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Introduction:

In support of the Quasi-Poloidal Stellarator (QPS) effort at the Magnet Development Lab (MDL)
Facilities, the University of Tennessee Mechanical, Aerospace and Biomedical Engineering
(MABE) Department has performed a conceptual study on the application of a robotic welding
system in the QPS magnetic coil manufacturing effort. The QPS includes a toroidal series of
magnetic coils designed to generate a precisely defined magnetic field when an electric current is
passed through them. The magnetic field provides containment for plasma that is being
processed to obtain fusion energy.

The proposed QPS magnet configuration is shown in Figure 1.

Figure 1: QPS Magnetic Coils and Plasma

The manufacture of these magnetic coil assemblies requires the welding of multiple pieces of
stainless steel. A manual welding process, as the magnetic coils are very large and complex in
shape, has the potential to be very labor intensive and time consuming. However, it has been
shown in industry that implementing robotic welding can produce more consistent quality welds
and increase the productivity of a manufacturing process while decreasing production costs.
However, robotic welding systems do not come in a “one size fits all* configuration. Each
application requires a specifically designed system that has been tuned for repetitive production
use. This study deals with the requirements, potential benefits, and feasibility of implementing a
robotic welding system for use in the manufacture of the QPS magnetic coil assemblies.
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Robotic Welding In Industry:

Robotic welding systems have become the standard method for performing welding operations in
many industries. In the automotive industry, the Mercedes-Benz Corporation reports that the
implementation of robotic welding in the assembly of their auto bodies has significantly improved
productivity and quality. The use of these systems is also a standard practice in shipbuilding and
in high volume prototyping by many fabrication shops.

CORSA Performance, Inc. has seen significant improvements in product quality and process
productivity through implementation of a standardized robotic work cell for the production of their
unique, high performance mufflers. The work-pieces for these welds were thin gauge stainless
steel sheet metal, like the work-pieces for the QPS project. See the Appendices for a detailed
description of this case study.

Dr. Carl Lundin, UT’s primary materials joining researcher, recently worked on another
implementation of robotic welding. The manufacture of heart pacemaker batteries required high
precision welds on very thin stainless steel casings. These welds were very similar to some of
the welds necessary for the QPS production process, except that they are on a much smaller
scale. They are required to meet high leak test specifications. Robotic welding was implemented
for this application because of the repeatability, precision and consistency of the results.

Industry has consistently found that implementing robotic welding systems is both feasible and
beneficial when the system is well matched to the application.

Benefits of a Robotic System:

Robotic welding systems offer three main advantages: consistent weld quality, increased output,
and decreased variable labor costs.

Consistent weld gquality

The welding task associated with the magnet coils is extremely labor intensive. With most labor
intensive tasks, quality tends to decrease the longer the activity is continued. Unlike a manual
welder, a robotic system is not subject to fatigue and is able to sustain high quality welding for
prolonged periods of time. Well designed robotic systems have the capability to repeat any
taught action with the same quality results. This attribute is important since there are several
different magnet configurations and each configuration is used multiple times.

Increased output
Industrial experience suggests that the average robot can weld at least twice as fast as a skilled

manual welder. The increased speed helps avoid potential delay due to the welding operation,
and a quicker turnover of magnet coils can be realized.

Decreased variable labor costs

Due to the increased output, overall labor time is shortened and labor costs are reduced. The
limited availability of skilled, certified welders may pose a challenge. Conversely, general machine
operators are more readily available and more affordable than skilled, certified labor.
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Scope of Application:

The first important step in clearly defining the design of a robotic welding system is to understand
how the system will fit into the overall magnet assembly manufacturing process. The proposed
magnet manufacturing facility is shown below in Figure 2.

Figure 2: Magnet Manufacturing Facility Layout

Upon arrival at the MDL facility, the castings will be sent into the clean rooms to be wound with
copper conductors. Following the winding process, one casting at a time will be rolled into the
canning/welding station. Here the stainless steel sheet metal cans will be welded to the casting in
order to encase the copper windings. After the can has been welded to the casting, it will be
rolled into the potting station, where the enclosed copper conductor will be saturated with an
epoxy. After some further processing, the magnetic coil assembly will be complete.

The canning/welding process will be an integral element of the magnet assembly production
process. This study will explore the potential of using a robotic welding system in this stage of the
production process.

Production Welding Specifications:

For the manufacture of one winding assembly, two can pieces are required to be welded onto a
casting. After being wound with the copper conductor, the casting, or winding form, will have a
cross section as shown in Figure 3. The copper conductor will be covered with a ground wrap,
which will then be covered with a compliant, or “crush plane,” material. The stainless steel can
pieces would then be tack-welded to each other and the casting in order to maintain their relative
positions. The three locations marked by red dots indicate where the can pieces and the casting
will be welded together.
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Figure 3: Cross Section of Magnetic Winding

From Figure 3, it can be seen that there will be two types of welds required in the production of
the magnet assembly: a fillet weld between the 0.030” can pieces and the thick stainless steel
casting, and an edge weld between the two 0.030” can pieces. The nature of the can shape and
the desired characteristics of the welds will define the design requirements for the robotic welding
system.

Welding System Requirements

. Ability to Weld Complex Paths
The magnet castings will be in five different configurations, while each of these
configurations will have four corresponding can pieces. An illustration of two of these can
pieces assembled to make a full can is shown in Figure 4. It can be easily seen that the
system will need to be able to follow a three dimensional welding path.



DOC-CS-001

Subject: Robotic Welding Conceptual Study for QPS Revision 0.0

Pagre: 8 of 30

Example of
Weld Seam

Figure 4: Example of Stainless Steel Can

The robot arm must also have a range of motion adequate to reach all the necessary
welding positions. Any proposed system should be able to weld the largest practical
segments without repositioning either the robot base or casting section.

Weld Quality

The welds will be required to provide a complete seal between the can and the casting.
This is important because the enclosed interior of the can will need to be leak tight, as it
will be required to hold a vacuum. Also, in order to ensure good structural integrity of the
weld, the weld must be made with as little oxidation as possible.

System Adaptability

The welding process will include the joining of both 0.030” sheet metal to 0.030" sheet
metal, and 0.030” sheet metal to the thick casting. As the power requirements are
different for both of these welds, the system must have the ability to adapt to different
situations, either by automatic sensing or by manual parameter changes.

Efficient User Interface

It is very important that the user interface of the robotic welding system be time efficient
and simple to use. This would involve ease in teaching the welding end effector the
desired weld path. It will also involve features that will allow operators to recover from
fault conditions efficiently such that overall operational efficiency can remain acceptable.
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Conceptual Design of Production System:

The proposed work cell design is comprised of a robotic system with operator support and its
purpose is to assemble magnetic coils for the QPS project. The details of the conceptual design
for the robotic welding system are described below:

The Robotic Work Cell

The elements of the proposed robotic work cell that will produce the magnetic coil assembly are a
robot arm with attached welding end-effector, an integrated control system, a robot track and
frame, an inert gas purge system, a part positioner, and a human operator to support automated
operations.

The robotic welding system used for the preliminary testing, on which this conceptual study is
based, uses the Narrow Gap Tungsten Inert Gas (TIG) welding end-effector with the SCOMPI
robot and version 4.43 controller software.

The current SCOMPI robotic welding system, as shown in Figure 5, includes a SCOMPI robot
with a maximum reach of approximately 5 feet, a Thermal Arc welding power supply, a custom
Narrow Gap TIG welding end-effector, an integrated controller cabinet. It also included several
other peripheral devices such as a camera and video monitor, cooling water pump, filler wire
positioner, and plumbing box with solenoid valves to automatically control inert gas flow. Inside
the controller cabinet, there is a main computer connected to two separate controllers, one each
for the robot and the welding process. These controllers work together as an integrated control
system.

Figure 5: SCOMPI Robotic Welding System Components

The system includes several control functions that require this integration of the separate
controllers. It has the capability to perform arc voltage control, in which it moves the robot along
an axis perpendicular to the workpiece surface in order to maintain a constant arc length. This
requires the robot controller to command motion in response to the welding controller parameters.
AVC will be explained in more detail later. Likewise, in the arc-seeking phase, the robot moves
the electrode toward the workpiece until the system senses current across the arc; then the robot
pulls the electrode away to the specified arc length.
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The current version of the SCOMPI robotic welding system was specially designed for TIG
welding for a narrow-gap application. It uses a 6 degree-of-freedom commercial robot in which
the first joint is a rack-and-pinion track. The weld power supply and robot controller are standard
commercial products, while the welding controller, software and unique narrow-gap welding end-
effector are custom. The weld power supply and welding end-effector are intended for welding
considerably thicker work pieces. Hence, this system, in its present form, is not well matched with
the specific requirements for manufacturing the magnet assembilies.

Robot Controller and Robot Arm

The welding requirements for this system are unique in that they require very high
precision motion, with position tolerances as small as 0.5 millimeters, with respect to
workpieces with maximum diameters of up to 3 meters. This will be a major consideration
in the design of this system and the selection of an appropriate robot and controller.

One important characteristic of a welding robot controller is the method in which it learns
the weld path. It can do this in one of two ways:

= By a teach-playback operation, in which the operator will use a joystick to teach the
robot a series of points along the weld path. In teach-playback mode, the system
will interpolates between the teach points, generating a continuous path along
which the robot can move at a user-specified constant speed. A variety of
methods are available for robots to determine the paths between points, including
linear interpolation, higher order interpolation, and various methods of seam
tracking, such as visual servoing, laser tracking, and tracking based on variations
in electrical parameters through weaving across the weld seam.

» By offline programming, based on a CAD model of the workpiece, by methods
similar to those used with coordinate measuring machines (CMMs). The offline
programming method will most likely be used for the weld seams along the casting,
because an accurate CAD model of each casting exists. However, depending on
the availability and accuracy of CAD models of the cans, the weld seams joining
the can sections may require the teach-playback method.

The tested SCOMPI system uses the teach-playback method, but upgrades are available
which would allow for the use of the offline method.

In short, the robot controller must have a user interface which provides an efficient and
reliable method for teaching the weld path. In general, it is desirable to minimize the
number of points that the operator must teach, especially in this application in which the
workpiece is sheet metal. With such a thin weld seam, there is little room for error in the
interpolation between points; therefore, higher order interpolation or seam tracking are
desirable to reduce the required number of teach points.

