulators), the location of links, joints
and end-effector in 3-D space is continuously required. To describe position and
orientation of a body in space, a frame is attached to the body. The position and
orientation of this frame with respect to some reference coordinate frame, called

base frame, mathematically describes the location of the body.

This coordinate reference as in Figure 5 will be used as the input to the master
robot for distance to move or the task specified while the distance moved by the
slave robot will act as the output which measures the accuracy of movement and
error (if any) of the formation. The distance moved by the slave will then be
converted into relative position between the two robots which is required to be

constant.

Figure 5: Coordinate of End-Effector in Reference to Base Frame

16



CHAPTER 3
METHODOLOGY / PROJECT WORK

The procedure for implementation of the project is illustrated in Figure 6 below where
the first semester of the project will cover until the control system modeling and design
while the second semester will cover the implementation of the controller to the actual

robots and analysis study of the results obtained from experiments.

Analyze and choose suitable technique for the project based on :
«  Accuracy of precision tracking
Design simplicity

!
Familiarization with serial robots in UTP 1

i

Build the control system and integrate it in robots’ controller

!

| Conduct experiment and test the system for resuits

T

Analyze results for improvement and future works

Figure 6 : Project Workflow Diagram

17



3.1 LITERATURE REVIEW AND RESEARCH -

Literature review and research are done in the beginning of the project where sources of
information are found using internet, journals, thesis and reference books on the related
topics. The data gathered from the literature review are used as the guide for the project
based on past works or related project done by experts and basic theory on the
controller, dynamics and kinematics motion and pdsitions needed to know to design the
controller. This method is basically to understand the objective of the project and

finding the need of this project.

3.2 STUDY AND ANALYZE OF COOPERATIVE CONTROL

The data gathered at the early stage of the project are now used as to study‘and analyze
of the cooperative control techniques. There are basically three (3) primary techniques
under cooperative control which are Master/Slave, Centralized and Decentralized
Control. Each of the technique is studied and comparatively analyze on the suitability to
be utilized in the project, the advantages and disadvantages of each control technique is

compared especially based on the :

1) Accuracy of the control where relative distance (in millimeter or
centimeter) of the two (2) arms robots are going to be measured before and
after the experiment to ensure the position tracking of the slave robot as well

as to determine the error produced from the design.

2) Simplicity of the controller design where number of lines of the
programming should not exceed 100 lines as compared to previous works

and research on the same topic.

18



The chosen technique, which is Master/Slave technique, is then being further studied on
the specification needed in the design and based on the objective of the project. This
method helps in detecting any constraints on the solution, criteria needed in the design,
functions required of the design and parameters of the output required. Later, the
mechanism and control formation may be determined which aids in modeling of

controller program.

3.3 BUILD CONTOL SYSTEM OF PROGRAMMING

From various studies performed earlier, the dynamic equations, basic theory of control
as well as the related research project information are customized and used to carefully
model the controller. Modeling of the controller needs to take into consideration the
integration between the controller designed with the existing robots’ controller, the error
may account during the task performance as well as the input and output required and

will gain throughout the experiment later.

Steps in modeling the program are :
1) Identify and determine the sequence of processes and tasks involved
2) Optimize processes / tasks where necessary
3) Run simulation

Inputs supplied and outputs gained throughout the operations are :

1) All arm actuators can be commanded in terms of position, velocity,

torque, and current.

2) End-effector loads are quantified by force/torque sensors mounted at the

wrist locations.

19



3) Serve-control loops are embedded in the robot controller. From this
control computer, the servo loop gains, control rates, control limitations

(joint and velocity limits) may be reconfigured during operation.

4) The robots’ controller is responsible in controlling the outer loops. Quter

loops include:

- determining appropriate end-effector motions
- collecting and processing of information from the force sensors and

manual controllers (operator input)

3.4 IMPLEMENT OF THE CONTROL SYSTEM TO SERIAL ROBOTS

This integration is an essential stage to ensure the input given by the controller designed
can be interpreted by the robots coniroller and thus, carrying out the task as specified
and also for the output from the robots controller to be translated back by the designed
controller to ensure the parameters; relative distance (mm and cm) and force (N) can be

measured to ensure the experiment successfulness,

3.5 ANALYSIS

Lastly, after the implementation and experiment has been performed, the results from
both the simulation and actual implemented controller experiment are compared. This
comparison is to analyze whethef the experiment resuit is the same as predicted by
simulation or varies by how mu@h error. The analysis will then be concluded on the
effectiveness and accuracy of thc:: technique chosen, the comparison of results from
simulation and experiment, error .;analysis and factors leading to errors if there are any
and finally the recommendation on further improvement could be done to the controller

specifically and also to this project.

