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(57) Abstract: A system and method of hybrid welding a dual fillet weld (301, 302). The system includes a laser system that leads a
first torch (320) and preheats at least one workpiece (WP1, WP2). The system also includes a first welding power supply (430) that
supplies a first welding waveform to a first wire (330) via the first torch (320). The first welding waveform creates a first arc (303)
between the first wire (330) and the at least one workpiece. The system further includes a second welding power supply (440) that
supplies a second welding waveform to a second wire (335) via a second torch (325). The second welding waveform creates a
second arc (304) between the second wire (335) and the at least one workpiece. A controller (450) in the system is operatively
coupled to the first power supply (430), the second power supply (440) and the laser system. The controller (450) synchronizes the
first welding wavetorm and the second welding wavetorm such that welding current pulses of the second welding wavetorm at the
second torch (325) are not in phase with welding current pulses of the first welding waveform at the first torch (320). The system is
set up such that the first arc (303) and the second arc (304) are across from each other on opposite sides of a weld.
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DUAL FILLET WELDING METHODS AND SYSTEMS

PRIORITY
[001] The present application is a continuation-in-part of and claims priority to U.S. Patent Applica-
tion Nos. 11/457,609 filed July 14, 2006 and 12/254,067 filed October 20, 2008, which is incorpo-

rated herein by reference in its entirety.

FIELD OF THE INVENTION |

[002] The present invention relates generally to arc welding, and more particularly to methods and
systems for creating dual fillet welds using synchronized welding waveforms and modulated
workpoints. Still more particularly, the invention relates to a system for hybrid welding a dual filet
weld, and to a method for hybrid welding a dual filet weld, according to the preamble of claim 1 and

8, respectively.

BACKGROUND

[003] In welding fabrications, the "T" connection or T-joint is one of the most common welded
connections used to join two pieces of metal together, in which a first piece of metal such as a stiff-
ener workpiece forms the leg of the T and the second workpiece is the top of the T. Often, both
corners of the T connection are welded with fillet welds, wherein these weld joints are referred to as
"dual fillet” welds. In some applications, the joint is long and straight and the welding can be mech-
anized with a pair of welding torches fixtured on a common framework facing both corners of the T
connection and both welds are performed concurrently to reducé fabrication time. A common ex-
ample of dual fillet welding is in the fabrication of girders, in which stiffeners are attached to the web
of a girder with two long straight fillet welds. Other examples include T connections on round fabri-
cations, such as connection of stiffeners to a tube or pipe, wherein the tube is rotated and a mecha-
- nized welding fixture makes both welds at the corners of the T at the éame time. Yet another exam-
ple of this technology uses a tube as the top of the T and a plate as the leg of the T. In all of these
examples, both fillet welds at the corners of a T connection are welded at the same time. Depend-

ing on the application, fabricators can use many various arc welding processes including SAW,
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FCAW-S, FCAW-G, MCAW, or GMAW. With all of the processes listed, the welding procedure
(e.g., amps, volts, travel speed, etc.) is closely controlled to achieve the desired weld bead and pen-
efration level. Due to the concurrent welding, however, the high heat and magnetic field from the arc
on one side of the joint will oﬂgn adversely affect the arc and weld puddie on the other side. Typical-
ly fabricators are forced to reduce welding procedures to overcome the problems associated with
two arcs operating on either side of a T connection. Thus there is a need for improved welding sys-
tems and techniques by which high quality welds can be deposited on both sides of a T connection

simultaneously.

SUMMARY

[004] The invention is related to dual fillet welding and improved methods and apparatus therefor.
The following is a summary of one or more aspects of the invention to facilitate a basic understand-
ing thereof, where the summary provided below is not an extensive overview of the invention, and is
neither intended to identify certain elements of the invention, nor to delineate the scope of the inven-
tion. Rather, the primary purpose of the summary is to present some concepts of the invention in a
simplified form prior to the more detailed description that is presentéd hereinafter. Iimproved welding
systems and methods are provided in which first and second fillet welds are created with synchro-
nize.d waveforms and/or workpoints to facilitate uniform controllable weld penetration, shape, and
size, where the advances presented herein may facilitate creation of consistent high quality dual fillet
welds. Further embodiments, features and aspects of the invention are given in the ensuing descrip-

tion, drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[005] The following description and drawings set forth certain illustrative implementations of the
invention in detail, which are indicative of several exemplary ways in which the principles of the in-
vention may be carried out. Other objects, advantages and novel features of the invention will be-
come apparent from the following deta'iled description of the invention when considered in conjunc-

tion with the drawings, in which:

[006]) Fig. 1A is a simplified system diagram showing an exemplary welding system with synchro-

nized welding machines for creating a dual fillet weld according to one or more aspects of the pre-



WO 2014/140772 PCT/IB2014/000358

sent invention; Fig. 1B is a detailed system diagram illustrating further details of the welding system

of Fig. 1A in accordance with one or more aspects of the invention;

[007} Fig. 2A is sectional end view taken along line 2-2 in Fig. 1B illustrating an exemplary solid

electrode that may be used for dual fillet welding with the system of Figs. 1A and 1B;

[008] Fig. 2B is another sectional view taken along line 2-2 in Fig. 1B illustrating an exemplary

cored electrode that may be used in the system of Fig. 1B for dual fillet welding;

[009] Fig. 3 is a partial top plan view showing an exemplary dual fillet welding process using the

system of Figs. 1A and 1B;

[0010] Fig. 4 is a partial end elevation view in section taken along line 4-4 of Fig. 3 illustrating mol-

ten weld material during formation of the dual fillet weld;

[0011] Fig. § is a partial end elevation view in section taken along line 5-5 of Fig. 3 illustrating a

cooled dual fillet weld;

[0012] Fig. 6 is an enlarged sectional elevation view showing further details of an exemplary fillet

weld created using the system of Figs. 1A and 1B;

[0013] Fig. 7A is a graph showing exemplary plots of first and second synchronized DC pulse weld-
ing current waveforms provided by the power sources in the system of Figs. 1A and 1B for substan-

tially in-phase side-to-side welding waveforms with about zero degree waveform phase angle;

[0014] Fig. 7B is a graph showing exemplary DC pulse welding current waveforms with a controlled

non-zero degree waveform phase angle;

[0015] Fig. 7C is a graph showing exemplary plots of synchronized DC pulse current waveforms in
the system of Figs. 1A and 1 B for substantially out-of-phase welding waveforms with about 180

degree waveform phase angle;

[0016] Fig. 7D is a graph showing exemplary plots of synchronized square-wave type welding ma-

chine wire feed speed and power source output workpoint value waveforms in the system of Figs.
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1A and 1B for substantially out-of-phase machine operation at a workpoint phase angle of about 180

degrees;

[0017] Fig. 7E is a graph shoWing exemplary plots of synchronized rounded wire feed speed and
power source output workpoint value waveforms in the system of Figs. 1A and 1B at a workpoint

phase angle of about 180 degrees;

[0018] Fig. 7F is a graph showing exemplary plots of synchronized ramped wire feed speed and
power source output workpoint value waveforms in the system of Figs. 1A and 1B at a workpoint

phase angle of about 180 degrees;

[0019] Fig. 7G is a graph showing exemplary plots of synchronized sinusoidal wire feed speed and
power source output workpoint value waveforms in the system of Figs. 1A and 1B at a workpoint

phase angle of about 180 degrees;

[0020] Fig. 8 is a system level schematic diagram illustrating further details of the welding system of
Figs. 1A and 1B, with the welding machines and a travel controller being synchronized and control-
lable in synergic fashion according to a user selected process and a system workpoint, wherein with
the welding torches are controllably movable by a travel mechanism relative to stationary

workpieces;

[0021] Fig. 8A is a system level schematic diagram illustrating an alternate travel mechanism con-

figuration with the workpieces being movable relative to stationary welding torches;

[0022] Fig. 9 is a simplified schematic diagram illustrating further details of one of the exemplary
switching type welding power sources providing a welding current according to a pulse width modu-

lated switching signal from a programmable waveform generation system;

[0023] Fig. 10 is a partial top plan view showing an exemplary dual fillet submerged arc welding

operation using the system of Figs. 1A and 1B with synchronized AC welding waveforms; .
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[0024] Fig. 11 is a partial end elevation view in section taken along line 11-11 of Fig. 10 illustrating
molten weld material and slag being formed within a bed of granular flux during submerged arc dual

fillet welding;

[0025]) Fig. 12 is a partial end elevation view in section taken along line 12-12 of Fig. 10 illustrating

a cooled dual fillet weld with solidified slag overlying the welds;

[0026] Fig. 13 is a sectional end elevation view showing the dual fillet submerged arc weld following

slag removali;

[0027] Fig. 14A is a plot showing graphs of substantially in-phase first and second AC welding
waveforms provided by the power sources in the submerged arc dual fillet welding operation of Figs.

