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The main goal of this paper was to connect two controllers of the older
generation into one robotic cell, then software implements their synchronized
work on servicing and welding certain objects. Two controllers manufactured
by Yaskawa Motoman were used with the associated manipulators. The
hardware solution involved connecting the controllers via General 1/O circuit
board. The software solution involved parallel programming of two robots for
synchronized operation on a common task. During programming, it was
necessary to create macro jobs that implemented repetitive actions, such as
calling and waiting for robots, grabbing and releasing objects, as well as the
actions of starting and stopping the program. The conclusion of presented
research is that the robotic cell, formed by two robots that are not intended
for synchronization, meets the requirements that until now could only be
solved with robots of the newer generation. Proposed solution was confirmed
by experimental verification.

© 2024 Published by Faculty of Engineering

1. INTRODUCTION environment” (1SO 8373:2021). Such robots have

brought many advantages in production processes, some
of them are better precision and repeatability, work in
dangerous conditions, higher speed, efficiency, etc. (Al
Mamun & Buics, 2022; Tan et al., 2023).

The rapid development of the industry and the
distinguished demands of customers have led to working
conditions in which man cannot meet the required
precision and speed. Consequently, there was a need to
introduce robots into all branches of industry. According
to the 1SO 8373:2021 standard, “an industrial robot is an

Depending on their function and purpose, industrial
robots are divided into several groups. Two important

automatically controlled, reprogrammable, multipurpose
manipulator, programmable in three or more axes, which
can be either fixed in place or fixed to a mobile platform
for use in automation applications in an industrial

! Corresponding author: Bojan Knezevic
Email: bojan.knezevic@mf.unibl.org

groups are robots for performing processes such as
welding, painting, cutting, and a group of manipulation
robots, i.e. robots for serving, packing and sorting (Grau
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et al., 2017). In this research focus is on robots from both
groups, robots for welding and robots for handling.

There are many robot manufacturers, and among the
most prominent are Japan's Yaskawa and Fanuc, and
Germany's Kuka. Together they make up between 60%
and 80% of the total production in the world (Zhang &
Zeng, 2022; Nebot, 2018).

Considering that industrial robots are intended for very
long-term operation companies still have a large number
of robots of the older generation whose age reaches over
15 wyears. Such robots have significantly modest
characteristics compared to robots of newer generations.
In order to use older generation robots in the automation
of modern production processes or modern but cheaper
robots, it is necessary that they work in synchronisation
with other parts of the production system. Exactly one
such synchronization was performed in this research
between two robots from the Yaskawa company. On
one side is a welding robot consisting of a Motoman
NX100 controller with a Motoman HP6 manipulator,
while on the other side is a service robot consisting of a
Motoman XRC controller with a Motoman UP6
manipulator.

2. EXPERIMENTAL SETUP

As already mentioned, the aim of research is to
synchronize the work of two robots of an older
generation and thus form a robotic cell in which one
robot serves another for welding certain parts. It is a
combination of two controllers with manipulators. A
Motoman NX100 controller with a Motoman HP 6
manipulator was used as a welding robot, while a
Motoman XRC controller with a Motoman UP 6
manipulator was used as a service robot. The robot cell
experimental setup is shown in Figure 1.

Figure 1. The robot cell experimental setup
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In order to be able to fully understand the aim and results
of the presented research, the mentioned robotic cells are
described below and their basic specifications are given.

2.1 Handling robot

The service robot consists of a controller, manipulator,
the teaching pendant and an external control.

The Motoman XRC controller used a RISC (Reduced
Instruction Set Computer) processor, which provided it
with much better performance compared to its Pentium-
based predecessors. This controller, as well as the
NX100, has the ability to control up to 4 robots.

Teaching Pendant with 5.7-inch display is used for
programming. Connection is possible via the RS 232
protocol as well as via digital inputs and outputs. The
programming language used for programming is Inform
Il (Zhan & Han, 2022; Chung et al., 2008; Zhang et al.,
2023).

The characteristics of the Motoman UP6 manipulator are
shown in Table 1. The manipulator has 6 degrees of
freedom and a maximum load of 6 kg. In Table 1. the
maximum speeds for each of the axes are also shown.
(UP6 Manipulator Manual, 2001).

