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SYSTEMS AND METHODS PROVIDING LOCATION FEEDBACK FOR ADDITIVE
MANUFACTURING

[0001] This U.S. patent application claims the benefit of and priority to U.S. provisional
patent application serial number 61/894,035 filed on October 22, 2013 which is incorpo-

rated herein by reference in its entirety.

TECHNICAL FIELD

[0002] Certain embodiments of the present invention relate to arc welding. More particu-
larly, certain embodiments of the present invention relate to systems and methods provi'd-

ing location feedback for a robotic welding additive manufacturing process.

BACKGROUND

[0003] During a robotic welding additive manufacturing process, successive layers of metal
material are build up to create a workpiece part. A robotic welding unit is used to build-up
the workpiece part, layer-by-layer, over time as commanded by a robot controller of the
robotic welding unit. The robot controller may include software that reads a 3D model of
the workpiece part to be created using an additive (layer-by-layer) manufacturing process.
The robot controller programmatically splits the 3D model into a plurality of layers and
plans a welding path for each of the individual layers to perform the build-up of the part. An
expected weld deposition is determined for each layer, resuiting in an expected height for
each deposited layer. However, as actual layer-by-layer welding proceeds, the actual re-
sultant height for any given layer may deviate from the expected or desired height, due to
factors such as, for example, surface conditions of the workpiece part substrate (e.g., tem-
perature or position on substrate) and the accuracy with which certain welding parameters
can be controlled. The average contact tip-to-work distance may be one of a simple
mathematical average of the instantaneous contact tip-to-work distances determined for
the current weld layer, a weighted average of the instantaneous contact tip-to-work dis-
tances determined for the current weld layer, or a running average of the instantaneous

contact tip-to-work distances determined for the current weld layer.
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[0004] Further limitations and disadvantages of conventional, traditional, and proposed
approaches will become apparent to one of skill in the art, through comparison of such sys-
tems and methods with embodiments of the present invention as set forth in the remainder

of the present application with reference to the drawings.

SUMMARY

[0005] A system and method to correct for height error during a robotic welding additive
manufacturing process are provided. One or both of a welding output current and a wire
feed speed are sampled during a robotic welding additive manufacturing process when
creating a current weld layer. A plurality of instantaneous contact tip-to-work distances
(CTWD’s) are determined based on at least one or both of the welding output current and
the wire feed speed. An average CTWD is determined based on the plurality of instanta-
neous CTWD’s. A correction factor is generated, based on at least the average CTWD,

which is used to compensate for any error in height of the current weld layer.

[0006] In one embodiment, a welding system is provided having a welding power source.
The welding power source is configured to: sample, in real time, instantaneous parameter
pairs of welding output current and wire feed speed during a robotic welding additive manu-
facturing process for creating a current weld layer of a 3D workpiece part; determine an
instantaneous contact tip-to-work distance for, and based on at least, each parameter pair
of the instantaneous parameter pairs sampled during creation of the current weld layer;
determine an average contact tip-to-work distance based on each instantaneous contact
tip-to-work distance determined for the current weld layer; and generate a correction factor
to be used when creating a next weld layer of the 3D workpiece part based on at least the

average contact tip-to-work distance.

[0007] In one embodiment, a welding system is provided having a welding power source.
The welding power source is configured to: sample, in real time, instantaneous parameter
pairs of welding output current and wire feed speed during a robotic welding additive manu-
facturing process for creating a current weld layer of a 3D workpiece part; determine, in
real time, an instantaneous contact tip-to-work distance for, and based on at least, each

parameter pair of the instantaneous parameter pairs sampled during creation of the current
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weld layer; determine, in real time, a running average of contact tip-to-work distance as
each instantaneous contact tip-to-work distance is determined during creation of the cur-
rent weld layer; and adjust, in real time, one or more of a weld duration or a wire feed
speed during creation of the current weld layer in response to the running average of con-

tact tip-to-work distance.