10-12;

[0028] Fig. 14B is a graph showing exemplary AC welding current waveforms with a controlied non-

zero degree waveform phase angle;

[0029] Fig. 14C is a graph showing exemplary plots of synchronized AC pulse current waveforms in
the system of Figs. 1A and 1B for substantially out-of-phase welding waveforms with about 180 de-

gree waveform phase angle;

[0030] Fig. 14D is a graph showing exemplary plots of synchronized square-wave type welding
machine wire feed speed, power source output, and welding frequency workpoint value waveforms
in the system of Figs. 1A and 1B for substantially out-of phase machine operation at a workpoint

phase angle of about 180 degrees;

[0031] Fig. 15A is a partial end elevation view in section illustrating an exemplary beveled stiffener

first workpiece used in forming a dual fillet welded T-joint;

[0032] Fig. 15B is a partial end elevation view of the workpieces of Fig. 15A following dual fillet
welding to create a complete penetration dual fillet weld joint using the synchronized welding meth-

ods and systems of the invention;
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[0033] Fig. 16A illustrates an exemplary embodiment of the present invention in a hybrid laser ap-

plication;
[0034] Fig. 16B illustrates a top view of the system in Figure 16A; and
[0035] Figure 17 illustrates an exemplary controller for the system in Figure 16A.

DETAILED DESCRIPTION OF THE INVENTION

[0036] Referring now to the figures, several embodiments or implementations of the present inven-
tion are hereinafter described in conjunction with the drawings, wherein like reference numerals are
used to refer to like elements throughout and wherein the illustrated structures are not necessarily
drawn to scale. Although several preferred embodiments are illustrated and described hereinafter in
the context of root pass dual fillet welding using two welding electrodes positioned on opposite sides
of a welded workpiece, other embodiments are possible in which two or more pairs of opposing
welding electrodes are used in creating a dual fillet weld with one or more passes, with the wave-
forms applied to the electrodes and/or the workpoints used by opposing welding machines of a given
pair being operated in a synchronized manner to provide controlled waveform and/or workpoint
phase angles during concurrent creation of two fillet welds. Further embodiments are also contem-
plated in which several passes can be used to form a dual fillet weld, with the welding signal wave-
forms and/or workpoint waveforms being temporally synchronized such that the signals used in
forming the welds on either side of the T-joint are provided at a controllable phase relationship to
one another. In this regard, the specific embodiments illustrated and described hereinafter are not
intended as limitations, but rather as examples of one or more possible preferred implementations of

the various aspects of the invention.

[0037] Figs 1A and 1B show an exemplary dual fillet welding apparatus or system 2 including first
and second welding machines 20a and 20b with a synchronizing controller 40 providing for control of
the phase relationship of either or both of the welding current waveforms and/or one or more ma-
chine workpoints in creating dual fillet welds W1 and W2 using electrodes E1 and E2 and welding
arcs A1 and A2, respectively to weld a first workpiece WP1 to a second workpiece WP2. As shown

in Fig. 1B, the synchronizing controller may be provided in a welding system controller 10 for per-
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forming a DC pulse dual fillet welding process using flux cored welding electrodes E1 and E2, an AC
submerged arc welding (SAW) process using solid welding electrodes E1 and E2 or other suitable
dual fillet welding process using solid or cored electrodés with or without external shielding gas GS1,
GS2. The selected welding process is performed to create the first and second fillet welds W1 and
W2, respectively, on obposite sides of a T-joint formed by an end of the first workpiece WP1, such
as a stiffener, and a flat surface of the second workpiece WP2, where the workpieces WP and the
resulting T-joint may be flat, but can also be curved. The welding machines 20 in the exemplary
system 2 are generally similar to one another, although different machines may be used in other
implementations. The first machine 20a includes a power source 24a having an output terminal 25a
coupled to provide a waveform controlled welding signal (welding voltage, current) to the corre-
sponding electrode E1 in order to create the first dual fillet weld W1. As illustrated and described
further below with respect to Fig. 9, the exemplary power source 24a is a switching type source in-
cluding an output stage that provides a welding signal according to one or more pulse width modu-
lated switching signals created by a waveform generator that controls a pulse width modutator in the
power source 24a, where the exemplary sources 24 of system 2 are generally of the type shown in
Blankenship 5,278,390 and Hsu 6,002,104 incorporated by reference above and as sold by the Lin-
coln Electric Company under the trademark POWER WAVE. The machine 20a further includes a
motorized wire feeder 26a operable to feed or direct the electrode E1 toward a first side of the weld
joint at a controlled wire feed speed via a motor M1 driving one or more drive rolls 27a, whereby
electrode wire E1 is delivered from a spool or other supply 29a to the weld W1. The second ma-
chine 20b is similarly configured, including a second power source 24b having an output stage with
an output terminal 25b that is coupled to a second welding electrode E2 and provides a second
welding current signal thereto with a second waveform generated by a waveform generator control-
ling a pulse width modulator circuit to determine the current operation of the output stage. The se-
cond machine be also includes a wire feeder 26b with a motor M2 driving rolls 27b to direct the
electrode E2 from a supply reel 29b toward a second side of the weld joint at a second wire feed
speed. The power source output terminals 25a and 25b are electrically coupled, directly or indirect-
ly, to the respective welding electrodes E1 and E2 using any suitable electrical contact or intercon-

nection structures, wherein these connections are shown schematically in Fig. 1 for ease of illustra-



WO 2014/140772 PCT/IB2014/000358

tion. The welding electrode wires E are fed from the supply spools 29 through first and second
welding torch nozzles N1 and N2, wherein external shielding gas may be provided to the fillet welds
through suitable ports and passageways within nozzles N from gas supplies GS1 and GS2, respec-
tively, although other embodiments are possible in which no shielding gas is used. Referring also to
Figs. 2A and 2B, any type of welding electrodes E may be used, for example, solid electrodes (Fig.
2A) comprising a solid electrode material 52 with or without an optional outer coating 51. Another
suitable electfode E is shown in Fig. 2B, in this case a cored type electrode E having a metallic outer
sheath 54 surrounding an inner core 56, where the core 56 includes granular and/or powder flux
material for providing a shielding gas and protective slag to protect a molten weld pool during the
dual fillet welding, as well as alloying materials to set the material composition of the fillet weld mate-
rial. The dual fillet weld processing shown in Figs. 1A, 1B, and 8 is used to weld the stiffener
workpiece WP1 to the flat upper surface of the second workpiece WP2, wherein two welding arcs A1
and A2 are provided by the first and second machines 20a and 20b, respectively, on opposite sides |

of the stiffener workpiece WP1.

[0038] As best shown in Figs. 8 and 8A, the two fillet welds are performed concurrently from both
sides to join the workpieces WP1 and WP2 as a travel mechanism 52 moves a weld fixture 30 in a
horizontal direction 60 (Fig. 8) or alternatively moves the workpieces WP1, WP2 on a carriage 30a
relative to fixed welding torches (Fig. SA). The welding process may be tailored to create first and
second welds W1 and W2 of the same or similar weld size (e.g., leg size), although the methods and
systems of the invention may be used in creating dual fillet welds with different first and second weld

sizes, shapes, profites, etc.

[0039] In the example of Figs. 1A and 1B, the machines 20 are operatively coupled with the syn-
chronizing controller 40 and a workpiece allocation system 12 of the system controller 10 for ex-
changing data and control signals, messages, data, etc. therewith. In one embodiment, a stand-
alone welding system controller 10 includes the synchronizing controller 40 operatively coupled with
the power sources 24a and 24b and provides power sources 24 with synchronization information
(e.g., signals, messages, etc.) to synchronize the first and second waveform generators thereof such

that the first and second welding currents are at a controlled phase angle with respect to one anoth-
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er. The wire feeders 26 may also be synchronized by or according to suitable information (data,
signaling, etc.) from synchronizing controller 40 and/or directly from the respective power sources 24
or other intermediate components in order to coordinate the provision of welding wire to the dual
fillet welding process according to the current welding waveforms and other process conditions at a
particular point in time. Similarly, the shielding gas supplies GS1, GS2 may be controlled in syn-
chronized fashion using control apparatus of the machines 20 according to synchronization infor-
mation from the synchronizing controller 40. The exemplary system controller 10, moreover, in-
cludes the workpoint allocation system 12 operatively coupled with the welding machines _20a and
20b, which receives a user selected system setpoint or workpoint value and provides individual ma-
chine workpoint values to the machines 20 to set a total output of the dual fillet welding system 2.
Such synergic control may be provided to allow a user to simply set one system workpoint value, for
example, a deposition rate, weld size, wire feed speed, welding current, welding voltage, a travel
speed, etc., with the machines 20 and/or components thereof being provided with local workpoints to
achieve the desired system-wide performance. Moreover, the allocation system 12 or the synchro-
nizing controller 40 or other system components may provide for modulation of one or more machine
workpoints according to workpoint waveforms to provide a controlied machine workpoint phase an-
gle between the workpoint waveforms as described further hereinafter. in other embodiments, one
or both of the synchronizing controller 40 and the workpoint aliocation system 12 may be separately
housed, or may be integrated in one or more system components, such as the welding machines 20

or the power sources 24 thereof, for example.