20




3.6 GANNT CHART

The Gannt Chart for the first and second semester of the project is as included below as Figure 7 and Figure 8.

Task Name

| February | March
16 [ 113 | 1720 | 1127 | 2/3 | 2110 | 2117 | 224 | 32 | 38 |

] Setection of Project Topic

Identification of interested Topic
Confrmation of Selectsd Topic
Proposal Writing

=l Prefiminary Research Work
il Underm;ndhg of theﬁrbbiefn
Study on Cooperative Controi chhnquas
Familarizaton wih Kuka Robots
Submission of Pretiminary Report

| Bl Project Werk

Ssdection of Cooperative Control Technique
Famiiarization with Matiad / Ssmufink software
Mid Semester Break

Submiss_ic_m of Pl_'ogrell_ nepcm_

Seminar (Compulsory)

= Project Work Continues

Modeling of Cooperative Controlier
Iatiab / Simulink Simulation
improvement of Cooperative Controlier Mode!
Preparation for interim Repor! (Final Draft)
Submission of Interim Report

Oral Presentation

meLmniu‘;filw lma]mluz%'[’s

w
-
i ]
.
. .
i
B
3
| | G @
_
EEEE
! (2
*

L =
[Eumarss ies
‘ RS
(TS
&



October Movember
713 | 720 | 727 i &3 [ 810 [ BN7 [ 824 llum i EIAEIONEA jelmu | 1055 |1w12[1m9[1mé[ 12|18

2 |2 PROJECT WORK CONTINUES
3 Correction of FYP 1 report

T4 Improvement on Cooperaiive Controller Mods!
&) Run Simuiation )
8 Submission of Progress Report 1
T
8 |5 PROJECT WORK CONTIMUES
9 | Analyses of Simulation Resuts
10 | improvement an Cooperative Controlier Mode!
M | mplementation of Control System to Serial Robots
12 | Submission of Progress Report 2
E-3i
14 | semmaR
15
16 |5 PROJECT WORK CONTINUES
T' implamantation of Control E‘:ys:om to Serial Robots
_T, Conducting Experment for Resufts and Analyses
19 Poster Exhibition
20 | Prepgaraton for Disseriation Report
| .
22 | ORAL PRESENTATION

SUBMISSION OF PROJECT DISSERTATION

| shesssiiisasizessissacisss ]
*
!_
]
& 815
| jesranizaesisisiisiisiasaee ]
s
=
===
& V12
e
PunmTTm g
H
H

Figure 7 and 8 : Gantt Chart for 1% and 2™ Semester



CHAPTER 4
RESULT AND DISCUSSION

Figure 9 below is basic block diagram of the robot control system in which the
controller will be integrated with during the implementation stage. Considering the
robot control system, it can be seen that the robot act on the force sensor as the input
and the output will be the linear motor or linear distance where the slave robot will

received as input and followed the movement of the master.

-—La- Force Sensor e~

- ——

D/A & Driver Unit -9-1 Linear Motor pré=

Counler s

Figure 9: Block Diagram of the Robot Control System
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Figure 10 indicates the experimental model of the system implemented during
experiment. Basically there are four (4) external elements integrated together to assist in
achieving the cooperative control aimed which can be seen as in the figure. From the
figure, it is also can be seen that start and stop button, and proximity sensors are all
connected to Master robot only, while stop button and strain gauge are connected to

Slave robot.

Figure 10 : Experimental Model of Cooperative Control

Strain gauge in this configuration is used to assist in Slave robot to detect changes in
forces onto the load (bar) and move in feedback from this force changes, to achieve the

initial force set before the experiment started.



Tension causes
resistance increase Bonded Strain Gauge

Gauge insensitive = e Resistance measured
to lateral forces ." % |.— between two points

e

Compression causes
resitance increase

Figure 11: Mechanism on how strain gauge can be used to detect force differences

The key mechanism which works this control system is the integration of a strain gauge
onto the load and connected to the slave as an input. Figure 11 shows how strain gauge
works where it gives input to Slave robot whenever there is a change in forces which is
whenever the Master robot moves. Thus, Slave robot will move to ensure the force to be

back as in the initial and therefore, execute movement as the same distance as Master.
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The resulted programming for both Master and Slave robots are as shown by Figure 12

and Figure 13 below :

Master's Program :

INI

PTP HOME Vel 100% DEFAULT

PTP P1 Vel 100% BASE][0] /I Initial position//

WHILE $IN[5]==FALSE

Ninput 5 is a stop button to terminate the program//

WAIT FOR [(SIN[1]==TRUE) OR ($IN[2]==TRUE}]

Mnput 1 is a start button indicates command for robot movement to the right//
[linput 2 is a start button indicates command for robot movement to the left//