[0008] Further embodiments are inferable from the ensuing description, drawings and |
claims. Details of illustrated embodiments of the present invention will be more fully under-

stood from the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Fig. 1 illustrates a diagram of an exemplary embodiment of a robotic welding cell

unit;

[0010] Fig. 2 illustrates a schematic block diagram of an exemplary embodiment of the
welding power source of the robotic welding cell unit of Fig. 1 operatively connected to a

consumable welding electrode and a workpiece part;

[0011] Fig. 3 illustrates a diagram of an exemplary embodiment of a portion of the welding
gun of the robotic welding cell unit of Fig. 1 providing a welding wire electrode that interacts

with a workpiece part during an additive manufacturing arc welding process;

[0012] Figs. 4A and 4B illustrate the concept of contact tip-to-work distance (CTWD) with

and without the presence of an arc;

[0013] Fig. 5 illustrates an exemplary embodiment of a two-dimensional graph having two
plots showing the relationship between CTWD and welding output current (amperage) for
two different welding wires, being of the same type but of two different sizes, for an arc

welding process at a given wire feed speed when a particular type of welding gas is used,;
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[0014] Fig. 6 illustrates an exemplary embodiment of a three-dimensional graph showing
the relationship between CTWD, welding output current (amperage), and wire feed speed,
being of a particular type and size, for an arc welding process when a particular type of

welding gas is provided;

[0015] Fig. 7 illustrates an exemplary embodiment of a portion of the controller of the weid-

ing power source of Fig. 2 configured to determine an actual, instantaneous CTWD;

[0016] Fig. 8 illustrates an exemplary embodiment of a portion of the controller of the weld-
ing power source of Fig. 2 configured to determine an average CTWD over time, from the

instantaneous CTWD's, and compute a correction factor;

[0017] Fig. 9 illustrates a flow chart of an embodiment of a method for correcting for addi-
tive manufacturing height error on a layer-by-layer basis during a robotic welding additive

manufacturing process (RWAMP); and

[0018] Fig. 10 illustrates an example of a robotic welding additive manufacturing process

employing the method of Fig. 9.

DETAILED DESCRIPTION

[0019] The following are definitions of exemplary terms that may be used within the disclo-

sure. Both singular and plural forms of all terms fall within each meaning:

[0020] “Software" or "computer program" as used herein includes, but is not limited to, one
or more computer readable and/or executable instructions that cause a computer or other
electronic device to perform functions, actions, and/or behave in a desired manner. The
instructions may be embodied in various forms such as routines, algorithms, modules or
programs including separate applications or code from dynamically linked libraries. Soft-
ware may also be implemented in various forms such as a stand-alone program, a function

call, a servlet, an applet, an application, instructions stored in a memory, part of an operat-
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ing system or other type of executable instructions. It will be appreciated by one of ordinary
skill in the art that the form of software is dependent on, for example, requirements of a
desired application, the environment it runs on, and/or the desires of a de-

signer/programmer or the like.

[0021] "Computer” or "processing element" or “computer device” as used herein includes,
but is not limited to, any programmed or programmable electronic device that can store,
retrieve, and process data. “Non-transitory computer-readable media” include, but are not
limited to, a CD-ROM, a removable flash memory card, a hard disk drive, a magnetic tape,
and a fioppy disk.

[0022] “Welding tool”, as used herein, refers to, but is not limited to, a welding gun; a weld-
ing torch, or any welding device that accepts a consumable welding wire for the purpose of
applying electrical power to the consumable welding wire: provided by a welding power

source.

[0023] “Welding output circuit path”, as used herein, refers to the electrical path from a first
side of the welding output of a welding power source, through a first welding cable (or a
first side of a welding cable), to a welding electrode, to a workpiece (either through a short
or an arc between the welding electrode and the workpiece), through a second welding
cable (or a second side of a welding cable), and back to a second side of the welding out-

put of the welding power source.

[0024] “Welding cable”, as used herein, refers to the electrical cable that may be con-
nected between a welding power source and a welding electrode and workpiece (e.g.
through a welding wire feeder) to provide electrical power to create an arc between the

welding electrode and the workpiece.

[0025] “Welding output’, as used herein, may refer to the electrical output circuitry or out-
put port or terminals of a welding power source, or to the electrical power, voltage, or cur-

rent provided by the electrical output circuitry or output port of a welding power source.
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[0026] “Computer memory”, as used herein, refers to a storage device configured to store

digital data or information which can be retrieved by a computer or processing element.