More about external control and the safety light curtain
will be discussed in the section that describes security.

Table 1. Basic characteristics of the Motoman UP6
manipulator (Zhang & Jia, 2009)

Operation Mode Vertically Articulated
Degree of Freedom 6
Payload 6 kg
Repetitive Positioning Accuracy +0.08 mm
Mass 130 kg
Power Capacity 1.5 kVA
Motion Range
S-Axis (turning) +170°
L-Axis (lower arm) +155°, -90°
U-Axis (upper arm) +190°, -170°
R-Axis (wrist roll) +180°
B-Axis (wrist pitch/yaw) +225°, -45°
T-Axis (wrist twist) +360°
Maximum Speed
S-Axis 2.44 rad/s, 140°/s
L-Axis 2.79 rad/s, 160°/s
U-Axis 2.97 rad/s, 170°/s
R-Axis 5.85 rad/s, 335°/s
B-AXxis 5.85 rad/s, 335°/s
T-Axis 8.73 rad/s, 500°/s
Allowable Moment
R-Axis 11.8 N*m
B-Axis 9.8 N*m
T-Axis 5.9 N*m
Allowable Inertia
R-Axis 0.24 kg*m2
B-Axis 0.17 kg*m?
T-AXis 0.06 kg*m2
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2.2 Welding robot

The robotic welding cell consists of a controller NX100,
a Motoman HP6 manipulator and a teaching pendant. In
addition, complete welding equipment is necessary, but
since it is not the subject of presented research, it will
not be discussed further.

The NX100 controller with the associated touch-
sensitive teaching pendant represented a real revolution
at the time when its production began. The programming
language Inform 11l is used for programming. Fast data
processing, a large memory that supports up to 60,000
steps, the ability to control multiple robots (maximum of
4 robots and 36 axes, including robotic and external
axes), and high path precision are some of the
advantages of this controller. What particularly
characterizes this controller is its ability to connect via
Ethernet and RS 232 protocol, as well as a large number
of digital inputs and outputs (Abhishek et al., 2022;
Thamilarasi et al., 2010).

The characteristics of the Motoman HP 6 manipulator
are given in Table 2. where you can see that it has 6
degrees of freedom of movement, and you can see the
maximum range and speed in all 6 axes and other
important characteristics. The maximum load that the
manipulator can carry is 6kg (Motoman HP6
Instructions 2007).

Table 2. Basic characteristics of the Motoman HP 6
manipulator (Motoman HP6 Instructions, 2007)

Operation Mode Vertically Articulated
Degree of Freedom 6
Payload 6 kg
Repetitive Positioning Accuracy +0.08 mm
Mass 130 kg
Power Capacity 1.5kVA
Motion Range
S-AXis (turning) +170°
L-Axis (lower arm) +155°, -90°
U-AXxis (upper arm) +250°, -175°
R-Axis (wrist roll) +180°
B-Axis (wrist pitch/yaw) +225°, -45°
T-AXis (wrist twist) +360°
Maximum Speed
S-AXxis 2.62 rad/s, 150°/s
L-Axis 2.79 rad/s, 160°/s
U-Axis 2.97 radls, 170°/s
R-AXis 5.93 rad/s, 340°/s
B-AXxis 5.93 rad/s, 340°/s
T-Axis 9.08 rad/s, 520°/s
Allowable Moment
R-Axis 11.8 N*m
B-Axis 9.8 N*m
T-Axis 5.9 N*m
Allowable Inertia
R-Axis 0.24 kg*m?
B-Axis 0.17 kg*m?
T-Axis 0.06 kg*m2

3. HARDWARE CONFIGURATION FOR
PROPOSED SYNCHRONIZATION

The previously described robots need to be connected so
that the functions of object manipulation and welding in
synchronization. It is stated that both the XRC controller
and the NX100 controller have the ability to control
multiple manipulators (maximum 4). At first, this
problem seems easily solvable, but the problem is
actually much more difficult.