[0040] Referring aiso to Figs. 3-6, 15A, and 15B, in creating the dual fillet weld at the T-joint of the
workpieces WP1 and WP2, it is desirable that the size and uniformity of the dual filiet weld, the
amount of penetration, and the shape (concave, convex, etc.) are controllable, repeatable and uni-
form along the tength of the weld so as to enhance the quality of the resulting joined structure. in
addition, the relative amount of similarity between the welds on opposite sides of the dual fillet weid
may affect the quality of the T-joint weldment, wherein inconsistent penetration and/or differences in
the amount of weld penetration on the two sides may lead to inferior joint strength, cracking, or other
quality problems. Furthermore, the synchronization of the concurrent weld processes may facilitate

the ability to economize the amount of welding time and filler material used. As shown in Figs. 3-6,
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the dual fillet process is performed with the electrodes E1 and E2 moving in the direction 60 relative
to the workpieces WP1 and WP2, and with electrodes Et1 and E2 being fed at controlled wire feed
speeds towards opposite first and second sides of the stiffener workpiece WP1, respectively.
Providing synchronized waveform controlied welding currents 11 and 12 to the electrodes E1 and E2
creates and maintains welding arcs A1 and A2 between the electrodes E1 and E2, respectively, and
the workpieces WP1 and WP2 or a weld pool thereon. The welding arcs A1 and A2, in turn, cause
deposition of molten electrode material and possibly melting of certain amounts the workpiece mate-
rials to form moiten welds W1 and W2 as shown in Fig. 4 as the electrodes E pass a given location
along the weld direction 60. The weld materials W1, W2 eventually cool and solidify as best shown
in Fig. 5, leaving the finished dual fillet weld (or a finished single pass of a muitiple pass dual fillet
weld). As best shown in Fig. 4, the localized heating of the workpieces WP1 and WP2 during the
welding process may cause the molten weld material to laterally penetrate the stiffener WP1 by first
and second lateral penetration distances 62a and 62b, where the lateral penetration distances 62
may, but need not, be the same. The welds W1 and/or W2 may also penetrate vertically downward
into the flat upper surface of the second workpiece WP2 by distances 63a and 63b, respectively,

which distances may, but need not, be the same for a given welding process.

[0041] As shown in Fig. 5, moreover, the finished fillet welds W1 and W2 will have certain profiles
or shapes, wherein the exposed outer weld surfaces may be convex as shown in the illustrated ex-
arﬁple, or alternatively may have generally flat, or concave, or curvilinear surface shapes or fillet
face contours. The weld sizes may be characterized by the vertical leg dimensions 64a and 64b as
well as by lateral or horizontal leg dimensions 65a and 65b, wherein the vertical and lateral leg di-
mensions may, but need not be the same for a given fillet weld, and wherein these size dimensions
may, but need not, be the same for the first and second welds W1 and W2. Referring also to Fig. 6,
an enlarged illustration of the first fillet weld W1 is shown. The finished weld W1 has vertical and
lateral leg dimensions 64a and 65a, respectively, which together define a theoretical throat dimen-
sion 70 extending from the original corner at the edge of the originat first workpiece WP1 and the
surface of the original second workpiece WP2 to a line L1 between the corner edges of the weld W1,
where the effective weld throat distance is the theoretical throat dimension 70 plus a throat penetra-

tion distance 71. In the illustrated convex example, moreover, the degree of convexity can be quan-
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tized as a dimension 72 extending from the theoretical line 71 to the outermost extension of the ex-
posed face or surface of the weld W1. Referring also briefly to Figs. 15A and 15B, the vertical first
workpiece WP1 may have beveled surfaces 202, 204 at the end facing the second workpiece WP2.
Furthermore, as shown in Fig. 15B, the welds W1 and W2 may join at a central location 200, thereby

providing for a complete penetration weld joint.

[0042]) Referring also to Figs. 7A-7G, 8, and 8A, the inventors have appreciated that synchronized
control of the welding current waveforms and/or of welding machine workpoint values may facilitate
control over the consistency of the above mentioned dimensional and performance characteristics of
the first and second welds W1 and W2 in dual fillet welding where the two sides of the T-joint are
welded concurrently. In this regard, the coordination of the applied welding signal waveforms of the
first and secqnd power sources 24a and 24b at a controlled waveform phase angle may be advan-
tageously employed to ensure that the degree of penetration of the two opposing welds W1 and W2
are substantially the same on both sides of the first workpiece WP1 in cases where it is desired to
have first and second welds of identical dimensions, including the relative similarities with respect to
vertical penetrations 63, lateral penetrations 62, and the corner penetration 72 as shown in Figs. 4
and 6. In addition, providing the first and second welding current waveforms at a controlled phase
angle is believed to contribute to controilability of these dimensions in situations where the first and
second welds are designed to be different. Alternatively or in combination, controlled modulation of
one or more ma;:hine workpoint values such as power source output level, waveform frequency,
wire feed speed, etc., at a controllable relative machine workpoint phase angle can be employed for

enhanced dual fillet welding.

[0043] While not wishing to be tied to any particular theory, it is believed that simultaneous welding
from both sides of workpiece WP1 without temporal coordination of the welding parameters of the
two processes, even for otherwise identical welding parameter settings, can cause asymmetrical
penetration, and lack of consistency in the penetration depths, weld shapes, etc., along the direction
of electrode travel, due to electromagnetic interaction of the material with fields created by the cur-
rents flowing 'through the electrodes E and the resulting arcs A as well as thermal affects of unsyn-

chronized concurrent welding processes on either side of the weld joint. These asymmetries and/or
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inconsistencies, in turn, may lead to suboptimal weld joiht characteristics and/or performance, in-
cluding susceptibility to cracking and/or corrosion, reduced joint strength, etc. Furthermore, control-
lable penetration consistency in the two welds may also facilitate reduction in weld time (increased
weld speed) and optimization of the amount of filler material used in dual fillet welding. In this re-
gard, controlled, consistent penetration of the two fillet welds W1 and W2 beyond the root may allow
smaller leg size dimensions for a given weld strength specification, by which increased weld travel
speeds and/or reduced quantities of filler metal (electrode utilization) may be achieved to reduce

welding costs.

[0044] Fig. 7A illustrates a graph showing exemplary plots 81 and 82 of first and second synchro-
nized DC pulse welding current waveforms, respectively, provided by the power sources 24 in the
system of Figs. 1A and 1B fer substantially in-phase side-to—side welding waveforms with about zero
degree waveform phase angle ®. As shown in the plot 80, the exemplary welding system 2 is oper-
able to provide synchronized first and second welding waveforms 81 and 82 via the power sources
24a and 24b, respectively, wherein the waveform synchronization can be by any suitable means in
the system 2, such as the synchronizing controller 40 or other system component, whether hard-
ware, software, or combinations thereof. In one preferred embodiment, the system 2 is employed in
performing a deal fillet DC pulse welding process using flux cored electrodes E1 and E2, as exempli-
fied in Figs. 1A, 1B, 2B, and 3-6, wherein the temporally aligned DC pulse waveforms 81 and 82 of
Fig. 7A may be provided to perform the dual fillet welding. As shown in the plot 80 of Fig. 7A, more-
over, the DC pulse waveforms 81 and 82 are substantially in-phase with zero waveform phase angle
®, so as to facilitate control over the consistency and symmetry of the weld penetration. In this im-
plementation, both the DC pulse welding waveforms 81, 82 are comprised of a series of pulses in-
cluding a background current level Iz and a higher pulse current level Ip, with the pulses of the first
and second welding currents I; and |, being substantially in phase, such as within about 10 electrical
degrees of one another, wherein the relative waveform phase angle @ in this case is about zero,
such as about 10 degrees or less. In the illustrated example, moreover, the first and second wave-
forms 81 and 82 are substantially identical, although not a requirement of the invention. In this re-

gard, one possible application of this type of implementation is where the first and second welds w1
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and W2 are desired to be the same size, with equal or similar weld leg dimensions 64 and 65 on

both sides of the stiffener workpiece WP1.

[0045] While the current waveforms are illustrated in the DC pulse welding examples of Figs. 7A-
7C as having less than a 50% duty cycle (the ratio of the pulse current time divided by the back-
ground current time), the waveforms may be of any suitable duty cycle to implement a given dual
fillet welding procedure. Furthermore, the implementation shown in Fig. 7A provides for substantial-
ly equal pulse current values lpy and I, as well as substantially equal background current levels lg,
and lg, in the two waveforms. However, other embodiments may provide different waveform values,
wherein Ip; need not equal lp; and/or where lg; and Ig; may be unequal, for instance, where different
electrode diameters are used in the machines 20a and 20b, and/or where different first and second

weld sizes are desired.