The range of motion is also an important characteristic of the robot. An example of a
range of motion based on the SCOMPI system is shown relative to the casting in Figure 6.
Any robotic welding system used must have a range of motion that encompasses the
entire work piece.
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N

Example of Casting Exarnple of Range of Mation
Chmensians Dimensions

Figure 6: Comparison of Casting Dimensions to SCOMPI Range of Motion

The SCOMPI system is unique among industrial robots because the first of the basic six
degrees of freedom is prismatic rather than revolute. This configuration means that adding
more sections of track can extend the robotic workspace almost indefinitely. As a result,
the range of motion of the robot arm was examined at one position on the track. Note that
in the study, range of motion was based on joint limits and not external obstacles.

The robot arm must be able to follow the weld paths at speeds up to 3 millimeters per
second without significant oscillations or other position errors along the paths. For the
sheet metal to sheet metal welds, the weld beads are generally between 2 and 3
millimeters wide. Therefore, according to an ABB robotic welding systems expent, a target
side-to-side tolerance on weld seam tracking would be approximately 0.5 millimeters.

The dynamics of the robot system and robot kinematics must be considered in the
selection of a robot arm and the design of the moveable mounting structure. One cannot
assume that the robot can produce a high quality weld at every point in its workspace. In
general, the robot’s capabilities for precise and repeatable motions will be reduced when
the arm is folded tightly together or outstretched near its limits, in the same way that
human arms are less effective in working near their limits. Also, especially in welding
applications, it is desirable to avoid situations where the kinematics of the robot require
large motions of the arm in order to produce small motions of the electrode; these
situations tend to produce significant oscillations. Within the comfort zone of the work
area, it is reasonable to expect high precision motion of the robot, which generally resuits
in high quality welds of sheet metal.

* Welding End-Effector and Welding Controller

The welding end-effector can be configured to accommodate many different welding
needs. The significant elements of a welding end-effector are an electrode, an inert gas
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purge system, a cooling water supply, and a mounting bracket for the torch assembly.
There are several other components that could potentially add to the equipment's
versatility. For example, the tungsten electrode could be connected to a motor that allows
the rotational positioning of the electrode relative to the weld path. Also, a wire feeder
could also be connected to the assembly to accommodate Tungsten Inert Gas welding. In
the case of the SCOMPI system, the wire feeder positioner has a remote controlled two
axis positioner and attached camera that allows the user to precisely position the wire feed
relative to the electrode.

The NGT end-effector is shown in Figure 7.

Torch Power Supply Cable
Electrode Position Motor

Wire Feed Position Motors

Wire Feed Router
Inert Gas Supply Diffuser

Tungsten Electrode

Figure 7: Narrow-Gap Tungsten Inert Gas End-Effector

The welding end-effector provides many important feedback control functions that relate to
the welding power supply.

It is important to note that the required welds will be “out of position”. It is desirable to
have weld seams in a horizontal position with the molten metal facing upward, in order to
minimize the effect of gravity pulling the molten metal away from the center of the weld
seam; a weld that is not horizontal is termed “out of position”. Therefore, a weld type and
corresponding parameters should be selected which will allow for fast freezing of the
metal.

* Weld Power Supply

A weld power supply with an interface to the robotic welding system software is necessary
to provide power to the welding circuit. Many weld power supplies can be used for both
manual and automated welding. Robot manufacturers supply lists of weld power supplies
for which they provide software interfaces.

The weld power supply must have capability to supply steady, controllable current and
voltage at power levels low enough for welding of sheet metal. Based on the tests with
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the SCOMPI system, using TIG, the ideal current and voltage setpoints for 0.030” sheet
metal to sheet metal welds are about 10-12 Volts and 25-30 amps, based on a travel
speed of 2.5 mm/s. For TIG welding, the power supply is a current source, and the
ThermalArc GMS600 weld power supply that is used for the SCOMPI system has a
maximum current output of 600 A. The ideal setpoint for the sheet-to-sheet welds in this
application are between 4% and 5% of the GMS600 power supply’s capacity; therefore, it
does not supply steady current at such low levels. It is essential that a weld power supply
is selected that is well matched with the weld requirements for the application.

¢ Integrated Control System

Robotic welding systems utilize control systems that correlate the robot’s motion with the
welding operations, which requires integration of the robot controller and welding
controller. Important feedback control features such as arc voltage control depend upon
synergic relationships between the welding process and the robot motion. The two are
integrated by a computer system and a pendant user interface. The SCOMPI system
utilizes the iRMX operating system, a real-time version of DOS,and a “Three-Color Human
Interface” to coordinate the two controllers.

The user interface is an integral part of the integrated control system. The computer
system or pendant control should provide the ability to modify both robot motion and
welding parameters. In the case of the SCOMPI system, there are two ways in which the
operator can make modifications to the process and parameters. First, the computer
system can be used to store files that contain default welding parameters such as current,
weld speed, and arc length, while also storing files that contain saved weld paths.
Second, the pendant control can be used to teach the robot a new weld path, and to
quickly tune welding parameters without having to access files on the computer.

Many measurable aspects of the welding process and robot motion are controlled through
closed-loop feedback control, which utilizes the computer with real-time operating system
to integrate the separate controllers. One common feature that comes on many robotic
welding systems and is found on the SCOMPI system is Arc-Voltage Control (AVC). AVC
is based on the concept that there is a direct correlation between the voltage drop from the
electrode to the workpiece and the distance between the electrode and the workpiece. It
provides adaptive control during the a welding process by constantly adjusting the
electrode position relative to the weld seam in order to keep the voltage at a constant
level. This feature will be absolutely necessary part of any system used in the magnet
assembly production for two reasons. First, the welding of stainiess steel sheet metal can
result in significant material distortion due to heat stresses. The AVC feature will allow the
robot to maintain a constant distance between the electrode and the work piece as its
shape distorts. Second, if the chosen system will utilize the teach-playback method of
programming the weld seam, the AVC control could be used to provide additional
precision in tracking the seam as the robot controller interpolates its path from the
programmed points.

¢ Inert Gas Distribution System
When an inert gas or semi-inert gas is not used to create a purge around the welding

areas of stainless steel, atmospheric gases come into contact with the heated metal and
oxidation occurs. Porosity and brittleness are problems that can also be caused by
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oxidation in welding. Oxidation weakens the weld’s strength and causes the deterioration
of key properties. One of the solutions to oxidation that occurs during welding is the use of
an inert gas purge. The inert gas replaces atmospheric gas in the vicinity of the welding
arc and significantly reduces the available oxygen . For the purpose of this study, Argon
gas was selected for use in the inert gas system for its desirable low thermal reactivity,
plentiful availability, and its low cost. Pure Argon is the standard purge gas used for TIG
welding of stainless steel. The testing setup is illustrated in Figure 6.

Control Input

& Regulator/flow meter
Plumbing Box

T r
Solenoid Storage Tank

Valves

Flexible Tubing

Figure 8: Inert Gas System Setup

The Argon system for the work cell will be similar in function and method of delivery to the
system that was used for testing.

e Part Positioner and Robot Positioner:

Many robotic welding applications use a part positioner to effectively expand the working
space of the robot to achieve specific tasks. A part positioner moves, holds, and
maintains the position of the workpiece within the range of motion of the robot. In some
cases, part positioners are servo controlled and have the ability to move the part in
correlation with the robot’'s motion. The magnet assemblies are extremely heavy and
inconvenient to move. Therefore, the desired part positioner should move the castings as
minimally as possible. The most important feature of the part positioner for the castings
should be the ability to maintain stability while placing the casting within the range of
motion.

In applications where it is inconvenient to use a robotic arm that is large enough to reach
the entire workpiece from a single base position, a robot positioner can also used. A robot
positioner moves, holds and maintains the position of the base of the robot as necessary
such that the tool electrode can reach all necessary points on the workpiece.

The casting cart that has been developed by MDL could function as a part positioner if
augmented with a suitable servo rotational drive. This would allow the castings to be
rotated and positioned within the comfortable range of motion of the robot. Figure 9
displays an example of a casting rotated in position and mounted on the cart.



DOC-CS-001
Subject: Robotic Welding Conceptual Study for QPS Revision 0.0

Page: 15 of 30

Figure 9: Example Casting Mounted on Cart and Rotated 60° from the Ground.
(Securing struts are not shown)

Once a casting is rotated to the desired position and secured in place, the robot will need
to be oriented in order to remain within the range of motion and to comfortably reach the
desired welding points within the casting. To reach these points, the robot positioner will
move the robot base in the horizontal, vertical, and forward/backward directions, or the x,
y, and z directions.

Based on the SCOMPI system, it can be shown that by arranging the track in a vertical
position, the robot is able to accomplish the desired vertical movements. This track
configuration will also help reduce the oscillation joints experience during movement. The
oscillation reduction will help create higher quality welds. X-direction movement is
accomplished by mounting the vertical track to a rack and pinion, lead screw, or worm
gear that is situated horizontally. Forward/backward motion is obtained by mounting the
system along racks and pinions, lead screws, or worm gears that are situated in the z-
direction. Figures 10 and 11 display a possible configuration of the track mount.
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Figure 11: Track and Casting Positioning Example- Side View

The vertical movement is already accounted for in current SCOMPI software. The
forward/backward and horizontal movements will need to be either manually controlled or
automatically controlled. Manually controlling the positioning is the best option
considering the robot will not need to be re-positioned horizontally after every weld.
Greater stability and rigidity is obtained by manual control. Re-positioning is only required
when the robot is nearing the maximums of its range of motion. If automated control is
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desired, these controls would need to be incorporated into the software, and stability and
rigidity of the mounting structure would need to be improved.

The can welding application requires very high precision motion of the welding end-
effector with respect to a very large workpiece; therefore, rigidity and stability of the part
positioner are essential. The robot positioner must also be very rigid, and the mechanical
design should have negligible backlash. [t should have capability to hold each desired
position against any forces that it could encounter, with negligible movement. It is
desirable for the positioning structure to have brakes, so that the base can be locked in
place before the weld path is taught to the robot, thus reducing the number of active
degrees of freedom of the system. In the design of this positioning structure, it is
important to consider that the robot cannot necessarily produce welds at all points within
its range of motion; the range that the electrode can reach at all desired orientations is
smaller than the overall range of motion.

e Operator Support

Operator support refers to elements where a human will interact directly with the
production process. Although it is anticipated the same individual will perform them, the
operator support function has been subdivided by its two primary roles: working the
manual work cell and supervision of the automated processes.