The fact is that many companies in countries in transition
have started with partial automation of production
facilities in accordance with their possibilities. The
consequence of the above is that no consideration was
given to the later connection of individual parts of the
production plant, and robots were purchased according
to the current needs and possibilities. This has led to the
situation that companies have several robots that are of
different generations and different manufacturers and
that are not compatible for connecting to one common
controller (Ferreira et al., 2022).

Now that companies want to raise the level of
automation, it is necessary to overcome the problem of
incompatibility. In order to solve the problem, it is
necessary to design a universal way of communication
between the controllers.

An attempt was made to overcome the problem using
offline programming, but since the XRC as well as
newer NX100 controller does not supports this type of
programming, as well as lot another type of robots at the
market, it was necessary to find a more universal
solution.

Starting from the assumption that robots should
communicate like humans, the solution to the problem
presented in this paper is that controllers can
communicate via digital inputs and outputs according to
the Master-slave principle, where one controller will be
the master and the other is subordinate to it (slave) - who
will execute the received commands (Chen et al., 2022).

Considering that the handling robot is the one intended
for automation in the company, it was chosen as the
Master controller. For communication with the Slave
robot (the welding robot), digital inputs and outputs are
used. Another type of communication and connection is
not possible, for example via communication interfaces,
because they are also incompatible.

The XRC and NX100 controllers have many digital
inputs and outputs. For this communication, on the XRC
controller, the General I/O circuit board - connector
CN10 was used (Figure 2.). A bus is derived from this
connector and components that communicate through
digital signals are connected to it.Some of these inputs
and outputs have already been used for various functions
such as start, stop and light sensor curtain buttons, for
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communication with the gripper and safety elements, etc.
For communication with the NX100 controller, output
Al4 (#OT7 in the program) and input A2 (#IN4) were
used. Also, in order for the system to function, it is
necessary to equalize the reference potentials, and for

Now the two controllers are connected so that the signal
from the digital output of the A14 Master controller is
sent to the digital input of the A4 Slave controller, and
the signal from the digital output of the A9 Slave
controller is sent to the digital input of the A2 Master

this purpose connector B7 was used.
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Figure 2. General 1/O circuit board, connector CN10
(XRC Instruction Manual, 2001)

The same was done on the NX100 controller. It also uses
the General 1/O circuit board for communication, but this
time the CNO7 connector (Figure 3.). On the derived bus,
it can be clearly seen that output A9 (#OT 4) and input
A4 (#IN8) were used for communication with the XRC
controller. Connector B7 was used for common
grounding.

Manipulator UP6

Figure 3. General /O circuit board, connector CNO7
(NX100 Controller Manual, 2004)

In Figure 4. the communication method is illustrated
where the controllers of two robots communicate with
each other through low-voltage signals, and each of
these controllers further sends the information to its
manipulator.

With this, the hardware part of the problem has been
solved and we are going to the software realization of the
synchronization.

Manipulator HP6

Figure 4. Controllers and manipulators connection scheme
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4. SOFTWARE IMPLEMENTATION FOR
PROPOSED SYNCHRONIZATION

After the hardware connection, it is necessary to program
the robots to work on a common task. The Master robot
takes the lead and at some moments he calls the Slave
robot and instructs him to perform his part of the task.
After completing that task, it returns information to the
Master robot, which calls it again when necessary. This
kind of programming would lead to very complicated
programs because, depending on the complexity of the
task, these programs would be long, with a large number
of repeated instructions.

In addition, there are also difficulties such as the
increased possibility of errors, difficulties when
eliminating them, and more difficult creation and
understanding of programs by the operator (Bouteraa &
Ghommam, 2009; Sato et al., 2007).

In order to avoid all the listed problems during
programming, Macro jobs were created. To begin with,
it is crucial to familiarize oneself with macro
programming.

In robot programming, routinely performed tasks such as
welding inside and outside corners, initiating programs
where specific conditions must be met, and control
peripheral devices are commonplace. Storing these
actions as macros enables their reuse in various
programming tasks. The use of a well-organized macro
library, sorted by tasks, results in reduced programming
time, improved programming efficiency, and enhanced
program structure (Twarog & Zeslawska, 2018).