[0046] In certain embodiments, the power sources 24 are provided with synchronization infor-
mation, such as heartbeat signals, messages, etc., from the synchronizing controller 40 (Fig. 1),
with the waveform generators of the power sources 24 operating to create the first and second weld-
ing currents |, and |, at the controllable waveform phase angle ®. In this fashion, with the waveform
phase angle ® at about zero in Fig. 7A, the pulse current levels Ip; and I, of the first and second
currents |, and |, are substantially aligned in time, and the currents are at the background levels 1g,
and Iz, substantially concurrently. In this manner, the penetration of the resulting fillet welds W1 and
W2 can be controlled to achieve generally symmetrical penetration for welds of the same size, as

well as consistent weld penetration values along the length of the welds.

[0047] In other embodiments where the weld sizes are desired to be different (e.g., using different
first and second pulse levels Ip; and I, and/or different background levels lIg; and lgy), the temporal
synchronization of the first and second waveforms 81 and 82 facilitates consistency of the weld pen-
etration along the weld length, even where the welds W1 and W2 may penetrate by different
amounts. In another possible embodiment, the pulse and/or background levels may be different for
the first and second welding waveforms 81 and 82, where the electrodes E1 and E2 are not the
same, such as different diameter wires, different materials, etc., where the desired weld sizes, pro-

files, etc., may be the same, and where the wire feed speeds may, but need not, be equal. The
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synchronization of the welding waveforms 81 and 82 in these implementations may also advanta-
geously facilitate control of the weld penetration consistency along the weld length, in addition to
enabling substantially symmetrical penetration on the two sides of the stiffener WP1. Thus, the
waveform synchronized system 2 may be employed to provide significant advantages in terms of
weld consistency, weld strength, and welding costs in a variety of possible dual fillet welding applica-
tions through the controlled provision of the first and second welding current waveforms substantially
in phase, as exemplified in the plot 80 of Fig. 7A and variants thereof. In addition, it is noted that
while the illustrated DC pulse waveforms 81 and 82, and the AC waveforms of Figs. 14A-14C below,
are generally square wave pulse waveforms, other waveform shapes are contemplated, wherein the

illustrated embodiments are merely examples.

[0048] This aspect of the invention also provides for other controlled waveform phase angle values
®.. Fig. 7B illustrates a graph 84 showing exemplary first and second DC pulse welding current
waveforms 85 and 86, respectively, with a controlled non-zero degree waveform phase angle ®, and
Fig. 7C provides a graph 87 illustrating first and second welding current waveform plots 88 and 89
for substantially out-of-phase welding waveforms with about 180 degree waveform phase angle. In
the case of Fig. 7C, the magnetic effects of the two pulse welding arcs will be substantially out-of-
phase for waveform phase angles ® of about 180 degrees, such as 175 to 185 degrees, thereby
allowing control over the dual fillet weld uniformity, penetration, shape, size, etc. through the con-

trolled waveform synchronization in the system 2.

[0049] Referring also to Figs. 7D-7G, further aspects of the invention involve controlled modulation
of workpoints according té a waveform associated with the welding machines 20a and 20b in a
manner to provide a controlled workpoint phase angle between the machine workpoint waveforms.
The machine workpoints can be provided and modulated in one embodiment by the workpoint allo-
cation system 12 (Fig. 18), where the workpoints are provided to the machines 20 in some variable
manner to establish a waveform, such as a square wave, sine wave, ramps, or any other waveform
shape. In another possibie embodiment, 'the machine workpoint modulation is controlled by the
synchronizing controller 40. Other embodiments are possible, where the workpoint modulation is

provided by cooperative interaction of the workpoint allocation system 12 and the synchronizing
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controller 40 or by any other single element of the welding system 2 or combination of system ele-
ments, or by an external component operatively connected to the welding system 2, such as com-
ponents communicatively coupled with the welding system 2 via networks, whether wired or wire-

less, efc.

[0050] One example is shown in Fig. 7D, in which a graph 90 illustrates exemplary plots 90a-90d of
synchronized square-wave type welding machine wire feed speed and power source output
workpoint value waveforms ih the system 2 for substantially out-of-phase machine operation at a
workpoint phase angle a of about 180 degrees, such as 175 to 185 degrees. Any suitable relative
phase angle a can be used, wherein the invention is not limited to substantially out-of-phase opera-
tions as shown in the example of Fig. 70. As shown in this embodiment, the first machine workpoint
value is provided (e.g., by the workpoint allocation system 12 in one embodiment) as either a wire
feed speed (WFS;) or a power sourced output value (Power Source Output;) from which the first
machine 20a derives the other. In the illustrated example, the first machine workpoint value is mod-
ulated over time by the workpoint allocation system 12 in the form of a square wave waveform hav-
ing a period T with the first wire feed speed value 90a alternating between a high value WFS,, and a
low value WFS,,, wherein the first power source output 90b tracks this square waveform with high
and low output values Power Source Output,, and Power Source Output,,, respectively, aligned with
the high and low WFS values WFS,, and WFS;,. The workpoint allocation system 12 also provides
a second machine workpoint to the second welding machine 20b, such as a wire feed speed (WFS;)
or a power sourced output value (Power Source QOutputy), where the second wire feed speed ma-
chine workpoint value 90c alternates between a high value WFSza.and a low value WFS,,, and the
second power source output 90d tracks this square waveform of the same period T with high and
low output values Power Source Outputy, and Power Source Outputy,, respectively. In accordance
with certain aspects of the present invention, moreover, the first and second machine workpoint
values are modulated according to first and second machine workpoint waveforms to provide a con-
trolled machine workpoint phase angle a between the first and second machine workpoint wave-
forms, which can be any value, such as about 180 degrees for substantially. out-of-phase operation

of the opposing welding operations in the illustrated exampie.
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[0051] By controiling the workpoint phase angle q, the allocation system 12 can control the size,
uniformity, consistency, etc. of the resulting dual fillet weld while achieving an overall desired system
output. In this regard, the workpoint allocation system 12 (Fig. 1B) receives a user selected system
workpoint value and provides the modulated first and second machine workpoint values to the weld-
ing machines 20, respectively, based on the system workpoint value to set a total output of the mul-
tiple arc welding system 2 to the system workpoint value, wherein the system workpoint value can
be any suitable vaiue, parameter, measure, etc. associated with the system 2 or the dual fillet weld-
ing process, including but not limited to a system deposition rate, a weld size, a wire feed speed, a
welding current, a welding voltage, a travel speed, etc. In implementing the desired system-wide
performance according to the user selected system workpoint, the workpoint allocation system 12
provides ény suitable form of machine workpoints to the machines 20, including but not limited to a
power source output value, a waveform frequency, and a wire feed speed. In practice, moreover,
the workpoint value modulation waveforms may be moduilated at any suitable period T and corre-
sponding frequency, such as about 0.1 to about 10 Hz in one example, whereas the power source
current output waveforms are generally of a much higher frequency, such as about 60-300 Hz for
putse welding and about 20-90 Hz for AC welding, although these frequency values are merely ex-
amples and do not represent limitations to or requirements of the invention. In addition, it is noted
that where the machines 20 are themselves synergic, the workpoint allocation system 12 (or other
system element) may provide a single machine workpoint to each machine 20 (from which the ma-
chine 20 will derive two or more workpoints such as power source output value, a waveform fre-
quency, and a wire feed speed, etc. Alternatively, the workpoint allocation system 12 may provide
more than one machine workpoint to one or both of the machines 20 or components thereof (e.g., a
WEFS workpoint to a wire feeder 26 and a power source output value and/or frequency to the power
source 24 ), wherein the provided machine workpoint values may be advantageously modulated

according to various aspects of the invention.

[0052] Fig. 7E illustrates another possible workpoint modulation waveform wherein a graph 91
shows synchronized rounded wire feed speed and power source output workpoint value waveform
plots 91a-91d in the system 2, again at an exemplary workpoint phase angle a of about 180 de-

grees. In this case, the first and second wire feed speed workpoint values 91a and 91c provide a
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smoother transition between the high and low values, thereby allowing for mechanical time con-
stants associated with wire feed mechanisms, wherein the power source output workpoint wave-
forms 91 and 91d also provide for rounded waveform transitions in concert with the corresponding
wire feed speeds. Fig. 7F shows a graph 93 with synchronized ramped wire feed speed and power
source output workpoint value waveform plots 93a-93d also illustrated at a workpoint phase angle a
of about 180 degrees with all the waveforms operating at an exemplary period T. As another exam-
ple, the graph 95 of Fig. 7G illustrates synchronized sinusoidal wire feed speed and power source
output workpoint value waveforms 95a-95d in the system 2, where the waveforms 95 are each at a
period T and the waveforms of the first machine 20a are offset from those of the second machine

20b by a workpoint phase angle a, again about 180 in this example.