Part Preparation:

The manual cell will be required to perform tasks that are not suitable for automation. The
primary focus of manual operations is the preparation of sections of the can for final
welding by the automated system. The operator must perform a limited set of tasks, to
include cutting and forming can pieces, setting them into position, and tack welding them
in place. The sheet metal pieces for the can must be fabricated with sufficient tolerances
to produce good weld seams. The operator may also be required to manually adjust the
part or robot track position.

In response to the complex shapes involved, pieces of the can will be individually built by
a craftsman and tested for fit before being attached. The pieces will then be tack welded to
each other and the casting. This method is preferable to clamping many pieces at a time
due to its minimal bulk and reduced interference. Once a suitably large section has been
assembled, the robotic welder will be used to weld the three long seams — two where the
can connects to the casting and one at the corner where the can connects to itself. The
short seams between the can pieces can be either manually or automatically welded.

In order to accomplish its tasks, the manual cell must include a skilled welder, TIG welding
equipment (power supply, torch, Argon supply, etc.), and sheet metal cutting and bending
tools. The welding equipment must be capable of welding pieces as thin as 0.025in. To
meet this demand, the power supply must be capable of producing a current as low as 20
amps.

Programming and Supervision of the Robotic Process: '

An operator will, through the user interface, input the task for the automatic welding
process using the pendant controller and then oversee the automatic welding process (i.e.
troubleshoot the robot and its controller, stop and adjust the automatic process as
necessary, etc.). The operator involved in the automatic welding process need not be an
accredited professional welder, which allows for versatility of operations. This person
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must, however, be familiar with welding processes and the operation of robotic systems as
he will be responsible for the selection and tweaking of system control parameters.

Evaluation of Current SCOMPI System Relative to Conceptual Design Requirements:

Upgrades, modernization, and matching of the welding equipment to the desired operation
will offer significant benefits. The following are considerations or potential problems with
the current NGT welding system:

* The NGT welding end-effector is a very complex, custom, prototype piece of
equipment; inherently, this leads to a risk of component failures. It includes features,
such as a weaving tungsten electrode, moveable filler wire, and several other
adjustable components that are not needed for this application.

» The purge gas supply at the electrode is designed for welding inside a narrow gap, not
on the casing of a large electromagnet. It may be difficult to obtain a sufficient purge
gas supply at the weld seam.

s The software runs on the IRMX operating system, a real-time version of DOS. There
are newer alternatives that provide enhanced features and product support.

» The current software does not allow the operator to save multiple robot paths and
welding tasks; each time the path and welding parameters are saved, all previous
versions are overwritten.

s Manuals were written for the standard MIG SCOMPI system; no manuals exist for the
custom NGT software and hardware.

Potential Systems to Meet Conceptual Requirements:

There are two available options for using the SCOMPI robotic welding system. The first
option is to use the narrow-gap TIG (NGT) welding system in its current state; this option
is not likely to be feasible for this application, since the system was not designed for it.
The second option is to use the current commercial SCOMPI robot, robot tracks, and robot
controller, while upgrading the software to the newest version and mounting a standard
MIG weld torch as the end-effector. SCOMPI only offers new software for MIG welding,
thus requiring a switch to MIG welding for these operations. Feasibility of MIG welding
should be investigated. Upgrading to the newest version of the SCOMPI robotic welding
system would provide the following benefits:

= A less complex, standard commercial MIG weld torch can be mounted on the robot
end-effector, in place of the NGT torch.

*  The new software runs on a real-time operating system called QNX, which is
commonly used system in industrial applications today.

* The new software must allow the user to save multiple robot path programs and
welding tasks.

=  MIG welding is better suited for robotic welding, since the operator does not have to
position both the electrode and the filler wire.

= A commercial system will have much better documentation.

One major advantage of newer robotic welding systems is that they will be much easier to
teach. On the previous ITER project, SCOMPI used offline-programming software called
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ROBOCAD. SCOMPI has since changed to computer aided manufacturing software
called Delmia, made by Dassault Systemes, the maker of Catia and SolidWorks. They
have models of their robots in the robotics package for this software, and the models of
the work pieces can be imported. Therefore, offline-programming using the SCOMPI
robot would require the purchase of a license to the Delmia software.

A visual seam-tracking feature is also available with the newer software. For the weld
seams for which there are no accurate CAD models, this would allow the robot to track the
weld seam, thus requiring the operator to teach fewer points. This would be especially
beneficial in this application, where the weld seams are very thin, allowing little room for
error in the linear interpolation between points.

The following chart shows the estimated cost of upgrading the SCOMPI robotic welding
system, including all relevant options.

Table 1. Costs of Upgrading and Updating SCOMPI System
Item Estimated Price
SCOMPI SYSTEM 345 C or 345 SE $15,000
Software Version 4.5
» Teach Pendant
s Using current robot controller)
= Software Curvispace Version 4.50

GMAW, FCAW, MCAW WELDING $10,000

= Curviweld Software, Version 4.50 (tandem
option included)

= Welding controller is included in Lincoln

Power Supply
New computer, QNX license and Delmia $7,000
license
Robot Positioner $30,000
Lincoln Power Wave 455M/STT Power Supply $15,000

*  Part number K2263-1
» [ncluding: water cooler, interface cables,
welding controller, and wire feeder

Binzel W550 welding torch $700
Standard torch hoider $700
System Integration Costs (approximated at $18,000
25% of component costs)

Total $97,000

Another option is to completely replace the SCOMPI robotic welding system with a new
system from another manufacturer. As representative examples, ABB was selected as
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the robot manufacturer, and Lincoln was selected for the welding equipment. Each major
robot manufacturer, including ABB, has a few robot models that are intended for welding.

The magnet production application is unique in that it involves welding of a very large work
piece with very small position tolerances for the welding end-effector. Therefore, a custom
system will be required. It is common for robotic welding systems to be custom; fully
standardized systems are only available for smaller work pieces. Because of the custom
design, a separate system integrator will be required. A list of these can be found on the
Lincoln Electric website. The ABB regional salesperson recommends Wolf Robotics,
which can be found online at http://www.rimrockcorp.com/. The system integrator would
be involved in the design and fabrication of the robot positioning structure, the selection
and integration of appropriate welding equipment with the robotics equipment, and the
training of operators.

ABB systems use software called Robot Studio for their simulations and offline
programming. This software could be used to teach the weld paths offline, by importing
the CAD models of the castings and possibly the cans. A link to the website for this
software can be found at http://www.abb.com. Additionally, ABB systems use a separate
seam tracking system made by ServoRobot, which uses laser-based triangulation as the
tracking method. According to the ABB salesperson, tracking accuracies as small as 0.5
mm are to be expected with these systems. More information on these can be found at

http://www.servorobot.com/.

Significant advancements have been made to robotic welding systems, including the
industrial robots themselves, in the past several years since the SCOMPI system was
designed. Many of these will be needed for the QPS application, such as improvements in
the user interface, robot motion control, seam tracking and offline programming. Some
advanced features may be difficult to implement in an upgrade and modernization of the
current SCOMPI system. Therefore, a complete new robotic welding system is
recommended.

Conclusions:

The testing performed as part of this study has shown that it is feasible for both the sheet metal-
to-sheet metal welds and the sheet metal-to-casting welds for this application to be done
robotically. Further investigations are needed in several areas. The design of a robot and
positioner system will require a detailed motion study. Also, modernization of the control system
will be necessary. Additionally, welding equipment and weld end-effector that is well matched
with the requirements for these welds should be used.

Overall, a robotic welding approach is feasible for use in the magnet production effort, and will
provide significant benefits in increased productivity and weld quality.
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Appendix:

CORSA Performance, Inc. Case Study

SUCCESS

SurfaceTens:on Transfer’ (STT)

A manufacturer of high
performance stainless steel
marine and automotive
exhaust systems uses Lincoin }
Electric’s System 10 robotic
welding system to dramatic-
ally improve production and
weld quality.

Reducing spatter and increasing
production speed while maintaining
high weld quality on thin gauge,
stainless steel parts used in specialty
exhaust systems for high-performance
vehidles.

Lincoln Electric's pre-engineered
System 10 robot welding celi with a
Surface Tension Transfer (Invertec™
STT i) power source.

Dramatic reduction in per-part welding
time, the virlual reduction of spatier,
and excelient weld quality.

LINCOLN
ELECTRIC

NEXTWELD

4 erformance vehicle owners love
P the roar of their engines while
a

| developed its patented
E  Power-Pulse RSC
i (Reflective Sound

_ the issue. This unique
muffler technology offers
£ noise-suppression

‘ enhances the engine
-~ throttle acceleration.

L About CORSA
i Performance

ccelerating. But that same sound
translates to a head-pounding drone and

E resonance dunng cruising speeds,
. making it hard to hear the radio or carry

on a conversation.

CORSA Performance,
Inc. of Berea, Ohio,

Cancellation)
technology to deal with

during cruising, and

sounds during full-

CORSA Performance,
which opened its doors

] in 1989, is an engineering and
F  manufacturing company that specializes

in high performarice stainless steel

L marine and automotive exhaust systerms.
j CORSA is the only marine/auto

L aftermarket manufacturer with in-house
| hydro forming capabiliies. The company
E  also has titanium welding and forming

-~ capabilities.

CORSA enjoys an 85% marine industry
market share, supplying well-known boat

L manufacturers including Baja Marine ™,

Donzi™, Formula™, Cobalt™ and

. Crownline™. The company's Power-
- Pulse automotive mufflers have been
utilized on a host of vehicles, including

Corvettes™, Camaros™,

Firebirds™ ,Dodge™ Vipers™,
Cadillacs ™, Chevrolet™ and GMC™
Trucks and S.U.V.'s. CORSA's catalytic
converter-back exhaust systems have
also become a General Motors ™ Service
Parts Operations Licensed Product.

The first automotive muffler system
developed by CORSA was intended for
the fifth generation Corvette (C5). Before
the system even went into production, it
was selected for installation on the 1998
Indianapolis 500 Pace Car. Since that
time, business has exploded, thanks to
a growing enthusiasm for the Power-
Pulse RSC Reflective Sound Cancellation
exhaust system among car buffs.