IF $IN[1]==TRUE THEN

WHILE $IN[3]==FALSE

lIProximity sensor placed to stop motion when truel/
PTP P2 Vel 100% BASE[0] //Robot moves to the right//
END WHILE

WAIT 3 SEC IWaiting for Slave to copy movement//
PTP P3 Vel 100% BASE[0] //Back to initial position P1//
END IF

IF $IN[2]==TRUE THEN

WHILE $IN[4]==FALSE

PTP P4 Vel 100% BASE[0] //Robot moves to the left//
END WHILE

WAIT 3 SEC

PTP P5 Vel 100% BASE[0] //Back to initial position P1//
END IF

END WHILE
PTP HOME Vel 100% DEFAULT

Figure 12 : Master’s Program



Slave's Program :

INI

PTP HOME Vel 100% DEFAULT

PTP P1 Vel 100% BASE][0] IMinitial position//
WHILE $IN[5]==FALSE

linput 5 is a stop button to terminate the program//

IF SIN[1]==FALSE THEN
Hinput 1 false indicates changes in stress on strain gauge//
//Strain gauge is in compression//

REPEAT

PTP P2 Vel 100% BASE[0]//Robot moves to the right//
UNTIL $IN[1]==TRUE

END IF

IF $IN[2]==FALSE THEN
Mnput 2 false indicates changes in stress on strain gauge//
/IStrain gauge is in tension//

REPEAT

PTP P3 Vel 100% BASE[0]//Robot moves to the right//
UNTIL $IN[2]==TRUE

END IF

END WHILE
PTP HOME Vel 100% DEFAULT

Figure 13 : Slave’s Program

The first simulation is of translation movement for the Master/Slave control strategy
and was performed first in two axis (parallel transfer). The goal is to maintain constant
forces on the held object. The slave moves toward the master if the force is above a
specified threshold and away if below a specified threshold. The thresholds are

specified for each axis.

For the experiment purposes, a translational bar / string is going to be connected
between the end-effectors of the two manipulators and the experiment consists of

maintaining a constant force along a single axis (as specified by the force thresholds).



Master’s Ladder Diagram
Power input Devices connect to
connect to devices Master's input :
. Input 1
Input 2 Slave’s Ladder Diagram
Power input Devices connect
Input 3 connect to devices Slave’s input : 9
. Input 1
Input 4
Input 2
Input 5
Input 5
Figure 5

Figure 14 : Ladder Diagram indicates Inputs and Outputs of Robots

Figure 14 shows the ladder diagram for both Master and Slave robots. These ladder
diagrams indicate the input and output for both of the robots which ensure the

experiment utilization.
There are a total of five (5) inputs connected to Master’s robot which are start and stop

buttons as well as proximity sensors. Inputs connected to Slave robot are stop button

and inputs from strain gauge.
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Calculations :

Movement (mm) = End position — Initial position

( taken from robot s internal measuring tool indicating position of end-effector from
robot’s base )

Error (mm) = Master movement — Slave movement

From the experiment conducted, the above calculations are conducted to evaluate the
precision tracking of the slave robot together with the error contains from the
experiment. Five (5) runs of experiment have been conducted and the resulting

movement and error are as shown below :

Table 5 : Experiment Results
Master [Slave

xpMovementMovementfError

0.| (mm) J(mm) mm){
1 PB3245 PB3231 [0.14
31423 P15.03 |08
089.86 [289.12 [0.74
320.39 [320.28 |0.11
303.24 [302.76 |0.48

nl &) Wl

29



CHAPTER 5
CONCLUSION

As a conclusion, although constructing the control program for Cooperative Control of
- Dual Series Robots is said to be complex with the dynamic parameters of the object
often vary, many research has proven that it is possible to accomplish it using the three
strategies of cooperative control namely master/slave control, centralized control and

decentralized control.

Comparison between the three strategies has been made and focuses on their accuracy

and simplicity method in which Master/Slave method is chosen.

Based from the theory and literature review studied, a model of two-dimensional (2-D)

control for the series robots or translational transfer has been modeled and programmed.

The objectives for this project have been achieved where a program utilizing Master /

Slave control method has been done and integrated in the system of two series robots.

Experiment has been conducted on translational motion of the robot and results shown

that :
e High accuracy as no error above 1mm recorded

o Simplicity of design as the number of line of program are 21 for Master and only

16 for Slave program; which does not exceed 100 lines
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CHAPTER 6
RECOMMENDATION

From the resuits shown, although the objectives of this project has been achieved,

further improvement could be done where :

e Number of lines of the program could be reduced further by using other
method of control or by using another sensor or approach towards
conducting the experiment

o The experiment could be further conducted vsing rotational motion of
robots

¢ Another technique of formation motion, Position Control could be

implemented and tested for comparison
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