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ADAPTIVE AND SYNERGIC FILL WELDING
METHOD AND APPARATUS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Contract No. N00140-96-C-0188 awarded by the Office of
Naval Research, United States Department of the Navy. The
government has certain rights in the invention.

TECHNICAL FIELD

The present invention relates to the field of material
joining; particularly, to an adaptive and synergic fill welding
method and apparatus that produces high quality welds
having a predetermined base metal dilution.

BACKGROUND OF THE INVENTION

Numerous industries have long sought to reduce the
amount of labor necessary to join various work pieces by
welding, while increasing the quality of the joints. In fact,
automated welding systems have greatly improved weld
quality while reducing costs in many industries. However, to
date, very few automated welding systems have effectively
dealt with weld joints having continuously variable charac-
teristics.

The effects of weld joints with great variability is most
commonly felt in industries that join large sections of
material, such as the automobile, aviation, heavy
manufacturing, and shipbuilding industries, among others.
For example, in the shipbuilding industry, a major limitation
on the productivity of a shipyard is the erection of the ship
from units. Most shipyards have effective systems for weld-
ing longitudinal and transverse members to panels in pro-
duction. These panels are then fitted into units, which are
then welded together to create super-units. The cost of
erection welding the units and super-units is often more than
five times the cost of production welding the panels due in
part to the extensive labor required for fit-up of the units.
Generally the edges of one unit do not match directly with
the edges of an adjoining unit. Fit-up issues most commonly
arise due to distortions and the accumulation of fabrication
tolerances causing variable gaps and mismatch along the
weld seams.

Continuing with the shipbuilding example, erection weld-
ing is most commonly completed by manual flux-cored arc
welding (FCAW), gas-metal arc welding (GMAW), or sub-
merged arc-welding (SAW). Mechanized tractors are used as
much as possible, especially on long weld seams. Generally
each weld seam requires multiple weld passes with each
pass adding a weld bead to the seam. Currently, systems are
limited in the quality of the welds produced and in the
amount of adverse fit-up conditions that may be overcome in
trying to produce a uniform groove fill. In fact, most
shipyards still use tractor systems that require the operator to
closely follow the tractor and make physical adjustments, in
an attempt to achieve a uniform fill.

More advanced robotic tractors have been developed to
track weld seams and perform some degree of adaptive
welding, yet they are generally too costly and heavy to
employ in shipyard fabrication and provide little if any
control on the quality of the welds produced. For instance,
laser-guided welding robots have been developed for erec-
tion welding, but such systems typically cost over $150,000
and require significant operator training and programming.
Such systems are only justified on the most critical
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weldments, particularly where 100% UT volumetric inspec-
tion is required.

Prior adaptive welding methods have lacked the ability to
ensure weld quality in part because they generally focus on
only varying one of the wire feed speed, the voltage, or the
travel speed of the welding tractor. Weld quality cannot be
assured by varying only one of these variables. The present
invention may systematically vary the voltage, the wire feed
speed, and the travel speed along with a plurality of experi-
mentally optimized welding parameters. The experimentally
optimized welding parameters are developed from experi-
mentally determined process relationships developed to
result in a predetermined base metal dilution and weld bead
shape. By ensuring that the adaptive welding method results
in base metal dilution in a predetermined range, an increased
level of weld quality is obtained.

Additionally, prior art systems have lacked the ability to
allow a user to easily change numerous complex welding
parameters at the same time, with a single input to influence
the weld bead size, while maintaining the weld quality
during the welding process. The present invention utilizes
the concept of changing a single synergic fill number to
thereby influence a plurality of optimized parameters, to not
only maximize the use of optimized welding parameters but
to also avoid the manual, individual adjustments, of a
multitude of complex welding parameters by the user to vary
the size of the weld bead.

Accordingly, the art has needed a means for providing a
durable, cost effective automated adaptive and synergic fill
welding system that offers robust seam tracking, weld qual-
ity control, and production optimization. While some of the
prior art devices attempted to improve the state of the art,
none have achieved the benefits of the present invention.
Additionally, the prior art has generally not provided the
level of quality control available from the present invention.
Further, the prior art has failed to achieve the unique and
novel configurations and capabilities of the present inven-
tion. With these capabilities taken into consideration, the
instant invention addresses many of the shortcomings of the
prior art and offers significant benefits heretofore unavail-
able. Lastly, none of the above inventions and patents, taken
either singly or in combination, is seen to describe the
instant invention as claimed.

SUMMARY OF INVENTION

In its most general configuration, the present invention
advances the state of the art with a variety of new capabili-
ties and overcomes many of the shortcomings of prior
methods in new and novel ways. In its most general sense,
the present invention overcomes the shortcomings and limi-
tations of the prior art in any of a number of generally
effective configurations. An object of the invention is to
provide a low cost adaptive and synergic fill welding method
and apparatus that produces welded joints having improved
weld quality and allows real-time intervention by an opera-
tor during welding to easily influence a number of complex
welding parameters. The instant invention demonstrates
such capabilities and overcomes many of the shortcomings
of prior methods in new and novel ways.

The adaptive and synergic fill welding apparatus is par-
ticularly suited for the joining of work pieces along a joint
having a variable joint profile. The apparatus generally
includes a means for profiling and tracking the joint, a means
for welding the joint, a means for feeding a consumable
electrode to the welding means, a means for controlling the
power to the welding means, a means for adjusting the
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location of the profiling and tracking means and the welding
means, a means for adjusting the rotation of the welding
means, a means for moving multiple elements of the
apparatus, a portable means for user input and display, a
means for controlling various elements of the apparatus, and
a means for communicating a plurality of input and output
commands, and power among the various means of this
apparatus. These means work in conjunction to provide
improved fusion quality, in part by ensuring that the base
metal dilution of a weld remains within a predetermined
range.