The Challenge

CORSA needed to find a waytoincrease
production volumes and eliminate
bottlenecks caused by the company's
manual GTAW welding methods.
While improving volume was a major
impetus for considering robotics, wekd

NX-4.20 4203
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SUCCESS

Su rface Tensmn Transfer (STT)

quality was an equally significant factor  machines, the STT has no voltage control  in September 2001, welding production
in the firm’s decision-making, according  knob. The STT uses current controls to  improved from 44 to 180 Power-Pulse
to Jim Browning, CORSA’'sownerand  adjust the amperage independent of the mufflers per day.

president. “‘When a CORSA systemis  wire feed speed. This makes it much

pulled from the box, the first thing the easier to make welds which require low  CORSA quickly realized that the arc welding

custormer notices is the welds,” said heat input without melting through the robot could be utilized to grow business in
Browning. “So while production speed  base material. Also, distortion, spatter and  other areas, and has since converted 12
was important fo us, we also neededa  smoke are minimized. of its manual welding stations to robotic
system that would create consistently stations.
high-quality, spatter-free welds.” The result

After CORSA's new Systerm 10robotic  CORSA’s Welding Operations

The solution arc welding robotic system was installed  Parts that are welded robotically at CORSA
CORSA’s team researched a number of e : : ;

robotic welding systems. One was Lincoln “
Electric's System 10.

The System 10 is a pre-engineered, two-
fixed table welding workstation, which is
assembled and shipped ready to install.
It utilizes a six-axis FANUC Arc Mate
S0iL robotic arm with 3kg payload, and
Fanuc R-J3 controller. Lincoln Electric
recommended this system toc CORSA
because it is well-suited for applications
with small parts. The unit features a
complete metal surround flash and safety
barrier and bi-fold safety doors with
intertocks. An operator is able to load
and unload one side of the cell while the
robot welds simultaneously on the other
side — facilitating excellent production
rates.

“The quality of the parts
Lincoin produced was what
finalized our decision to buy

the System 10.”

“We took our parts to Lincoln and
watched as they welded them on-site
with the robat,” said Paul Goth, Robot
Programmer/Process Engineer at
CORSA. “The quality of the parts Lincoln
produced was what finalized our decision
fo buy the System 10."

Because of the thinness of the stainless
steel used in the parts, Lincoln
recommended the STT I power source
to CORSA. Uniike standard CV MIG




Subject. Robotic Welding Conceptual Study for QPS

DOC-CS-001
Revision 0.0
Page: 23 of 30

Surface Ten vs;'i;o n 'Tr&nsfer (STT).

Performance are chosen based on their
volume and throughput in the shop. Each
part design has its own set of fixturing
and tooling which is built in-house in the
company’s tool room. “Your imagination
is your only limitation,” said Goth. "if a
partis currently being MIG or TIG welded,
| imagine the System 10 robot welding
the part and then determine if the robot
can do the job with the proper fixtures.”

There are currently 12 parts welded by
the System 10 at CORSA with many

more planned for the near future, This
Success Story focuses on two examples
— the most popular components in each
of the company’s market segments.

C5 Corvette and Camaro Muffler
The C5 and Camaro muffler is a long,
22-gauge. 304 stainless steel oval
cylinder-shaped case with an 18-gauge
end cap. The end cap is a sfamping that
comes into the CORSA Performance

plant from an outside vendor while the
case is rolled and formed in-house. At
the welding stage, the System 10 robot
completes the welding by making two
28" fillet welds around the circurference
of the part on each end cap. The C5's
thin case is prone to melt through, yet
needs to have a weld with good
penetration. For the C5 application,
CORSA uses a tri-mix gas (30% helium,
7.5% argon and 2.5% CO;) with .035"
316L wire,
Before automation, it tock one GTAW
. welder 20 minutes to
. weld one C5 muffler.
. Today, the System 10
is able to produce the
muffler in under two
minutes. And since a
single production
worker ¢an operate
the robot, the
company's skilled
welders have been
reassigned to other
welding duties.
Bottom line, the
f System 10 has
increased per-day
production volumes
by 500%.

Marine Silencer
Tips
This part consists of
a 16-gauge, 316L
stainless steel formed
case with aring
¢ welded onto it. The

© tubing for this part is
cut to length and formed by CORSA,
and the ring comes from an outside
vendor. The wekding for this part requires
the robot to make four small stitch welds
to hold the ring inside the tube and then
one continuous 12" circular weave weld
around the outer circumference of the
part. For all the marnine parts, CORSA
uses a tri-mix gas (90% helium, 7.5%
argon and 2.5% COz) with .035" 316L
wire.

SUCCESS

The silencer tip had been welded
manually using TIG, with a per-part
welding time of three to five minutes.
Today the arc welding robot has slashed
that to 35 seconds per patt.

After welding, all parts are pdlished to
either a satin or a mirror-like finish. “The
advantage of STT technology is that we
don't have to deal with spatter, so we
can go straight to polishing, saving us
labor time,” remarked Goth. “The robot
gives us high quality MIG wekds that look
like TIG welds.”

“We are still getting
compliments on our welds
from our customers.”

According to Goth, STT and System 10
provide smooth, strong weids that have
excellert fusion. “We feel that the weld
quality we are getting now is even better
than what we were getting with manual
TIG methods. The welds are more
uniform, much straighter and you don't
see the starting and stopping points as
you do with TIG welds,” he said. “Since
switching to the robot. we are still getting
compliments on our welds from
customers.” CORSA Performance is also
pleased with how easy it is to change
welding parameters when setting up
welding procedures. *l can change one
setting, such as amperage. and not have
to worry about affecting other parameters
like wire feed speed.” noted Goth. “The
machine can even be programmed o do
such unigue things as a weave pattem.
And, we have reduced scratches and
other blemishes that resutted from too
much part handling with manual welding
methods.”

By switching to robotics, we not only
benefit from increased throughput in our
system, but the cost of each part has
gone down,” said Browning. "Since
installing the robot in our shop, we have
reduced the backlog in our sales and
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Surface Tensnon Trdnsfer (STT)

SUCCESS

been able to meet customer demands.
We couldn't be meeting our current
production volume without it. It will pay
for itself many times over.”

Programming and Service

Ore of the most important aspects of
purchasing a welding robot, especially for
a company that has never used robatics
before, is the ability to program and
troubleshoot the machine.

Goth has responsibility for developing
welding programs for all the company's
parts. “Lincoln did the initial programming
for the C5 muffler, but since we've added
more parts, I've been able to do all the
programming in-house,” he said. “| went
to a three~day training seminar at Lincoln
Electric where [ learned the basics. |
leamed the rest by working with the robot
and testing its capabilities. | continue to
consult with several of our expert welders
to help me achieve a weld that is strong
and looks nice.”

Once Goth installs a program, the operator
has to simply push a few buttons on the
robot's teach pendant to call up a specific
program. This makes it easy to switch
from one part to another.

Gath has also been pleased with the
service Lincoln has provided. "When we
run into a problem, | just call the com-
pany’s hotline and Lincoin technicians
have walked me through the solution,”
he said. “They won't hang up until my
problem is solved.”

What's Next

In the future, CORSA Performance plans
to continue adding robotics to its welding
operations. “We are continually looking

for ways to increase quality and reduce

costs, and the robot has proven itself in

both regards,” said Browning.

Featured Lincoin
Product

Invertec® STT I
The STT Il combines high frequency
inverter technology with advanced
Waveform Control Technology in place of
traditional short-arc GMAW welding. The
STT II's precise control of the electrode
current during the entire welding cycle
significantly reduces fumes, spatter and
grinding time. In addition, the unit offers
independent control of wire feed speed
and current.

WHAT IS NEXTWELD?

The challenges facing industrial fabricators
today are increasingly difficut. Rising labor,
material, and energy costs, intense
domestic and global competition, a
dwindling pool of skilled
workers, more stringent
- and specific quality
' demands.

LINCOLN
ELECTRIC

Through our commit-

s ch and invest-
- ments in product
““devslopment, Lincaln
Electric has established
ot try benchmark for applying
toimprove the qualily, lower.
hance the performance of -
rocesses. Advancementsin
cs, digital communications .
sform Control Technology™
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Surface Tension Transfer (STT)

PROCESS LINCOLN '}

THE WELDING EXFERTS
Surtace Tension Transfer® » | Conventional CV short circutt ranster
(STT*) welding is a GMAW, using COp and 045" sod wis.
contrelled short drcuit transfer
process devetopecf and ST using COp ad
patented by The Lincoln 0457 sofid wiro.

Electric Company.

Unlike standard CV GMAW

machines, the STT® machine

has no voltage control knob.

STT= uses current controls to

adjust the heat independent of wire
feed speed, so changes in electrode
extension do not affect heat. The STT! |
process makes welds that require low | §
heat input much easier without |
overheating or burning through, and
distortion is minimized. Spatter and
fumes are reduced because the
electrode is not overheated-even with
larger diamster wires and 100% CO,
shielding gas. This gas and wire ,
combination lowers consumable costs. |1

a d v a n t a g e s

GOOD PENETRATION AND LOW HEAT

INPUT CONTROL

ldeal for welding on joints with open root, gaps, or on thin material with
no bumthrough.

REDUCED SPATTER AND FUMES
Current is controlled to achieve optimum metal transfer.

REDUCED COSTS
Ability to use 100% CO, or argon shielding gas blends with larger
diameter wires,

LINCOLN v
ELECTRIC GOOD BEAD CONTROL AND FASTER
' | TRAVEL SPEEDS
§  Can replace GTAW in many applications without sacrificing appearance.

Patented. This product is piotected by one or more of the folowing Unted States patents: 4,717 807,
4,807,523, 4,858,247; 4,835360; 4954,801; 4,072,084; 5,001,325, 5.003,154; 5,148,001; £,961,883;
6,051,810, 8,180,241, 6,274 854; 6 172,233, £.215,100; 6,204,478 The application of the STT process for
mxt pass pipe welding and wellpapering of industrial weesels with nickel alioy shewsts are patantad. The
appication of processes mar keted by other welding manufacturers that are similar to STT may infringe on
these patents 5,676,857, 5,742/020; 5,081,908 6,093.906.
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Surface Tension Transfer® (STT®)

PROCESS

HOW THE STT PROCESS

STT® works

A BACKGROUND CURRENT

between 50 and 100 amps PEAK TIME ——w e

maintains the arc and PEAK

contributes to base metal PINCH CURRENT

heating. After the electrode CURRENT

|n|tia“y sh@ﬂs to the Weld The TARL-OUT
pool, the current is quickly CONTROL adjusts
reduced to ensure a solid TAIL-OUT  the mars sharthe
short. PINCH CURRENT is SPEED cursnt is changsd
then applied to squeeze o

molten metal down into the

pool while monitoring the BACKGROUND
necking of the liquid bridge CURRENT
from electrical signals. When R

the liquid bridge is about to

break, the power source
reacts by reducing the current
to about 45-50 amps.
Immediately following the arc

accidental short and to heat
the puddle and the joint.
Finally, exponential TAIL-OUT
is adjusted to regulate overall
heat input. BACKGROUND
CURRENT serves as a fine
heat control.

re-establishment, a PEAK

CURRENT is applied to l l
produce plasma force pushing ! ) {
down the weld pool to prevent ras s fr.