[0053} Fig. 8 illustrates another embodiment of the dual fillet welding system 2, wherein the system
includes a travel controller component 50 operatively coupled with the welding system controller 10,
along with a travel mechanism 52, such as a robot or other mechanical actuation system, to control-
lably translate a fixture 30 to guide the welding electrodes E1 and E2 along the welding direction 60
to perform the dual fillet welding process forming the welds W1 and W2 concurrently. The travel
mechanism 52 can be any system that controls the spatial relationship between the workpieces
WP1 and WP2 and the electrodes E1 and E2 to implement a dual fillet welding operation, and the
associated trave! controller 50 may be hardware, software, etc., whether separate or integrated or
distributed within one or more system components, which controls operation of the travel mecha-
nism 52. in this regard, Fig. 8A shows an alternate configuration with the travel mechanism 52 op-
erative to translate the workpieces WP1 and WP2 on a movable carriage or fixture 30a in the direc-

tion 60 relative to a fixed fixture 30 and stationary welding torches.

[0054] As best shown in Figs. 1B and 8, the exemplary system controller 10 includes the synchro—
nizing controller 40 an'd the workpoint allocation system 12, where the system controlier 16 may be a
stand alone component within the overall dual fillet welding system 2, or one or more components of
the controller 10 may be integrated within or distributed among one or more of the welding machines
20 or other system components. In one possible implementation, the welding machines 20a and

20b may each include system controller components 10, for example, within the power sources 24
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thereof, with one machine 20 being designated (e.g., programmed or configured) to operate as a
master and the other configured to operate as a slave. In this typé of embodiment, the master ma-
chine 20 is operatively coupled with the slave machine 20 to provide the system control functions as
set forth herein. In this regard, the system controller 10, as well as the workpoint allocation system
12 and synchronizing controller 40 thereof may be implemented in any suitable form, including
hardware, software, firmware, programmabile logic, etc., and the functions thereof may be imple-
mented in a single system component or may be distributed across two or more components of the
welding system 2. The workpoint allocation system 12 is operatively coupled with the first and se-
cond welding machines 20, and receives a user selected system workpoint value 14, for example, a
setting of a user accessible knob 18 or a signal or message from another input device or from a
source external to the system 2, wherein the workpoint allocation system 12 provides first and se-
cond welding machine workpoint values to the machines 20a and 20b, respectively, based on the
system workpoint value 14. Moreovér, the workpoint altocation system 12 can be configured to
modulate the provided machine workpoint values according to corresponding waveforms to provide
the controlled workpoint waveform phase angle relationship for improved controt of the dual fillet
welding operation. Whether modulated or not, the workpoint allocation system 12 provides the ma-
chine workpoint values so as to effectively set a total output of thé dual fillet welding system 2 in
accordance with the system_ workpoint 14. In this manner, the system 12 allows a user o make a
single synergic adjustment from which the various operational parameters of the components in the

welding system 2 are configured.

[0055] The system controller 10 may provide other control functions in the welding system 2, such
as data acquisition, monitoring, etc., in addition to the workpoint allocation and synchronization func-
tions, and may provide various interface apparatus for interaction with a user (e.g., a user interface
with one or more value adjustment apparatus such as knobs 18, switches, etc., and information ren-
dering devices, such as graphical or numeric displays, audible annunciators, etc.), and or for direct
or indirect interconnection to or with other devices in a distributed system, including but not limited to
operative connection for communications and/or signal or value exchange with the machines 20 or
other welding equipment' forming a part of the system 2, and/or with external devices, such as

through network connections, eic., whether for exchanging signals and/or communications messag-
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ing, including wire based and wireless operative couplings. As best shown in Fig. 8, system control-
ler 10 receives a user selected system workpoint value 14, which may be obtained by a user adjust-
ing one or more knobs 18 on a faceplate interface of system controiler 10, or which may be obtained
from another device, for example, from a hierarchical controller or user interface coupled with sys-
tem 2 through a network or other communicative means, whether wired, wireless, or other form (not
shown). The system controller 10 may also store and/or be operative to receive user selected pro-
cess information 16, for example, process type information, welding electrode size information, pro-

cess recipes or procedures, etc.

[0056] The workpoint allocation system 12 derives welding machine workpoint values (e.g., wire
feed speed values WFS1 and WFS2 in Fig. 8) for the individual welding machines 20 based on the
system workpoint value 14, wherein the derivation of the machine workpoints may, but need not,
take into account user selected information 16 regarding a specific desired or selected welding pro-
cess or operation. The user selected process information 16 may specify, for example, whether a
given process is to be a dual fillet DC pulse process using flux cored electrodes E, as exemplified in
Figs. 1, 28, and 3-7C above, or an AC solid wire dual fillet submerged arc process as shown in Figs.
10-14C below. The workpoint allocation functions may be implemented in any suitable fashion, in-
cluding but not limited to lookup tables to map user selected system workpoint values 14 to machine
workpoint values, taking into account welding process type and wire diameter and/or other process
parameters (e.g., information 16), as well as algorithmic or equation based computation of the ma-
chine workpoints based on the user selected system workpoint value 14. In the implementation de-
picted in Fig. 8, for exampie, the workpoint altocation system 12 receives the system workpoint 14,
such as a deposition rate, a weld size, a wire feed speed, a welding current, a welding voltage, a
travel speed, etc., and derives two or more machine workpoint values, such as wire feed speeds,
deposition rates, welding currents, welding voltages, travel speed setting for the travel controller 50,
etc. according to a single system workpoint value 14. In this manner, the synergic workpoint alloca-
tion system 12 divides or apportions the system setting 14 into the welding machine workpoint val-
ues for the individual machines 20, wherein the system workpoint value 14 and the derived machine
workpoint values may, but need not, be of the same type. For example, the user selected value 14

may be a total system deposition rate expressed in units of pounds per hour, with the machine
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workpoints being wire feed speeds or other values. In this regard, the allocation system 12 in one
embodiment may provide approximately equal first and second wire feed speed machine workpoint
values WFS1 and WFS2 to the machines 20a and 20b, respectively, in applications in which sym-
metrical welds W1 and W2 of equal sizes are desired. The machines 20 or components thereof
(e.g., power sources 24) may derive further component settings from a single machine workpoint
value, such as the power source 24 receiving a machine wire feed speed and deriving welding sig-
nal parameters therefrom (e.g., voltage, current, pulse widths, duty cycles, etc), in localized synergic
fashion, or the allocation system 12 may provide multiple workpoints to each machine 20. Moreo-
ver, the workpoint allocation system 12 in the illustrated embodiment of Fig. 8 also derives at least
one travel control value (e.g., travel speed) based on the system workpoint value 14 and provides

the travel control value to the travel controlier 50.

[0057] Referring also to Fig. 9, further details of the exemplary waveform controlied first power
source 24a are illustrated, wherein the second power source 24b may be similarly constructed in
certain embodiments of the welding system 2. in general, the system 2 may employ any switching
type welding power source 24 that provides an electrical welding signal according to one or more
switching signals. The exemplary source 24a includes a rectifier 150 that receives single or multi-
phase AC input power and provides a DC bus output to a switching inverter 152. The inverter 152
drives an output chopper 154, where chopper 154 and inverter 152 are operated according to
switching signals from a pulse width modulation (PWM) switching control system 168 to provide a
welding output signal at terminals 25a suitable for application to a fillet welding process or operation.
in practice, one or both of the output terminals 25a may be coupled through a power source cable to
wire feeder 26a for ultimate provision of the welding signal to the welding operation through a torch
and cable (not shown), where welding current and voltage sensors' 172 and 174 are provided in
power source 24 to create feedback signals for closed loop control of the applied welding signal
waveform 81. Power source 24a also includes a waveform generation system 160 providing switch-
ing signals to the output chopper 154 and optionally to inverter 152, where system 160 includes a
waveform generator 162 providing a desired waveform control signal to an input of a comparator
168 according to a selected desired waveform 164, §tored as a file in one example. The desired

waveform is compared to one or more actual welding process conditions from a feedback compo-
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nent 170 and the comparison is used to control the PWM switching system 168 to thereby regulate
the welding signal in accordance with the desired waveform (e.g., welding current signal waveform

81 of Fig. 7).

[00568] The waveform generation system 160 in the embodiment of Fig. 8 and the components
thereof are preferably implemented as software or firmware components running in a microproces-
sor based hardware platform, although any suitable programmable hardware, software, firmware,
logic, etc., or combinations thereof may be used, by which one or more switching signals are created
(with or without feedback) according to a desired waveform or waveform file 164, wherein the
switching type power source 24a provides a welding signal according to fhe switching signal(s).
One suitable power source is shown in Blankenship 5,278,390, wherein the power source 24a can
be a state table based switching power source that may receive as inputs, one or more outputs from
other system components, such as a sequence controller, the welding system controller 10, etc.,
wherein waveform generation system components 162, 166, 170 may be implemented as a wave-
form control program running on, or executed by, a microprocessor (not shown) that defines and
regulates the output waveform of power source 24a by providing control signals via PWM system
168 to inverter 152 and/or chopper 154, where the output waveform can be a pulse type of any
waveform or shape that can be synchronized for substantially in-phase operation relative to a se-
cond power source 24, and may provide for DC or alternative current polarities (AC), as shown in

the submerged arc embodiment of Figs. 10-14 below.