The profiling and tracking means is a portion of a larger
assembly known as the head assembly. The head assembly
may include the profiling and tracking means, the welding
means, the adjusting means, and the rotation means, all of
which may be mounted on a structural member, or beam.

The profiling and tracking means includes the joint profile
and tracking system. The joint profile and tracking system
acquires information about a joint where a plurality of work
pieces intersect. In one particular embodiment, the joint
profile and tracking system identifies the location of a first
and a second joint edge, as well as associated X, Y, and Z
coordinates of a lower corner and an upper corner for each
joint edge. The joint profile and tracking system may further
identify the center of the joint, as well as the distance that the
system is away from a surface of one of the work pieces.
Such information may be acquired in any number of ways.
One particular embodiment includes a laser sensor system
consisting of a laser and a camera in a single housing, and
may further include a semi-conductor laser and a compli-
mentary metal oxide semiconductor (CMOS) type camera.
One with skill in the art will appreciate that many other
forms of joint profiling and tracking may be used. Further,
the profiling and tracking means may incorporate off the
shelf systems or may incorporate custom configured systems
designed to minimize the size of the overall apparatus.

In a typical configuration, the joint profile and tracking
system leads the welding torch in the direction of travel by
a predetermined lead distance thereby acquiring information
about an upcoming section of the joint. A joint profile and
tracking system position adjuster may be introduced to
improve the flexibility with which the joint profile and
tracking system leads the welding means, or welding torch,
thereby adjusting the lead distance. Various applications,
and welding speeds, may require the joint profile and
tracking system to lead the welding means by varying lead
distances.

The information acquired by the joint profiling and track-
ing system allows the controlling means to have the welding
means track along a joint automatically. Further, the profil-
ing and tracking system acquires the data that permits the
apparatus to automatically change the size of a weld bead
relative to changes in a weld layer to account for changes in
the joint profile.

The welding torch may also be attached to the beam, most
commonly through the rotation means, or pendulum. The
pendulum, in association with the control system, acts to
control the trajectory of the welding torch and to oscillate the
torch to obtain the desired weld bead size.

In addition to the joint profile and tracking system posi-
tion adjuster, the adjusting means of the apparatus generally
also includes a torch height adjuster, as the height of the
welding torch above the work piece is critical to the success
of the apparatus. The torch height may be predetermined, or
it may be continuously variable as determined by the joint
profile and tracking system. The torch height adjuster may
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be used to trim the length of the arc by moving the welding
torch in the Z-axis.

Further, the adjusting means may include a transverse
beam adjuster to join the beam to the welding tractor system
and to position the head assembly transversely along the
joint, in the direction of the X-axis. As with the other aspects
of the adjusting means, the transverse beam adjuster may be
manual or fully automated. The transverse beam adjuster is
most commonly used to position the welding torch and joint
profile and tracking system within a joint.

As one with skill in the art will appreciate, the welding
means may include a flux-cored arc welding torch, a gas-
metal arc welding torch, or a submerged arc welding torch,
among others. In one embodiment, a flux-cored arc welding
torch is utilized to receive a consumable electrode wire and
receive power from the power controlling means to create an
arc, having predetermined characteristics, between the elec-
trode wire and one of the work pieces. The power controlling
means generally consists of an electric welding power
source adapted to convert incoming alternating current con-
stant voltage power to alternating or direct current variable
voltage power for distribution to the welding torch.

The moving means may incorporate a welding tractor
system. The moving means is adapted to cooperate with the
longitudinal motion system to ensure precise controlled
motion of several components of the apparatus along the
joint. In one of many potential embodiments, the longitu-
dinal motion system includes at least one rail and at least one
rail attachment. The at least one rail attachment may include
virtually any conventional attachment device, however
attachments that are easily attached and removed, such as
vacuum pads, are often preferred. Similarly, the at least one
rail may incorporate any number of features to ensure
accurate positioning of the elements that translate upon the
rail. Generally, the at least one rail is designed to cooperate
with elements of the moving means, namely a welding
tractor system, and the wire feeding means, namely a wire
feed system.

One embodiment of the welding tractor system includes a
tractor system carriage designed to travel on at least one rail.
Similarly, one embodiment of the wire feeding means
includes a wire feed system carriage designed travel on the
at least one rail. While in this particular embodiment the
welding tractor system and the wire feed system are separate
components, these systems could be combined in a single
component. The rail may include a toothed recess in which
a pinion from the tractor system carriage and/or the wire
feed system carriage cooperates so as to impart controlled
unidirectional motion upon the welding tractor system and
the wire feed system. In yet another alternate embodiment,
the tractor system carriage may pull the wire feed system
carriage via a carriage inter-connector.

In yet another embodiment, the welding tractor system
may include a welding tractor, a motion drive, a tractor
adaptor, and the previously described tractor system car-
riage. The welding tractor and the motion drive work
together to accurately power the welding tractor system
along the longitudinal motion system. The tractor adaptor
may serve to demodulate and/or condition various control
signals transmitted about the apparatus.

In a further embodiment, the wire feed system may
include a wire spool, a wire feed adaptor, a wire feeder, and
the previously described wire feed system carriage. The wire
spool houses and dispenses the electrode wire. The wire feed
adaptor may serve to demodulate and/or condition various
control signals transmitted about the apparatus and the wire



