Bazically, the TAL-
QUT i3 a coarse
figat contni.
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Surface Tension Transfer® (STT®)

FROCESS

Comparing

STT® to conventional processes

Advantages of STT® replacing short-arc GMAW:

+ Reduces lack of fusion

+ Good puddie control

« Consistent X-ray quality welds

Shorter training time

Lower fume generation & spatter

Can use various compositions of shielding gas
100% CO, {on mild steel)

. & & &

Advantages of STT® replacing GTAW:
+ Four times faster

+ Vertical down welding

Shorter training time

100% CO, (on mild steel)

»

L]

-
mild steel

+ Consistent x-ray quality welds

When

to use STT®

STT® is the process of choice for low heat input welds.

STTe is also ideal for:

+ Open root — pipe and plate.

* Stainless steel & other nickel alloys — petrochemical
utility and food industry.

» Thin gauge material ~ automotive.

* Silicon bronze — autormotive,

* Galvanized steel- such as turnace ducts.

« Semi-automatic and robatic applications.

Utilizing
STT?® on Lincoln Welding Systems

Adjust WIRE FEED SPEED to:
» centrol the deposition rate.

Adjust PEAK CURRENT to:
* control the arc length,

Adjust BACKGROUND CURRENT to:
« control heat input (fine).

Adjust TAIL-OUT to:
¢ control heat input (coarse).

Adjust HOT START to:
+ control the heat (current) at the start of the arc.

Improved quality welds on stainless, nickel alloys and

LINCOLN WELDING SYSTEMS
FEATURING STT

LN-742
The LN-742 semlautomatic wire feeder features a
trigger mode selection for 2-step or 4-step and
time controls for burn-back, spot times and pre- A
flowfpost-flow shielding gas. Two-roll wire drive
for positive wire feeding. Dynamic braking
system minimizes crater
sticking problems. Tocl-less
quick release wire drive

tension system for easy
wire or gun changes.

LN-45

LN-15 is one of the smallest and most maneuverable wire feaders
avaliable on the markat today. Control Cable model includes STT®
capabiliiss and is compatible with
. the STT* H power source for

Yy outstanding welding perfor-

E  mance Including puise welding
on a wide varlety of steel,
stainless stesl, aluminum and
aklioy materials.

STT*-40
The sophisticated STT*-10 Process Controller was designed
specifically to work with the revolutionary STT® Il power
source, Microprocessor controls make it easy to
develop optimal procedures
and set the range of
operator adjustments. Dual
procedure control can
increase or decrease the
energy in the arc without
changing the wire feed
speed.
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Surface Tension Transfer® (STT®)

PROCESS

Lincoln Welding Systems featuring STT® {(cont.)

Invertec® STT= I

The STT* H combines high fraquancy Inverter technology
with advanced Waveform Control Technology® in place

of traditional short-arc GMAW welding. The STT®H's
precise control of the electrode current during the entire
welding cycle significantly reduces fumes, spatter and
grinding time. in addition, the unit offers independent
control of wire feed speed and currant.

Power Wave® 455M/STT/Power Feed™ 10M Dual
The Power Wave® 456M/STT Is a digitally controlled Inverter power
source capable of complex, high-speed waveform control. it is
designed to be part of a modular, multi-  process welding
system. By installing various modular options, the power
sources can be reconfigured to be  used In robotic or hard
automation systems, and can communicate with other
industrial machines to create a highly integrated and flexible
welding cell. This product features Lincoin Electric’'s STT®
process for applications In which heat input control, minimal
distortion, reduced spatter, and low fumes are essential.

s 4

Power Wave®* 455M/STT Power Feed™ 10R

Robotic

The Power Feed™ 10R is a high performance, digitally
controlled, modular wire feeder designed to be a part of

a modular, multl-process welding system. It Is specifically
designed to mount to a robot arm or to use in hard
automation applications. This four drive roll feeder operates
on 40VDC input power and is designed to be used with
ArcLink™ Robotic Power Waves®. This product features
Lincoln Electric's STT® process for applications in which
heat input control, minimal distortion, reduced spatter, and
low fumes are essential.

Customer Assktance Policy

The businses of The Lincn Ekcirs Company s wmmrmamwummmqmuwmmm equpmm. comnemam
Qur 96 15 ks meet e Peeds of o cuskmses and B excosd th
mwaﬁkLumhEm&:h(eﬂvmmlmmamnmmvmdmvpwdum‘tmlespcm wmmmmonm
DestinfomMaton In Cur possession at that tma. Linodn Electiic i not in 8 position i werranl of guaranise such advice, and
2ssumes N0 Habiity, wih respect 1D such INFrMaton o AtACe. W axpressly discialm any warmanty of sry kind, Including ary
werranly of Niness for any customel’s per toular purpose, with respect to such NEsmation oF advios. As & matier of pract:al
oconsideration, we alka Cannt aseume amy ity foe ups o g 8Ny SUCH INKrMBtien o 8akics onG3 It has
bean ghien, mxmmuammmmomamnaammm SXPANG Of sitel BTy WaITANty With Mepec! 1 e sala of

ol proaucts.

Lincoin Elactrl: I a responsibia manufechaer, but the selction and uss af specific products s34d by Lincon Elbclii ke sokaly
within he controt of, and remaine $s scde responsibdily of he cuskomes. Mary vallaties Deyond he contidd of Lincaln Electr:
affext Me rasults cbiainad In applying thass ypas of BIFICATON MBINDOE 81v] VDS requTemants.

Supfect to cnange ~This Inkrmation s accurate 1o the beet of cur knowladga at the tme of prntng. Plases el 1o
VW, COm [ any up Informaticn.

Test Resuits Disclalmer

Tas resutts 101 mechanical propss 1es, dJepcell of elaciiods composiion and diffusitie Rydrogan lvels were chialivad from a
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ABB Information

The Deart
of Roootics

RobotStudio™ 5

Industrial Software Products

RobotStudio™ for IRC5

There is increasingly competitive pressure on
the industrial market. Customers require higher
efficiency in production in order 1o lower prices
and raise cuality

Allowing rabot prograniming to add time o the
manutacturing start ol new products is unaccep-
table today as is shutting down existing produc-
tion to program of new ar modified parts.

Taking the risk of manufacturing woling and
fixtures without first verifying reach and acces-
sibatity is no longer an option. The modern pro-
duction site verifies the nmnufactrability of new
parts during the design phase.

When programming yowr robxots offline pro-
gramming can take place in parallel with the
system budld.

By progranuming the system at the same time as
it is manufactured, production can start earlier,

reducing time-to-market.

Offline programming reduces the risk by visua-
lizing and confirming solutions and layouts before
the actual robat is installed and generates higher
part quality through the creation of more accurate
paths.

To achieve true olthine programming,
HobatStudio utilizes ABB VirtualRobot™
Technology. ABB invented VirtualRobod ™
Technology more than ten years ago.

RobotStudio 5 is the leading product for offline
programming on the murket. With its new pro-
gramming methods ABB is setting the standard
for robot programming worklwide.

ABB
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RobotStudio 5™

Industrial Software Products

Enjoy the power of True Offline Programming™

CAD Import indicate wheter they will coltidle when a robaot pro-
RobotStudio can easily import data in major aram is executed,

CADJomats including 1GES, STEP, VRML, VDAFS,
ACIS and CATIA. By waorking with this very exact
data the robot programmer is able to genente
maore accurate rabot programs, giving higher
product qualiry,

AutoPath

This is one of the most timesaving features in
RobotStudio. By using a CAD-niodel of the pan o
be processed itis possible to automatically gene-
rate the robat positions needed o fallow the curve
in just a few minutes, a task that would otherwise
take hours or days.

Autoreach Virtual FiexPendant

Autnreach autonatically analyses reachability and is This is a graphical represenation of the real flex

a handy feature that let’s you simply move the robnt pendant, powered by the VirtualRobot.

or the work piece around untit all positions dre Essentially, evervthing that can be done in the real

reachable. This allows you o verify and optimize flex pendant can be done in the virtual flex

the work cell layout in just a few minutes. pendant making this is a great teaching and train-
ing tool.

True Upload and Download

Your whole robot program can be doamnloaded

to the real system without ransltion, This is a uni-
que feature thanks to the Virtual Robort Technology
that is a technique anly provided by ABB.

MuitiMove

With RabotStudia 5. ABB rakes its Virtual Robaot
Technuology to the next level. Tt is new passible
to run several virtual robots at the same time,
and there is support for MultiMove, the new

Path Optimization IRCS technulogy for munning several robots from
one controller.

RobotStudio can automatically detect and warn
about programs that include motions in close vick-
nity to singukirties, so that measures can be taken

w avoid such conditions. Simulation Monitor is a
visual wol for optimizing robat moverent. Red lines
indicate swhich targets you can improve 1o make the
robot mowve in the most effective way. It is possible
to optimize TCP spewd, acceleration, singularity or
axes w galn cycle time.

Collislon Detection

Collision detection prevents onstly damage to your
equipment. By selecting the objects concerned,
RobotStudio will automarically monitor and

O Copryright ABB Automation Tachnology Produd's #8. Septermber 2006 . PRTIZGEEN_Rt

www.abb.com/robotics
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Introduction/Background:

The UT robotics senior design team examined the feasibility of applying a robotic welding system
for the production of magnet coils developed by the Magnet Development Lab (MDL). The
magnets are being built for the Quasi-Poloidal Stellarator (QPS) fusion energy research project.
Each magnet requires a can to be formed around the copper windings. This task demands high
quality welds be made along complex three dimensional paths between two significantly different
combinations of stainless steel. i

Robotic welding systems have proven to consistently produce hlgh quahty welds in industrial use.
The consistency of robots is due to the repeatability and precision “built into each system.
Expected benefits of an automated weld system include, but are not limited to: faster overall weld
speeds; consistent, quality welds; and less overall weldmg downtime.