[0059] Referring now to Figs. 10-14D, another possible embodiment of the welding system 2 is
illustrated, in which solid wire electrodes E1 and Eé (Fig. 2A above) are employed in a submerged
arc dual fillet welding process with synchronized AC pulse welding waveforms that are at a con-
trolled waveform phase angle relationship or synchronized workpoint value modulation. Fig. 14A
shows a plot 180 depicting exemplary first and second AC pulse welding current waveforms 181 and
182, respectively, each comprising a.series of pulses including a positive current level I» and a nega-
tive current level Iy, with the pulses of the first and second welding currents being substantially in
phase with one another at a controlled waveform phase angle a of about 0 +/-5 degrees. Another

example is shown in the graph 190 of Fig. 148, wherein the first and second current waveforms 191
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and 192 are operated at the same frequency, but the waveforms thereof are temporally offset by a
non-zero waveform phase angle a. Yet another example is shown in the graph 195 of Fig. 14C, in
which the power source output current waveforms 196 and 197 are substantially out-of-phase with
the relative waveform phase angle a being about 180 degrees (e.g., 175-185 degrees in one embod-
iment). It is appreciated that the various AC current and/or voltage waveforms output by the ma-
chine power sources 24 may be of any form or shapé and need not be the same, wherein the figures
are merely exampies and are not requirements or limitations of the invention. As with the above
described DC pulse examples, moreover, the phase controlled AC waveforms 181 and 182 can be
employed to control the consistency and symmetry of the weld penetration of the opposing welding
electrodes E1 and E2 during concurrent dual fillet welding, wherein the illustrated embodiment of
Figs. 10-13 employs the AC waveform control in combination with relatively large diameter solid
electrodes E (Fig. 2A) and granular flux F (Figs. 10 and 11) in a submerged arc welding (SAW) pro-
cess. The waveforms 181 and 182 each include a series of pulses having positive portions (I»; and
Ip2) and negative portions (ly, and lyy), illustrated as currents 1‘1 and 12 in Fig. 14A-14C, wherein the
pulses of the first and second welding currents 11 and 12 are synchronized by the synchronizing
controller 40 to provide a controlled or regulated waveform phase angle a (e.g., within about +/-5

electrical degrees of the target angle value a in one embodiment).

[0060] In oﬁe preferred embodiment, moreover, the first and second waveforms 181 and 182 are
substantially identical as shown in the plot 180, although not a requirement of the invention. In addi-
tion, the exemplary waveforms 181 and 182 are of appfoximately 50% duty cycle, although other
embodiments are possible using any suitable duty cycle. In addition, while the illustrated waveforms
are symmetric about the zero current axis with /lp4/ substantially equal to /iy,/ anld with /lp,/ substan-
tially equal to /ly./, other embodiments are possible using asymmetrical waveforms in this respect.
Furthermore, the preferred embodiment of Figs. 10-14C employ first and second waveforms 181
and 182 that are substantially identical, aithough this is not a requirement of the invention. As with
the above described dual fillet DC pulse welding implementations, moreover, the power sources 24
generate the AC submerged arc welding signal waveforms 181 and 182 in Figs. 10-14 using syn-
chronization information (e.g., heartbeat signals, messages, etc.) from synchronizing controller 40

(Figs. 1, 8 and 9) to provide welding currents 11 and 12 in a controlled phase angle relationship with
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respect to one another to facilitate improved control of the resuiting fillet welds W1 and W2. As best
shown in Figs. 10-13, the dual fillet SAW process uses granular flux F (Figs. 10 and 11) formed into
two piles along the sides of the T -joint between the stiffener workpiece WP1 and the base
workpiece WP2, and the energized welding electrodes E1 and E2 (Fig. 2A) are passed through the
flux piles F. The current signal waveforms 181 and 182 applied to the electrodes E1 and E2 estab-
lish and maintain welding arcs A1 and A2 within the granular flux F, causing the flux F to melt and
form slag S (Figs. 10 and 12) over the molten welds W1 and W2, as best shown in Fig. 11. The AC
welding waveform is preferably balanced with respect to the zero voltage axis and preferably of a 50
percent duty cycle, wherein these preferred conditions can contribute to controlled penetration and
bead shape, although these conditions are not strict requirements of the invention. The dual fillet
welding process may lead to weld material W1 and/or W2 penetrating one or both of the workpieces
WP1 and WP2 through partial consumption of workpiece material and inclusion thereof into the
welds W1, W2, resulting in lateral penetration dimensions 92a and 92b and/or first and second
downward penetration depths 94a and 94b. As the electrodes E are moved along the weld direction
60 (e.g., via travel mechanism 52 of Fig. 8), the weld material W1, W2 solidifies beneath the slag S,
and slag S also solidifies as shown in Fig. 12. The slag S is then removed, leaving the finished fillet
welds W1 and W2 as shown in Fig. 13, which are substantially the same in the illustrated embodi-
ment. The invention thus provides dual fillet welding systems and methods for dual fillet welding
applications, in which the welding signals are synchronized for controlled phase angle operation to

facilitate control over dual fillet welding system performance and finished weld quality.

[0061] Referring also 1o Fig. 14D, as discussed above, further aspects of the invention provide for
welding machine workpoint modulation at a controlled phase relationship, which also finds utility in
association with AC dual fillet welding applications, such as the submerged arc example of Figs. 10-
12. Fig. 14D provides a graph 198 showing exemplary first and second synchronized square-wave
type welding machine wire feed speed waveforms 198a and 198d, power source output waveforms
198b and 198e, and welding frequency workpoint value waveforms 198¢ and 198f in the exemplary
dual fillet welding system 2, wherein the workpoint waveforms 198a-198c¢ of the first machine 20a
are modulated at a period T at a controlled workpoint phase angle a relative to the modulated

workpoint waveforms 198d-198f of the second machine workpoints, with all the workpoint modula-
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tion waveforms being operated at a period T. In this example, moreover, the first and second ma-
chine workpoints are modulated in a substantially out-of-phase manner with the a workpoint phase
angle a at about 180 degrees, although any suitable controlled phase angle a may be employed. In
this example, it is noted that the power source operating frequencies (e.g., the frequencies of the
power source output current/voltage waveforms) may aiso be modulated in the workpoint modulation
technique. In this example, the AC welding waveform frequency is varied in concert with the ampli-
tude, wherein like the above pulse welding examples, the modulation of the workpoints in AC appli-
cations can be according to any suitable modulation waveform shapes, forms, etc., wherein the illus-
trated square wave workpoint modulation waveforms 198a-198f in Fig. 140 are merely examples.
Further, the modulation waveforms of a given machine may be of similar shape, form, etc., as
shown, or these may be different. Moreover, the modulated machine workpoint waveforms may be
provided as a group to each machine 20, or the workpoint allocation system 12 (or other system
component) may provide a single modulated workpoint to a machine 20 with the machine 20 then
deriving the remaining workpoints for the various machine components. In the example of Fig. 140,
moreover, the power source waveform output frequency of each machine is increased when the

corresponding wire feed speed and output amplitude is increased and vice versa.

[0062] Referring now to Figs. 15A and 15B, the welding currents and wire feed speeds of the weld-
ing machines 20a and 20b may be controlled to provide controlled partial penetration of the T-joint
as shown in Figs. 5 and 6 above, or to provide for essentially complete penetration of the weld joint
as seen in Figs. 15A and 15B, for pulse welding, AC welding, or other dual fillet welding type opera-
tions, wherein the waveform synchronization and/or workpoint synchronization techniques described
above can be used to facilitate controlled provision of any desired amount and form of weld penetra-
tion for a given dual fillet welding application. Fig. 15A illustrates an exemplary beveled stiffener first
workpiece WP1a used in forming a duai fillet welded T-joint including beveled lower surfaces 202
and 204 which may be used alone or in combination with one or both of the wavefofm or workpoint
synchronization aspects of the invention to achieve dual fillet welds having substantially complete
penetration to provide an overlap region 20 where the first and second fillet welds W1 and W2 join

beneath the first workpiece WP1a as shown in Fig. 15B.
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[0063] The above examples are merely illustrative of several possible embodiments of various as-
pects of the present invention, wherein equivalent alterations and/or modifications will occur to oth-
ers skilled in the art upon reading and understanding this specification and the annexed drawings.
In particular regard to the various functions performed by the above described components (assem-
blies, devices, systems, circuits, and the like), the terms (including a reference to a "means”) used to
describe such components are intended to correspond, uniess otherwise indicated, to any compo-
nent, such as hardware, software, or combinations thereof, which performs the specified function of
the described component (i.e., that is functionally equivalent), even though not structurally equiva-
lent to the disclosed structure which performs the function in the illustrated implementations of the
invention. In addition, although a particular feature of the invention may have been disclosed with
respect to only one of several implementations, such feature may be combined with one or more
other features of the other implementations as may be desired and advantageous for any given or
particular application. Also, to the extent that the terms "including”, “includes”, "having", "has",

"with", or variants thereof are used in the detailed description and/or in the claims, such terms are

intended to be inclusive in a manner similar to the term “comprising”.