Macros in robot programming refer to customized
sequences of instructions created by users. These
sequences encompass path data, technology information,
welding parameters, and logical instructions. Figure 5.
illustrates common types of macros utilized in robot
programming.

The structure of the macro module, depicting how
macros are created, deleted, and called in the program, is
illustrated in Figure 6.

From illustration on Figure 6, it can be observed that it is
possible to create a library of macro tasks and easily
invoke them during programming.

The main purpose of macro tasks in programming robots
for welding is to simplify the creation of welding
programs that involve frequently repeated paths. One of
the fundamental challenges of macro programming is
that geometric measurements and tool orientations stored
in macro paths can differ from those needed for other
workpieces. Therefore, geometric operations are
necessary to adjust macro data. Possible geometric
operations include: Move, Rotate, Mirror, Scaling,
Inversion, and Adaptation0 (Figure 7.).

Moveing segments
® Corner inside foutside,
e Half-circle outside,

eHalf-circle inside,
# Straight-arc,
sU-profile, etc

I

Robot program
code

Figure 5. Types of macros utilized in robot
programming

Macro file

+Path data
@ «Instruction data
«Welding param.
: % +Instruction list

Define macros

Load macros

4 T

Data structure

[ s ) e ) B/
T s 2 1

Undefine <: |:> Delete
macros macros

Macro editor

1

Robot program
code

Figure 6. Structure of the macro module

In proposed solution, given the challenge of achieving
synchronized operation of robots not designed for such
collaboration, and considering the communication
method via digital inputs and outputs, macro tasks were
employed. These tasks were wused for robot
communication, gripper operation, as well as checking
the fulfilment of conditions for starting and stopping.

They bring simplicity of programming, transparency of
the program and easier debugging (Tan et al., 2023).
Programming and editing of Macro jobs is possible only
when the controller is in Management mode. The name
of the Macro program can be entered among the
instructions in the Inform list, and this is also done in
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Management mode. This solves the availability of Macro
jobs during programming.

Setting up

motion macros

Figure 7. Geometrical operations

The proposed solution implies the creation of 6 new
original Macro jobs were created on the Master robot:
CALL_R2, WAIT_R2, CATCH, RELEASE, START,
STOP (Figure 8).

For easier programming and marking, in the following
text, the Master robot will be marked with R1, while the
Slave robot will be marked with R2.

The first Macro job, CALL_R2, (Figure 8 a), represents
the initial part of the protocol between robots, where the
Master robot calls the Slave robot to perform its part of
the task. The proposed initial part of the protocol is
defined as a pulse signal with an amplitude of 24 VDC
and a duration of 0.1 seconds.

In Figure 8 b the Macro job named WAIT_R2 is shown,
which realizes the function of waiting for a signal from
the Slave robot. Program execution does not continue
until the Slave robot sends a signal to the Master.

JOB | EDIT | DISPLAY | UTILITY JOB | EDIT | DISPLAY | UTILITY JOB | EDIT | DISPLAY | UTILITY
JOBCONTENT:MASTER |R1R uad 013§: | JOBCONTENT:MASTER |R1 R 4 f013%¢ | JOBCONTENT:MASTER |R1R wd to):§: |
J: CALLR2  S:000R1 TOOL: * J: WAITR2  S:000R1 TOOL: * J: CATCH S:000R1 TOOL : *

0000 NOP 0000 NOP 0000 NOP
0001 PULSE OT#(7) T=0.10 0001 WAIT IN#(4)=ON 0001 PULSE OT#(5) T=1.61
0002 END 0002 END 0002 TIMERT=1.65
0003 END
a) b) )

JOB | EDIT | DISPLAY | UTILITY JOB | EDIT | DISPLAY | UTILITY JOB | EDIT | DISPLAY | UTILITY
JOBCONTENT:MASTER |R1R sig f0138: | | JOBCONTENT:MASTER |R1R mg f€13§7 | JOBCONTENT:MASTER |R1 R ud fo] ¢ |
J: RELEASE S:000R1 TOOL: * J: START S:000R1 TOOL: * ]: sToP S:000R1 TOOL: *