The SCOMPI robotic welding system was used as the baS|s of this study. Through testing, it has
been determmed that the SCOMPI system |s not. appropnate for the types of welds requured by

Equipment Details

Roboi' |

The SCOMPI robot is shown in. Flgure 1. It has a total of six degrees of freedom; the first joint is
prismatic, and the following five are revolute. Link five includes a 90° bend. The prismatic joint is
a rack-and- plnlon track the hmtts of this joint can be extended indefinitely by adding more track
sections. ~
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Figure 1. SCOMPI Robot

This is a non-standard kinematic design. While most industrial robot arms are anthropomorphic,
or similar to a human arm, the SCOMPI robot has only two degrees-of- freedom at the wrist rather
than three. With this conflguratuon yaw rotation of the tool tip requires movement of the longer
links, rather than just the wrist. This means that it is common for small motions of the end-effector
to require large motions of the arm. The last link includes a dovetail quick-connect for attaching
the end-effector. This provides a simple, easy method! for attachlng and detaching end-effectors.

casing that encloses an insulating ceramlc tube through which the current from the weld power
supply is routed. The tungsten electrode is. surrounded by an inert gas purge dlffuser which is

the NGT torch are cooled by water

The second part of the weldlng end~effector is the wire feed apparatus This consists of a wire
feed supply motor that can vary the filler wire supply rate and two wire feed positioning motors
that can be used to position the end of the filler wire relative to the electrode. The NGT weld torch
is shown in Figure 2. 1L
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Wire Feed Router

Wire Feed Motor

Electrode Power
Supply Cabling

Wire Feed
Positioning Motors

Electrode Positioning Motor

Metal Torch Housing

Inert Gas Nozzle

Tungsten Hectrode

Controllers

e Robot , ; :
The robot contro ier generate tcontrol sngnals related to the motion of the robot arm.

;;the weldlng power supply tﬁe wire feeder, and the electrode rotational position.

o Real time SCOMPI software

Important feedback control features such as arc voltage control depend upon synergic
relationships between the welding process and the robot motion. The integrated
SCOMPI control system allows the integration of both controllers for the purpose of

coordinating thge welding process with the robotic motion.
Pendant

The pendant controller for the robotic system consists of a “Three Colored Human Interface” as
shown in Figure 3.
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R Joystick

Process Control Buttons

for moving the robot, including several different base. reference frames for Cartesnan control. The
three process control buttons provide intuitive controlof -any automatic movement or welding
process that is performed by the robotic system. The pendant also gives the operator a
convenient way to adjust significant welding parameters.

Welding Power Supply

pin connection was used: for comm ,
controller for sendmg command s'

catlon between the weld power supply and the weldlng
s such as mput current and voltage setpoints. The
urrent and voltage feedback to the controller.

A spec:ally desrgned m re for the track was needed for test purposes. Specifically,
the range of motion of the robot needed to be centralized about the test parts. This was
acoompllsh" d by mounting e foot piece of track horizontally and four feet up from the ground.
3" x 3" x 3/16” Square tubin 3s used as the main structure support. This material caused the
structure to be' and to be exlre ely rigid. Figure 4 displays the track mount.
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Jiscovered that mountmg the track honzonta!ly presented a couple
Mamly, this: conflguratlon caused the joints to expenence some

During operation it was
challenges for the rob

Part H;olders

The nature of the tests conducted requnred special part holders to be designed. These holders
were clamped to the welding table and then the parts were clamped to the holders. This allowed
all parts to remain rigid and stable during welding operations.

s Phase1
Phase 1 testing required an Argon purge on the backside of the test pieces. To accomplish
this, the test pieces were positioned with the back of the weld seam exposed to a channel that
was filled with Argon. Figure 5 displays the phase 1 part holder:
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Figure 5: Phase 1 Part Holder

The wnngs of this holder provrded suff|C|ent clamplng area for phase 1 parts This holder

Phase 2a '
This test required a fixture that simulated the weldlng condltrons on the casting; however,

rather than having a contoured shape tralght paths were created Figure 6 shows a phase
2a part holder:

Figure 6: Phase 2a Part Holder

Unlike the phase 1 holder, the phase 2a holder became part of the test piece. In other words,
the sheet metal pieces were welded to this fixture, and like the sheet metal, these parts were
made from A316 stainless steel. The machined groove on top of the piece simulates that of
the actual casting. In order for the parts to be welded correctly and to prevent thermal
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distortion, each piece needed to be securely clamped lengthwise; therefore, a separate
clamping structure was created. The following figure presents the clamping surface:

Figure 7: "Pha‘set 2a Clamping‘St" cture

e Phase 2b I W : ,
Phase 2b utilized the inchworm provided by MDL as the part holder. No special holder
needed to be designed and fabricated for this phase. Below is a picture of the inchworm.

Figure 8: Picture of the Inchworm
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Inert Gas System

A purge was constructed to create an inert atmosphere around the welding area. Argon gas was
determined to be the appropriate inert gas for the application, and a distribution system was
designed to work with the existing system already established in the welding end-effector. The
distribution system consisted of a compressed gas cylinder, a regulator/flow meter, the plumbing
boxes supplied with the robot, a y connector valve, and the associated tubing. The regulator/flow
meter was attached on the discharge end of the cylinder to provide controlled release of the
argon. The total flow rate typically ran from 20 cfm to 50 cfm, with the two supply paths splitting
the flow. The y connector valve spltt the flow at the exit of the regulptor/ flow meter and provnded

directly to the testing area. From the plumbing box, the gas wf7 ﬁdehvered to the weld held, which
exhausted the gas around the electrode. h

Robot Kinematics Study:

A study was performed in order to quantify the range"»%" otion fthe SCOMPI system and
consider additional positioning requnrements to reach the entire weld seam. In this study, the
Denavit- Hartenburg (DH) conventron was employed to locate the coordinate systems needed to
length, link twist, link offset, and joint angle — were determlned”t;ength and twist are fixed for any
gwen hnk Link offset i is varlable for prismatic Jomts jomt angle for revolute These parameters
holder (end of hnk 6) was the computed in MATLAB;for a serles of joint positions. The track
position was not changed as it merely translate he computed position along the track axis. The
various joint limits can be seen in Table 2.

The first joint is a pnsmatlc joint. that prowdes translation along the track. As can be seen from the
following figures, together wit the first three revolute joints, it dominates the system’s range of
motion. Joint 2, the first revolute ]omt rotates paratlel to the track. Together with Joint 3, it forms a
“shoulder.” Joints 3 and'4. comblne to provide a sweeping motion (see Figure 9) on the plane
determined by the angle of Joint 2; This combination permits large displacements perpendicular to
the track. Joints 5 and 6 are revolute joints that primarily orient the end-effector.
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| Table 1: Kinematic Parameters

[alpha (deg)

Lower Upper
0 48
-204 15.2
-88 132
-45 198
-360 0

-90 -90

Link <l a (in) d (in) theta (deg)
1 3.35 0 1 0
2 7.36 . |:290 0 a2
3 16.54 o 0 ds
a4 ol 90 0 Qs
5 1o~ 90 14.65 | Qs
6 1o 1o 3 ds
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Figure 11: Motion due to Joint 3
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Top View
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Figure 14: Combined Sweeping Motion of Joints 3 and 4

The final goal of the kinematics study is to determine the range of motion, or set of points that can
be reached at some orientation, of the SCOMPI robot. Diagrams of this range of motion, without
an end-effector, are shown in the Appendix. Note that, in the side view, the range of motion is
shown to extend through track, located approximately at the origin of the plot. This situation is
only possibly if the robot is near and reaches around the end of the track.

The Welding Process:
Configuration file: gtaw.cfg

Over 100 parameters for the:welding process are defined in the file gtaw.cfg. Some can only be
adjusted in this file, from thef;COmputer, and others can also be changed from the pendant during

The welding parameters are divided into two primary categories: transient parameters and steady-
state parameters. The transient parameters define all the motions of the robot and the actions of
the welding power supply in the process of striking an arc. Some of the significant transient
parameters include the current at which an arc is to be struck, the speed at which the welding
electrode approaches the work-piece to strike the arc, the current level at which the system
senses an arc, and the time between the system sensing an arc and changing to the steady-state
current.
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The steady-state parameters define the speed, current, arc length, and deposit rate of wire feed
for the weld. The system has been designed to allow pulsing between a “primary” and
“background” set of steady-state parameters, if desired. In cases where pulsing would be used,
the length of time that each “pulse” of parameters lasts can also be defined here.

The rest of the parameters within the gtaw.cfg file are primarily related to hardware, weaving of
the electrode during welding, and feedback control of the system. Because the hardware used
during testing remained constant and weaving was not necessary for the welding of stainless
steel sheet metal, parameters related to these items did not need to be adjusted. The settings for
the feedback control loops were also not changed, as the settings seemed to be adequate for
testing.

Joint Configurations:
Configuration file: joint.cfg "

There are several important parameters related to the robot control that ¢
configuration files. The file joint.cfg includes the translation/rotation, velocity
limits for each joint, as well as the link lengths and joint limits. All of these parameters can be
changed. The limits on the track can be changed, and it is sometimes convenient to adjust other
joint limits to obtain more desirable linkage configurations during welding. This is possible, but

there are a few deadbands in the software, which limit motlon:beyond certain points.

be adjusted in the

Configuration files: welding.kin and finger.kin -. Ly

Any time the end-effector geometry is changed chan es must be'made in the software to account
for that. There are two separate files that include the ‘”“ordlnate transformatlons from the
reference frame of the qmck-connect at the end of th robot hnk to the frame correspondlng to

must be updated accordlngly Both fi tes must |ncIL|de exactly the same rotations and translations;
otherwise, the system gives erroneous errors. Contrary to standard conventions for coordinate
transformations, the rotatlons are all defmed with’ respect to the original quick-connect reference
frame. :

Teaching wel’d?%fPaths

The first step in using the SCOMPI robot is to “synchronize” or calibrate each joint. No operations
can be performed without frrst synchronrzlng This process consrsts of moving each joint such
must be n e«synchronrzed every time the robot controller is powered up; even if the computer i rs
turned off, it does not need to be re- synchromzed as long as the robot controller stays on. Also

to happen if the eiectrode sﬂcks to the part surface during the arc strlklng phase.