[0064] In some exemplary embodiments, a hybrid laser system is used to create the dual fillet
welds. Use of a hybrid laser system allows for smaller weld bead size, faster travel speeds, and less
distortion. This is because, by combining the focused energy of a laser beam with a conventional
arc system to melt the base metal, the penetration of the molten puddie (i.e., weld puddle) is deeper
than if just a conventional arc-only system was used. For example, in the exemplary application of
welding a T+joint, the hybrid laser system can provide full penetration of the T-joint with a narrow
heat-affected zone (HAZ). By preheating the workpieces and getting a deeper penetration using the
laser, the weld bead size can be considerably smaller while still achieving the same or better cross
section of fused material as that of a fillet weld made with a conventional arc-only system. For ex-
ample, the weld bead size can be in the range of 1 to 8 mm leg length (5/16 in fillet) in hybrid laser
systems. In addition, due to the smaller bead size, less filler material is needed and the T-joint can
be fillet welded at travel speeds that are higher than conventional arc-only systems, e.g., in a range
of 1.5 to 4 meters/min or 60 to 150 ipm travel speed. Further, because there is less molten metal

using a laser process, there is less distortion than a conventional arc-only system.
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[0065] Conventional systems are unable to take full advantage of the benefits of hybrid laser weld-
ing when performing concurrent welds where the arcs are in close proximity. That is, although a
hybrid laser system can be used when welding the fillet weld on one side of the T-joint, the other
side of the T-joint cannot have an arc directly across from the first arc, as there will be magnetic
interference from the two arcs in the conventional systems. If the second arc is positioned such that
it trails the first arc to minimize the magnetic interference, the advantages due to the keyhole effect
on the second side will be lost because the metal will cool off by the time the second arc travels over
the keyhole area. While it is possible to also use a hybrid laser system on the second side, this

would either double the manufacturing time or it would be expensive due to the second laser.

[0066] Unlike conventional systems, embodiments of the present invention can take full advantage
of the benefits of hybrid laser as discussed above. As seen in Figure 16A, the hybrid laser system
includes a high intensity laser 300 that focuses a laser beam 310 onto the base of the T-joint formed
by workpieces WP1 and WP2. The laser can be any type of high energy laser source, including but
not limited to carbon dioxide, Nd:YAG, Yb-disk, YB-fiber, fiber delivered or direct diode Iéser Sys-
tems. Further, even white light or quartz laser type systems can be used if they have sufficient en-
ergy. 'For example, a high intensity energy source can provide at Ieést 500 W/cm2. In addition, the
laser should have the ability to "keyhole" into the root metal of the workpieces being welded. That
is, the laser should have sufficient energy to form a vapor cavity in the root metal that can extend
substantially into the root, e.g., 60% to 100% of the thickness of the workpiece WP1 in some embod-
iments and 95% to 100% of the thickness of the workpiece WP1 in other embodiments. In typical
hybrid laser applications, the workpiece thickness can range from 3mm to 15mm or 1/8 inch to 1/2

inch. Of course, other thickness can be used based on the requirements of the application.

[0067]) The hybrid laser system also includes welding systems, e.g., GMAW systems, that include
power supplies 430 and 440 supplying welding current to wires 330 and 335 via torches 320 and
325, respectively. The welding currents create arcs 303 and 304 between consumable electrodes
(wires) 330 and 335, respectively, and the workpieces WP1and WP2. Each GMAW system can also
inciude shielding gas (not shown) for protecting the weld zone from atmospheric contamination.

Although the exemplary embodiments will be described in term of GMAW systems, the present in-
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vention can also be used with TIG, PAW, SAW, FCAW-S, FCAW-G, and MCAW systems. The arcs
303 and 304 deposit material from consumable electrodes (wires) 330 and 335 to form fillet welds
301 and 302, respectively, at the root of the T-joint. As in the exemplary embodiments discussed
above with respect to Figures 1-15, the torches 320 and 325 (see Figure 16B) can be positioned
such that their respective arcs 303 and 304 are directly across from each other on opposite sides of
the weld, which in this case will be on opposite sides of workpiece WP1. The GMAW systems are
configured to concurrently weld both sides of the T-joint as the torches 320 and 325 travel down the
T-joint (see arrow in Figure 1 6B). As in the exemplary embodiments discussed above, the magnetic
field interference caused by the welding currents through arcs 303 and 304 can be controlled by
synchronizing the welding waveforms output from the welding power supplies 430 and 440. For
example, the phase angle of the welding currents relative to one another can be shifted to minimize
the magnetic interference. In some exemplary embodiments, the welding waveform at torch 325 is
shifted such that the welding current pulses at torch 325 are not in phase with the welding current
pulses at torch 320. For example, the welding waveform at torch 325 can be shifted by approxi-
mately 180 degrees with respect to the waveform at torch 320, e.g., in a range between 175 to 185
degrees. Of course, in other embodiments, the phase angle can be in a range between 90 to 270
degrees. By synchronizing the welding currents such that the respective peak currents are not in
phase, e.g., by being shifted by approximately 180 degrees, the magnetic fields from arcs 303 and
304 have minimal influence on each other, thus allowing the arcs 303 and 304 to be directly across
from each other on opposite side of the weld (workpiece WP1). Synchronizing the welding wave-
forms, including shifting waveforms by a phase angle, in order to minimize magnetic interference is
disclosed above and therefore will not be discussed in detail except as necessary to explain the

present exemplary embodiments.

[0068] As seen in Figure 16B, the laser beam 310 is focused just ahead of arcs 303 and 304 on,
e.g., the arc 303 side with respect to the direction of travel in order to creéte a keyhole at the root of
the T-joint. The distance D between the laser beam 310 and the arcs 303 and 304 should be such
that the metal does not cool appreciably before the arcs 303 and 304 travel over the keyhole area.
For example, the distance D between the centerline of the laser beam 310 and the arc 303 can be in

arange of 1 to 5 mm. The laser beam 310 forms a keyhole that extends substantially to the oppo-
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site side of workpiece WP1, e.g., the keyhole can extend in a range of, e.g., 95% to 100% of the
thickness of WP1, and can also extend into the base workpiece WP2 to further promote a good fu-
sion between the workpieces WP1 and WP2. Thus, the keyhole extends far enough into workpieces
WP1 and WP2 such that the root of the T-joint on the arc 304 side is also affected. Thus the laser
helps to preheat for the arcs allowing the arcs to wet out sufficiently to achieve a smooth transition
with minimal bead size. Accordingly, due to the keyhole and the minimal magnetic interference on
the arcs 303 and 304, embodiments of the present invention can concurrently create the fillet welds

301 and 302 with a small bead size and with good fusion.

[0069] In some embodiments, as illustrated in Figure 17, the laser power supply 420 is controlled
by a hybrid system controller 450 that can also control the welding power supplies 430 and 440 and
the wire feeders 460 and 470. The hybrid system controller 450 includes programs that perform the
functions of welding system controller 10 discussed above, e.g., the duel fillet welding operation.
The hybrid system controller 450 can also include programs that control laser functions such as,
e.g., controlling the focus for a keyhole, wire feeder functions such as, e.g., controlling the wire feed
speed, and shielding gas functions such as controlling the flow of gas to the torches 320 and 325.
Of course, instead of an integrated approach, one or more the power supplies, feeders, and systems

can be controlled independently of the controller 450.

[0070] In some embodiments, the hybrid system controlier 450 operatively interfaces to the welding
power suppiies 430 and 440 and the laser power supply 420 in order to synchronize and coordinate
their outputs. Of course, the hybrid system controller 450 can also synchronize and coordinate the
operation of the wire feeders 460 and 470 and the éhielding gas (not shown). In some embodi-
ments, the hybrid system controller 450 can be a parallel state based controller, e.g., as illustrated in
Figure 17, and include state tables 455 that execute the steps associated with controlling the asso-
ciated power supplies and equipment. Parallel state-based controllers are disclosed and taught in
Appilication Nos. 13/534,119 and 13/438,703, which are incorporated by reference herein in their
entirety. Accordingly, state controllers and state tables will not be discussed in detail except as nec-

essary to explain the present invention.
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[0071] The hybrid system controller 450 can include states tables 455 that control the operation of
power supplies 430 and 440 such that, e.g., they output the synchronized DC pulse welding current
waveform illustrated in Figure 7C. For example, one of the power supplies 430 and 440 can output
a welding current 88 (see Figure 7C) and the other power supply outputs a welding current 89
whose phase is shifted by approximately 180 degrees with respect to 88. In some embodiments,
the welding currents 88 and 89 can be pulse spray transfer waveforms. To synchronize the wave-
forms 88 and 89, state table 455 for at least one of the power supplies can transmit a synchroniza-
tion signal to the other power supply such that the phase angle of the welding currents can be syn-
chronized. Of course, the present invention is not limited to pulse spray transfer waveforms and
other welding waveforms can be used such as, surface tension transfer (S'I'T)f shorted retract weld-
ing, etc. In addition, the two waveforms can be the same (e.g., both pulse spray transfer or STT) or
different (e.g., one is pulse spray and the other is STT) as desired. Further, the present invention is
not limited to a phase shift of 180 degrees and the phase difference between the two welding current
waveforms can be, e.g., 90 to 270 degrees. That is, in exemplary embodiments, the phase differ-
ence is such that the welding current pulses at torch 325 are not in phase with the welding current

pulses at torch 320.