0000 NOP 0000 NOP 0000 NOP
0001 PULSE OT#(6) T=1.56 0001 WAIT IN#(1)=ON 0001 WAIT IN#(5)=0N
0002 TIMERT=1.65 0002 END 0002 END
0003 END
d) e) f)

Figure 8. Macro jobs that were created originally for the proposed solution

These two Macro jobs were also created on the Slave
robot, only their names are CALL_R1 and WAIT_R1.
Depending on the requirements, the program developer
can implement three modes of operation:

» The master robot executes part of the program
while Macro job WAIT_R1 is activated on the
slave robot.

e The slave robot executes part of the program
while Macro job WAIT_R2 is activated on the
Master robot.

»  Both robots execute parts of the program, with
the robot that finishes its task first, activates
Macro job WAIT.

880

Macro jobs CATCH and RELEASE shown in Figures
8 c and 8 d refer to the operation of the gripper. CATCH
Macro job realizes the function of catching an object by
sending an impulse signal to the gripper motor. If it is
necessary to define the gripping time for the operation of
the gripper, it is possible to introduce a timer in the
instruction that will ensure that the duration of the signal
is within a certain time interval. Also, in this case, it is
necessary to introduce an additional timer, which will
prevent further execution of the program and thus ensure
a safe grip.
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Macro job RELEASE accomplish the function of
releasing objects, by sending a reverse polarity signal to
the gripper motor, which is realized using a built-in
relay.

Macro jobs START and STOP (Figures 8 e and 8 f) are
used when starting and stopping the program, and are
implemented using the wait function. Since the buttons
are placed on the external control, at the beginning of
each program it is necessary to use START to start the
program execution. When the start button is pressed, the
controller receives a signal at input Al, and thus the
Macro job START is executed.

An example of calling Macro jobs is shown in Figure 9
where the initial part of the program, which realizes the
function of bringing and welding items, is separated.
Calling Macro jobs is very simple, because they can be
added among the standard instructions in the Inform
List.

JOB | EDIT | DISPLAY | UTILITY
JOBCONTENT:MASTER |R1R & 0 3§: |
J: PROGRAM S5:000R1 TOOL : *

0000 NOP

0001 SET B000 O
0002 #AGAIN

0003 START

0004 MOV] V]=50.00
0005 CALLR2
0006 WAIT R2

Figure 9. An example of calling a Macro job in a
program

5. EXPERIMENT AND RESULTS

To verify the proposed solutions, a program was created
by which the Handling robot places the parts on the work
table, and the Welding robot welds them. For these
needs, the parts that the robots manipulate were
modelled and manufactured (Figure 10.).

Figure 10. Models created to validate proposed
solutions

During programming, a parallel approach was used
where both robots were programmed at the same time. In
Figure 11. a diagram of the operation of the robot is
shown, and based on this diagram, the mode of operation
was created and will be explained here. Points marked
with numbers 1 to 11 represent places where robots
communicate with each other.

2 4 5 T 9 gt
R1[] ]
1 3 6 8 0
3 5 6 10
R2 [] L
1 2 4 7 9 11

Figure 11. Comparative diagram of two robots working
in synchronization

In point 1, the program starts by pressing the Start button
located on the external control calling the Macro job
START.

Then R1 goes to the parking position and after that,
calling the Macro job CALL_R2 (point 2), it sends a
signal to another robot that should also position itself in
the parking place. While R1 is being positioned, macro
job WAIT_R1 is active on R2 and vice versa.

At point 3, R2 sends a signal to robot R1 that it is ready
and then R1 starts working. First, he brings the base item
and places it in position on the workstation, and then
brings an additional part that is welded to the base part.
At point 4, R1 signals that R2 can start welding by
calling the Macro job CALL_R2.

During this time, R1 goes to get the second part and
since this operation is shorter than the welding operation,
he calls the Macro job WAIT_R2 in a safe position, so
that the two manipulators do not collide (point 5).

Point 6 marks the moment when robot R2 finishes
welding, and from a safe point sends a signal to robot R1
that it can place the second part as well.

After placing the second part, R1 sends a signal to the
robot R2 that it can start welding (Point 7).