The SCOMPI robot motron can be commanded from the pendant in four different modes. In joint
mode, each joint can be moved individually. Base mode allows the tool tip to move in Cartesian
space with respect to the base reference frame, which is located at the center of the track. Tools
mode allows the tool tip to move in Cartesian space with respect to the reference frame of the
welding end-effector. In Cartesian mode, the robot’s motion is restricted to the programmed weld
path; it moves only along the line determined by the weld path.
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Before performing any welding operation, the operator must teach the weld path. The minimum
allowable weld path length is approximately 3/4"; the system does not allow for shorter tack welds.
For this version of the software, the only available option for teaching a weld path is the teach-
playback method, with linear interpolation between teach points. The “Teach” menu in the
pendant includes options to teach two important items: the “Workspace” and “Contour”. The
workspace consists of the set of teach points which determine the weld path. The system
performs linear interpolations between teach points. The contour essentially sets limits on that
workspace; in other words, defining a contour allows the operator to set limits on the motions that
the robot can execute durmg a weldmg operation, whlle allowing a greater range of motion when

contour are saved before begmmng a welding operation.

This system is designed for welding multiple passes. Therefore it mcludes advanced features for
teaching 2D and 3D workspaces and contours that are not needed for welding sheet metal.

Under the “Teach-Workspace” menu in the pendant, the dimension should be set to 1 for single-
pass welds. The “Size” corresponds to the number of teach points.

In teaching points, it is important to make sure that‘ o0 two consecutive point-to- pomt line
segments differ by more than 30% in angle or length.: .This is an important consideration when
transmonmg between straught and curved sectlons of the. weld;path It also means that it is

voltage Vi ls the travel speed and Pd is the vertical dusplacement as determined through robot
kinematics. L

Move

Purge
In order to expel atmospheric gasses from the weld area that could cause oxidation,
argon is run for a duration of PPBT before attempting to strike an arc.

Seek Arc
During the seeking phase, the tip moves closer to surface until an arc is detected by
passing preset current and voltage thresholds. If an arc is not detected before the tip
contacts the work piece, it will touch the surface to produce an arc before drawing away.
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Lift Up
Once an arc is present, the tip begins to pull away from surface. In the lift up phase, the tip
is raised to the desired arc length. The phase duration is PLUT, and current is maintained
at arc start current, PICF.

Upslope
Current and voltage transition from their starting to steady state values during the upslope
phase. The upslope time is given by PUST. At this point, the weld head is still stationary.

Rising
In the rising state, current setpoint reaches its steady state value. The torch begins to
move, reaching steady state travel speed at the end of the . The length of the rising
state is defined by PRSL, a distance - not time — variable
Steady i
The bulk of the welding is accomplished during steady s eration. Current, arc length,
travel speed, and deposit rate, if filler wire is used, are maintained at their respective
setpoints as torch progresses along the programmed trajectory. These parameters can be
modified in the course of the weld through the pendant
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Figure 15: Arc Starting — Lift up, Upslope, Rising, and Steady State Phases.
Settling

As the torch approaches the end of the weld path, it slows down and stops. Like the rising
phase, settling duration is of a set length, in this case PSSL.
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Downslope
During downslope, the arc and any wire feed are maintained as the torch remains
stationary to fill the crater produced by the melt pool. The current is then reduced until the
arc extinguishes itself.

Purge
Argon flow continues in order to protect the still-hot metal of the weld bead.
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20
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Figure 16: Arc Extinction — Steady, Settling, and Downslope Phases.

Arc Lengfﬁ%(;alculation

In order to estimate the arc length while welding, eight parameters and two measurements are
used. Upper and lower limits for both arc length and current as well as the voltage across the arc
corresponding to these conditions are saved into a configuration file. Voltage and current
measurements are taken during the course of the welding operation.

The only way to know how the arc length is calculated by the SCOMPI system is to analyze the
source code for the program, which is beyond the capacity of this project. This method, however,
has been tested with data collected while welding and agrees with the system’s estimated arc
length.

3
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First, linear interpolation is used between the current limits to produce an estimated voltage for
both the lower and upper arc length limits at the measured current (dashed lines). Linear
interpolation is again used with the measured voltage, arc length limits, and new voltage
estimates to arrive at an arc length estimate.

Current

U ¥ 1 i L | i

0 0.5 1 15 2 2.5 3 3.5
Arc Length

In Figuréﬂi?{,f the crosses reﬁéé%ent poiht in the configuration file, the circles are the location of
voltage estimates produced by the first interpolation, and the diamond is the calculated arc length.
Each of the points represents a known voltage. Inputs for the figure are listed in Table 3.
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Test Plan:

Table 3: Arc Length Calculation Inputs

ELAL 0.7 | Lower bound arc length

EUAL 3 | Upper bound arc length

ELCF 5 | Lower bound current

EUCF 80 | Upper bound current

ELLV 6 | Lower arc, lower current, voltage

ELUV 9 | Lower arc, upper current, voltage
EULV 15 | Upper arc, lower current, voltage :
EUUV 20 | Upper arc, upper current, voltage
Current 30

Voltage 9.52

Lower voltage 7

Upper voltage 16.7

Arc Length 1.30

The followmg test plan was developed '

ccomphsh the pro;ect objecllves Phase 1 was

sheet metal-to-casting welds. "

Phase 1 | e ‘5: ‘

sheet metal were- folded up to S|mulate the prototype can plece provided by MDL.

Conflguratlon1

= Straight 6 i mch sectlons
* No filler wire' .
. Thlcknesses of sheet metal 27 mil and 37 mil

Conflguratlon 2
= Curved sections
* Nofi ller wire

\\\\\\

" Thlckness of sheet metal 27 mil

Data to be collected and analyzed for both configurations
* Temperatures
= Welding parameters used

Phase 2

Two simulations were designed. Phase 2a was designed to prove a robotic welding system
can complete a straight, sheet metal-to-casting weld, and phase 2b was designed to prove a
robotic welding system can maneuver a complex three dimensional weld path. Together 2a
and 2b simulate sheet metal-to-casting welds potentially experienced during welding of a
magnet coil.

- .
Gaverace ! H
i /

~ -
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Phase 2a
® The use of filler wire was investigated
» Thicknesses of sheet metal: 27 mil and 37 mil

Phase 2b

= The verify function was utilized to prove a robot can maneuver a complex three
dimensional path

* Only the verify was needed for this phase, no welding was completed

Data to be collected and analyzed
=  Welding parameters used

Results:

continual tuning of varlous parameters and the development of significant results. Although many
tests were done for Phase 1, the three cases that are detailed here illustrate the increase in weld
quality as testing progressed. The progressnon of Phase 2 testing shows that the desired welds
were beginning to go beyond the limitations of the SCOMPl system Inconsistency marked the
attempts at welding the sheet metal to the block

Phase 1
One early test, Case #1, exammed the effecto arc length on weld quality. The test was
conducted using the edge of a 0.027¢ stainless steel sheet using the parameters shown in
Table 4. This test showed that a small, controlled arc will produce a better weld bead with less

;;;;;; 1

excessnve melting. Wrth a smaller arc,?the voltage dafference across the arc and therefore, energy

more likely to mamtam the arc :

Case #2. was the resu”lt ofa contmumg effort to improve weld quality on 0.027” stainless seams.
This case reiterated the need for tight contact between the two pieces to be joined. It showed
substantial improvement over previous tests using similar parameters. Once again, weld quality
was reduced if a gap was present between the two edges. The test also demonstrated a need to
control sugar g, a sign of ox1dat|on by maintaining a smaller arc.

Case #3 was, i aqd;tlon tofﬂtestnng weld parameters for 0.037” sheets, used to collect temperature
data. This test took dvant ge of previous experiences to dramatically improve the resulting weld
quality. In addition to clamping, multiple tack welds were done prior to the weld to ensure that the
joint did not separate. Arc voltage control (AVC) was used to compensate for vertical deviation
due to distortion, material melting, or robot oscillation. instead of inputting an arc length, a voltage
was set that the system attempted to maintain. Travel speed was also increased, resulting in
reduced heat exposure. Another important change was the orientation of the tungsten electrode in
the direction of travel, which concentrated the arc on solid metal.

Throughout the project, manual welds were used as a benchmark for comparing results. One of
these, performed for 0.027” sheets is shown with the test cases.
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Table 4: Parameters for Different Welds

#1 #2 #3

Current (A) 20 18 22 22 30

Voltage (V) - -- -- - 11

Arc Length (mm) 4->1 1 1 1.3 --
Travel Speed (mm/s) 2.0 2.0 2.0 2.0 3.0
| AVCon

Figure 19: Case #2

Figure 20: Case #3
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Figure 21: Manual Benchmark Welds

Phase 2a
The fillet welds of Phase 2a posed a different challenge 1 than the sheet-to

,‘éet welds of Phase 1.

Through experience and consulting with professi
welds could, and even should, be performed wit

offset from the joint slightly to the S|de
great difficulty producing welds of con

‘ re 22: Phase 2a welds

Some Phayé§ 2a welds weren:s:a:txsfactory, while many were not. In the end, good results were
unable to be repeated even though the same parameters were used multiple times. Through this,
the limitations of the ‘SCOMPE system in this application can be clearly seen. However, a properly

designed welding en -effector could provide the necessary features to weld such a configuration.

Phase 2b

Phase 2b verified that the robot could maneuver a user-taught three-dimensional path similar to
the weld paths on the magnet assemblies. A 12 inch weld path on a mock up can was taught.
This can segment required the teaching of 20 intermediate points along the weld path. This path
was taught so that the welding end-effector would have to change orientations as it moved along
the weld path. After the path was taught, the “Verify” function was used to view the movements of
the robot as they would occur in the welding process.
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As the robot traced the path, minor oscillation occurred relative to the total length of the path.
Otherwise, the welding end-effector was able to trace the weld path fairly smoothly. Based on
this, it can be concluded that the SCOMPI system is adequate to weld complex three-dimensional
paths. However, it does not provide extremely precise control in these paths. Most likely, it would
not be able to ensure the precise welds that the magnet assemblies would require.