[0072] The hybrid system controller 450 can also include a state table 455 that controls the opera-
tion of laser power supply 420. For example, the state table 455 for the laser power supply 420 can
control the set up such that the joint is placed at the focal point of the laser. This creates a keyhole
through the joint interface, thus fusing it together. The laser's intensity is such that the base metal
cannot pull or transfer the heat away before the GMAW systems can use it as preheat. Parameters
such as focus can be controlled to obtain a desired spot size and thus keyhole characteristics. The
control of laser power supply 420 and the Welding power supplies 430 and 440 can be coordinated

by hybrid controller 450 (or some other device) such that the welding method is optimized.

[0073] In some embodiments, the hybrid system controller 450 can receive feedback signals from
the laser power supply 420, e.g., feedback related to the laser output intensity, optical focus, actual
laser power, etc. In addition to, or alternatively, the feedback signals can include data from sensor

510 that monitors the temperature of the molten puddle at the keyhole (or an area adjacent to the
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keyhole). The sensor 510 can be a type that uses a laser or infrared beam, which is capable of de-
tecting the temperature of a small area — such as the molten puddle or an area around the puddie —
without contacting the puddle or the workpiece WP1. The feedback from the laser power supply 420
and/or the sensor 510 can be used by hybrid system controller 450 to control the power level, optical
focus, etc. o maintain a desired temperature at the keyhole. Similarly, the hybrid system controlier
450 can receive feedback signals from the power supplies 430 and 440, e.g., feedback related to the

respective arc voltages, welding currents, power levels, etc.

[0074] |r_1 accordance with an embodiment of the present invention, the synergic control of the arc
welding power sources discussed above can be adapted to include a laser. With a single point of
control, functions of power supplies 430 and 440 and the laser power supply 420 are combined into
a unified process. As such, adaptive controls that respectively regulate a consistent arc length for
arcs 303 and 304 may include the power level of laser 300. For example, the arc length(s) may be
regulated by adapting the laser waveform. In general, it is desirable to maintain a constant arc
length (and, therefore, a constant arc voltage) for a seleéted wire feed speed. If arc voltage deviates
from the desired level, then the laser may be used to, for example, add heat to the arc welding pro-
cess such that arc voltage of power supply 430 and/or power supply 440 can be brought back into

control.

[0075] In some embodiments, arc welding current, arc welding voltage, and wire feed speed from
each GMAW system and the laser power level can all be controlled as an integrated system. For
example, controlling the wire feed speed in one system can also automatically adjust arc welding
current levels and/or durations, arc welding voltage levels and/or duratiohs, and laser power levels
and/or durations based on predefined relationship tables of such parameters in the hybrid system
controller 450 (or some other device). Such tables may be tied to wire material and wire diameter

also.

[0076] It should be noted that although GMAW systems are shown and discussed regarding de-
picted exemplary embodiments, exemplary embodiments of the present invention can also be used
with TIG, PAW, FCAW-C, FCAW-S, MCAW, and SAW systems. In addition, a hot wire can also be

fed to the back of the arc. Further, although a T-joint is shown and discussed regarding depicted
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exemplary embodiments, exemplary embodiments of the present invention can be used in hybrid

welding appliéations that use two or more arcs in close proximity. e.g., a butt joint with reinforcement

on both sides.
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CLAIMS
1. A system (2) for hybrid welding a dual fillet weld (301, 302), said system (2) characterized
by:
a laser system that leads a first torch (320) and preheats at least one workpiece (WP1,
WP2);

a first welding power supply (430) that supplies a first welding waveform to a first wire (330)
via said first torch (320), said first welding waveform creating a first arc (303) between said first wire
(330) and said at least one workpiece (WP1, WP2);

a second welding power supply (440) that supplies a second welding waveform to a second
wire (335) via a second torch (325), said second welding waveform creating a second arc (304) be-
tween said second wire (335) and said at least one workpiece (WP1, WP2),

a controller (450) operatively coupled to said first power supply (430), said second power
supply (440) and said laser system, said controller (450) synchronizing said first welding waveform
and said second welding waveform such that welding current pulses of said second welding wave-
form at said second torch (325) are not in phase with welding current pulses of said first welding
waveform at said first torch (320),

wherein said first arc (303) and said second arc (304) are across from each other on oppo-

site sides of a weld.

2. The system of claim 1, wherein a phase angle between said welding current puises of said
first welding waveform and said welding current pulses of said second welding waveform is shifted

to control magnetic interference between said first arc (303) and said second arc (304).

3. The system of claim 1 or 2, wherein a phase angle between said welding current pulses of
said first welding waveform and said welding current pulses of said second welding waveform is

shifted in a range between 90 to 270 degrees, and preferably between 175 to 185 degrees.

4. The system of one of the claims 1 to 3, wherein at least one of an arc length of said first arc
(303) and an arc length of said second arc (304) is regulated at least in part by said laser system.

5. The system of one of the claims 1 to 4, wherein said laser system and said first torch (320)
are operatively arranged such that a distance between a centerline of a laser beam (310) from said

laser system and said first arc (303) is in a range of 1 to 5 mm.
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6. The system of one of the claims 1 to 5, wherein said laser system outputs a laser beam
(310) to create a keyhole in said at least one workpiece (WP1, WP2).

7. The system of one of the claims 1 to 6, wherein: said at least one workpiece comprises a
first workpiece (WP1) and a second workpiece (WP2) that are disposed such that said first
workpiece (WP1) and said second workpiece (WP2) form a T-joint, and wherein said weld compris-
es fillet welds (301, 302) on each side of said T-joint;

wherein preferably: said laser system outputs a laser beam (310) to create a keyhole in a
base of said T-joint and said keyhole extends in a range pf 60 to 100 percent of a thickness of said
T-joint; and/or wherein preferably: said controller (450) controls said laser system, said first welding
power supply, and said second welding power supply such that said fillet welds (301, 302) on each
side of said T-joint are welded concurrently.

8. A method for hybrid welding a dual fillet weld (301, 302), said method characterized by:

providing a laser beam (310) that leads a first torch (320) and preheats at least one
workpiece (WP1, WP2);

supplying a first welding waveform to a first wire (330) via said first torch (320), said first
welding waveform creating a first arc (303) between said first wire (330) and said at least one
workpiece (WP1, WP2);

supplying a second welding waveform to a second wire (335) via a second torch (325), said
second welding waveform creating a second arc (304) between said second wire (335) and said at
least one workpiece (WP1, WP2); '

synchronizing said first welding waveform and said second welding waveform such that
welding current pulses of said second welding waveform at said second torch (325) are not in phase
with welding current pulses of said first welding waveform at said first torch (320); and

disposing said first torch (320) and said second torch (325) such that said first arc (303) and

said second arc (304) are across from each other on opposite sides of a weld.

9. The method of claim 8, further comprising:

shifting a phase angle between said welding current pulses of said first welding waveform
said welding current pulses of said second welding waveform so aé to control magnetic interference
between said first arc and said second arc (303, 304); and/or shifting a phase angle between said
welding current pulses of said first welding waveform and said welding current pulses of said second
welding waveform to be in a range between 90 to 270 degrees, preferably between 175 to 185 de-

grees.

10. The method of claim 8 or 9, further comprising: -
regulating at least one of an arc length of said first arc (303) and an arc length of said se-
cond arc (304) by controlling at least a power level of said laser beam (310).
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11. The method of one of the claims 8 to 10, further comprising:
setting a distance between a centerline of a laser beam (310) from said laser system and
said first arc (303) to be in a range of 1 to 5 mm.

12. The method of one of the claims 8 to 11, further éomprising:
creating a keyhole in said at least one workpiece (WP1, WP2).

13. The method of one of the claims 8 to 12, wherein said at least one workpiece comprises a
first workpiece (WP1) and a second workpiece (WP2) that are disposed such that said first
workpiece and said second workpiece form a T-joint, and

wherein said weld comprises fillet welds (301, 302) on each side of said T-joint.

14 The method of claim 13, further comprising:
creating a keyhole in a base of said T-joint,

wherein said keyhole extends in a range of 60 to 100 percent of a thickness of said T-joint.

15. The method of claim 13 or 14, further comprising:

concurrently welding said fillet welds on each side of said T-joint.
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