When he finishes welding the closer sides (point 8),
robot R1 rotates the assembly by 180° around the Z-axis,
so that R2 can proceed to welding the remaining sides of
the objects that were previously inaccessible (point 9).
At point 10, robot R2 has finished welding and sends a
signal to robot R1. Then he goes to the parking position,
while robot R1 takes the welded assembly from the
workstation.

In point 11, the JUMP function is used, which returns the
program to the beginning. The idea is to bring the objects
into the grasping position using batch loading so that the
Handling robot always picks up one type of object from
the same position.
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When welding the created assembly, considering that it
is a quadrangular model, three sides were welded on
each of them, in accordance with the defined welding
technology (Figure 12.).

In the first position, the sides marked in red are welded
in numbered order. Sides 1 and 2 are welded in part 4-6
of the diagram in Figure 11., while side 3 is welded in
part of diagram 7-8. After rotating the assembly along
the z-axis, sides 4, 5 and 6 are welded, which is the
period between points 9 and 10 on the diagram.

Figure 12. Welding sequence

After demonstrating the working principle on a simple
example of welding basic models, it is necessary to show
that the proposed solution also meets more challenging
requirements typically encountered in the industry. To
prove this, a simulation of welding a more complex
model, representing a support structure for a device
produced by a local company, was performed. Due to the
significant heat released during the welding process, it is
essential to securely clamp the object being welded to
prevent shifting and bending of assembled parts. To
ensure all of the above, a construction with screws
holding all parts of the welding subject is necessary.

In Figure 13, the support being welded and the
mentioned clamp (a structure for holding all parts of the
model) mounted on the manipulator of R1 robot are
shown.

To fully weld this complex model, it is necessary to weld
22 edges. Since it is difficult to determine what the
bracket actually consists of from the previous edge, the
mentioned object is modelled in the 3D modelling
software package, SolidWorks. In Figure 14, the
modelled object is shown from two angles with marked
edges to be welded (green lines).
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—~ “ - . ¢
Figure 13. The welding item mounted on the
manipulator

Figure 14. Model with highlighted welding edges

To weld all the mentioned edges, considering that the
construction ensuring the stability of the model during
welding hinders the access of the welding robot, it is
necessary for the servicing robot to take 8 suitable
positions during the welding process, enabling access to
individual edges. This is evident from the diagram

shown in Figure 15.
RL[LILLIL L LI
[0 L

R2 [ [ 1

Figure 15. Comparative diagram during the welding
process of a complex model

The upper positions on the diagram represent the robot's
active states, while the lower ones indicate its idle states,
as was the case in the previous example. Each change
involves calling a macro for communication
(CALL_R2), followed by waiting for a return signal
while invoking the WAIT_R2 macro.

The first activation of robot R1 signifies moving to the
first position from the parking position. The next 7
activations achieve positioning in the corresponding
positions to allow R2 to access specific edges. The ninth
activation indicates returning to the parking

position.
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In the first activation and at the initial position of robot
R1, robot R2 welds two edges located on the bottom side
of the bracket. In the second activation, spot welding is
performed at two locations, ensuring the stability of the
construction. The third position of robot R1 allows
welding 2 edges, the fourth 4, the fifth 6, the seventh and
eighth 3 each, and the ninth 2 edges, followed by
returning to the parking position. Robot R2 begins
welding after receiving the signal sent by the CALL_R2
macro, and upon completion of the welding, it sends a
signal to the digital input of robot R1, deactivating the
WAIT_R2 macro.

4. CONCLUSION

The solution proposed in the paper realizes the
synchronization of two robots that do not have a built-in
synchronous operation option. In the research, a joint
cell was realized that works in harmony on the
manipulation and welding of certain parts. The robots are
connected in a Master-Slave relationship. The Handling
robot have a role of the Master robot in the Master-Slave
control system, while the Welding robot is in the role of
Slave robot.

The interface is made using digital inputs and outputs
where the robots communicate with each other using low
voltage impulse signals. For the  successful
implementation of synchronous programming, it is
suggested to use Macro jobs, which define the methods
of communication between robots. One Macro job is
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