Temperature

Temperature data was collected and analyzed to ensure that all materials within the can during
welding of the magnet assembly can withstand the heat generated. ,The expected limiting factor is
the temperature at the outer surface of the copper coil bundle. This redlctlon Ied toa
measurement strategy that attempted to replicate conditions «

near the weld. :

module is capable of a maximum single channel sampllng rate of 15 S/s when only one channel is
used. Both modules were equipped with an internal sensor for cold ;unctlon compensatlon Input

the end of the weld path between two pleces of the crush. plane mater|a| as shown in Figure 25.
The top piece of was 1/8” thICk kthe bottom was % TC /#1 is j'cm from the end of the test piece,

of 1 cm and 3 cm from the joint, respectlvely In addltton TC #6 was placed below the second
crush plane agamst another alurmnum backmg plate, and TC #7 was between the first crush

material with msulation and epoxy filling. The copper will serve to absorb and dissipate thermal
energy from the weld, thereby lowering the temperature near the weld seam. As a result,
observations are expected to conservative compared to what will be experienced during
production.
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Figure 23: Schematic Layout gffl\'hermocouﬁéfs along Weld Path.
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Figure 24: End View of Thermocouple Placement for Phase 1 Temperature Testing.
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Figure 25: Placement of Thermocouples betwe ;Crush Plane Layers.
The stainless steel pieces were tack wel‘ded 'whitje in the fixture 'enq allowed to cool before
commencing the test run. Before beginning the test, all of the temperatures on the test piece were
within 1°C of each other and about 3°C warmer than the room air. Steady state parameters for the
weld are listed in Table 5 o v iy

Table 5 Weldlng; Parameters for Temperature Test

E_Current
'AVC Voltage

SPCE 30A
PAVC S T RVARIE
SPAL 1 1.8 mm

1] Estimated Arc Length
8P8S 3 mm/s Travel Speed
- | PICF 50A: Arc Ignition Current
;#Purge 140 cfh Argon Purge Rate

The effect of arc ignition on the temperature experienced can be seen by comparing
measurements ‘from under the weld seam. Temperatures at the arc start location were 50°C
higher than steady condltloneﬁThe difference is due to the lack of movement during this phase
and, in this case, ignition current that is greater than the steady current.

As expected, the greatesf temperature was observed at TC #7, directly beneath the weld seam.
At greater distances from the weld seam, whether depth or later, temperatures were reduced,
eventually nearing the ambient room temperature. Thermocouples 5 and 6 recorded only 7.2 and
6.0°C temperature increases, respectively.
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Figure 26: Temperature Measurements During a Sheet Metal Weld.
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Table 6: Maximum Temperatures along the Weld Seam

Distance from end (cm) Max temp (°C) Thermocouple
1 137.0 1
3 100.2 2
5 88.3 3

Distance (cm)
0
1
3

Location e S
Top 24;% 9 7550,
Middle ’ 3
Bottom .~ R
Ambient . [231 8

Observations and Ié%’ues:

The SCOMPI Robot

Some'i |ssues have been observed with this robot. An attempt was made to weld along the edge
of a cut piece of 0.015” thick: ‘pipe with a 2.5” diameter. With this small radius, it was found that so
much side-to-side oscillation occurred that the electrode could not remain over the 0.015" wide
edge. Even on straighter weld paths that require less changes in orientation, it has been
observed that the maximum allowable travel speed is approximately 3 millimeters. At high
speeds, the robot oscillates about the weld path such that it creates an uneven weld bead.

Welding Power

The welding power supply for this system was intended for use on much thicker materials. In TIG
welding, the power supply is a current source. The maximum output current for the Thermal Arc
GMS600 power supply that is used with this system is 600 A; the optimal current for the 0.030”
resistance sheet-to-sheet welds is approximately 4% to 5% of this maximum. Therefore, this
power supply is not capable of supplying steady, well-controlled current at such low levels.
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This power supply requires a scratch start for TIG welding; it does not have capability for a high-
frequency, touchless arc start. In scratch starts, it is common for the electrode to stick to the
work-piece. Scratch starts are difficult for human welders to do without sticking the electrode to
the workpiece; they are even more difficult for a robot. This software system includes several
parameters for the scratch start process, including the arc start current, lift-up compensation
(difference between specified arc length and lift-up distance), approach velocity, and lift-up
velocity. Adjustments to these parameters can reduce stickage on arc start, but no set of
parameters has been determined that eliminates stickage.

Welding End-Effector

This welding end-effector is designed for welding in a narrow gap, which would hold the purge gas
in place more effectively than the setups required for this application. ' The purge gas is distributed
over a wider area than a standard TIG torch, which results in an incomplete: purge in this
application. Therefore, it is difficult to minimize oxidation?lrt welds performediwith the NGT torch
One major issue with this welding end-effector is the method for measuring the voltage drop
across the arc. One lead for this voltage measurement is connected near the tungsten tip, and
the ground lead is connected to the housing of the weldrng end-effector. Therefore, the welding
end-effector housing must be electrically connected to the: ork-plece This means that the
welding end-effector housing, robot housing, robot track and track mounting structure are all at
approximately the same potential as the workz-plece and all ‘are parts of the welding circuit. The
robot could strike an arc with its own housing. This design was implemented in the previous ITER
project, where this system was originally used, because the robot track was connected to the
work- plece Although there is contmurty between the work—plece and the weldlng end-effector

welding cable, which: carrles very hlgh current Thrs leads to a potential for significant noise in the
measurements, unless the wrres are ve ] well shlelded

account for the changes ;n the s ape of the work-piece that can result from weld distortion.
These problems with the voltage measurements cause significant variations and large jumps in
the calculated arc length, as the control system attempts to account for these by sending
commands to the robot to move closer to or away from the work-piece. Therefore, with
inaccurate, ndiey measurements, the system is not able to sustain a steady, constant arc length.

Other Hardware Problems :

.......
»’%&1

Several other hardware problems were experienced during testing. Some water cooling lines
ruptured and had to be replaced. Several communication cables were found to be faulty;
fortunately, the previous project was a dual system, so a full set of spare parts is available. On
the NGT welding end-effector, the camera and one wire feed positioning motor also do not work.
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Summary and Conclusions:

The purpose of this project was to determine the feasibility of using a robotic welding system in
the production of magnetic coils for QPS. Various tests were performed with the SCOMPI robotic
system to investigate the potential capability of a robotic welding system to meet the critical
requirements of the desired welding operations. These requirements included the ability to weld
complex paths, to weld the two different combinations of material (sheet metal-to-casting and
sheet metal-to-sheet metal) required in the magnetic coil production, and to produce quality
welds. Additionally, a temperature investigation was conducted to observe thermal effects during
welding.

The parameters found to be most important were weld speed, .curre: nt, and arc-length. It was
found that satisfactory welds could be obtained in welding the sheet me tal-to-sheet metal
configuration of the can by using the SCOMP! system. The robotic system was able to correct
thermal distortion of the material by maintaining the arc length at a constant tevel

Parameters for consistent quality welds on the shee
establish as the higher energy apptied to melt the bl

etal-to-casting weld proved dtfﬂcult to
k steel woutd frequently melt through the

reliable manner. The difficulty in performing these welds showed that the welding application was
being pushed beyond the equipment des&gn capabmt:es

The temperature study proved that the crush plehe is a decent msulatmg material. The maximum
temperature experlenced beneath a 1/8” ptece of crush ptane was 140°C and this occurred at arc

dimensional weld paths Dependmg on the travet speed sngnmcant tracking errors have also
been observed A sw;tch to ofﬁlne programmmg is recommended Newer systems from other

From hmltatlons of the SCOMPI system experlenced during testing, it has been determined that
this system is not appropriate for the types of welds required by the QPS project. However, the
results produced from this system prove that applying a robotic welding system is feasible and is
in the best interest of the QPS project.
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Reference Documents:

DOC-CS-001, Robotic Welding Conceptual Study for QPS
Manuals — Base System, Welding Process
Safety Documents

Technical Drawings
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Appendix:

Configurations, Parameters

See attached GTAW.CFG sheets.

SCOMPI QUICK START GUIDE

Before beginning any welding operation, go through the safety chec:khst Also make sure the
shielding gas valves are open and the welding power supply breaker is switched to the “o

position. Make sure all control knobs on the welding power suppiy are set to zero. When the
welding circuit is powered, do not touch any component of the system, as 'some components may
be electrically connected with the welding circuit. :

Procedure:

1) Turn on the computer, welding controller, rob

ontroller and pendant controller in the control
cabinet. o R

2) The computer will show options to boot DOS or IRM5< elect IRMX and press “enter”.

3) Atthe prompts, type the following:
login: robot
password: scompi

4) Type “scompi 4.43 test3/def4 42” This WI|| acnvate pendant control

5) From the pendant, synchromze all six joints. This consists of aligning the notches on each side
of the joint and saving that posutlon thls isa cal:brat&on routine.

6) Select “Teach" and then “Workspace” Choose to teach the points in “Tools” mode.

7) Check to make sure that the dlmensmn is set to 1. Then select “Size”. Set this to the number
of teach polnts you wish to save Thas can be modified later.

8) Select “Create” Move lhe robot to the first desired teach point on the weld path. Press the
STORE button on the pendant to save the point. Store all subsequent points on the weld path.

9) Pressthe ESC button on the pendant until you return to the “Teach” menu. Select “Contour”,
followed by “2 Ends”. Ti'ﬂs will limit the robot motion during a welding operation to the ends of the
saved weld path. \

10) Return to the pendant Main Menu. Select “Process-Welding-Automatic-Compute” and press
ENTER.

11) You should see a screen with several options, two of which are “Execution” and “Primary”.
Go into Primary and set the desired welding current and travel speed. The arc voltage and arc
length are linearly dependent; therefore, it is only necessary to set one of them. Arc voltage is set
by the “AVC” option. Press ESC to return to the welding menu.
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12) Select “Move-Hyperpoint” and choose to move to hyperpoint number 1 on the weld path.
Hyperpoints are the saved teach points.

13) Select “Execution-Verify”. The system should go through the welding process, without power
to the welding circuit. Check to make sure the robot is following the weld path as desired.

14) Return to the welding menu and move the robot back to hyperpomt number 1. (Repeat step
12))

16) IMPORTANT: Turn on the water cooler.

17) From the main welding menu, select “Execution- Weld” - This should startzthe welding
process. ; ¥

18) When the welding process is complete, wait u :II the pendant returns to the menu before
turning anything off; otherwise, it will stop the post- purge of shne{»_ 1g gas.

T ‘ponent of the welding system.

19) Turn off all welding circuit power before touching an
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Range of Motion

Side View

T

Track Axis

]
20

i
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Oul of Wall
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Front View

Top View

Track Axis

Top View

All dimensions are in inches.
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