[0027] “Controller”, as used herein, refers to the logic circuitry and/or processing elements
and associated software or program involved in controlling a welding power source or a

welding robot.

[0028] The terms “signal’, “data”, and “information” may be used interchangeably herein

and may be in digital or analog form.

[0029] The term “welding parameter” is used broadly herein and may.refer to characteris-
tics of a portion of a welding output current waveform (e.g., amplitude, pulse width or dura-
tion, slope, electrode polarity), a welding process (e.g., a short arc welding process or a
pulse welding process), wire feed speed, a modulation frequency, or a welding travel

speed.

[0030] With reference to Fig. 1, a robotic welding cell unit 10 generally includes a frame 12,
a robot 14 disposed within the frame, and a welding table 16 also disposed within the
frame. The robotic welding cell unit 10 is useful for building up a workpiece part 22 on a
substrate through an additive manufacturing process, as described in more detail below

herein.

[0031] In the depicted embodiment, the frame 12 includes a plurality of side walls and
doors to enclose the robot 14 and the welding table 16. Even though a substantially rec-
tangular configuration is shown in a plan view, the frame 12, and the unit 10, can take nu-

merous configurations.

[0032] A front access door 26 mounts to the frame 12 to provide access to the interior of

the frame. Similarly, a rear access door 28 also mounts to the frame 12. Windows 32 can
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be provided on either door (only depicted on front door 26). The windows can include a

tinted safety screen, which is known in the art.

[0033] A control panel 40 is provided on the frame 12 adjacent the front door 26. Control
knobs and/or switches provided on the control panel 40 communicate with controls housed
in a controls enclosure 42 that is also mounted to the frame 12. The controls on the control
panel 40 can be used to control operations performed in the unit 10 in a similar manner to

controls used with known welding cell units.

[0034] In accordance with an embodiment, the robot 14 is mounted on a pedestal that
mounts on a support (not shown). The robot 14 used in the depicted embodiment can be
an ARC Mate® 100/Be robot available from FANUC Robotics America, Inc. Other similar
robots can also be used. The robot 14 in the depicted embodiment is positioned with re-
spect to the welding table 16 and includes eleven axes of movement. If desired, the pedes-
tal (not showﬁ) can rotate with respect to the support (not shown) similar to a turret. Ac-
cordingly, some sort of drive mechanism, e.g. a motor and transmission (not shown), can

be housed in the pedestal and/or the support for rotating the robot 14.

[0035] A welding gun 60 attaches to a distal end of the robot arm 14. The welding gun 60
can be similar to those that are known in the art. A flexible tube or conduit 62 attaches to
the welding gun 60. Consumable welding electrode wire 64, which can be stored in a con-
tainer 66, is delivered to the welding gun 60 through the conduit 62. A wire feeder 68,
which can be a PF 10 R-ll wire feeder available from The Lincoln Electric Company for ex-
ample, attaches to the frame 12 to facilitate the delivery of welding wire 64 to the welding

gun 60.

[0036] Even though the robot 14 is shown mounted to a base or lower portion of the frame
12, if desired, the robot 14 can mount in a similar manner as the robot disclosed in U.S.
Patent No. 6,772,932. That is, the robot can mount to an upper structure of the frame and

extend downwardly into the cell unit 10.
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[0037] With reference back to the embodiment depicted in FIG. 1, a welding power source
72 for the welding operation mounts to and rests on a platform 74 that is connected to and
can be a part of the frame 12. The welding power source 72 in the depicted embodiment is
a PW 455 M (non STT) available from The Lincoln Electric Company; however, other suit-
able power sources can be used for the welding operation. A robot controller 76, which
controls the robot 14, also rests and mounts on the platform 74. The robot controlier typi-

cally accompanies the robot 14.

[0038] The robotic welding cell unit 10 may also include a shielding gas supply (not
shown). During operation, the wire feeder 68, the welding gun 60, the shielding gas sup-
ply, and the welding power source 72 are operatively connected to allow an electric arc to
be created between a welding wire and a workpiece part 22 to create a weld layer as is
well known in the art. In accordance with an embodiment, shielding gases may be used
during a gas metal arc welding (GMAW) process to protect the welding region from atmos-
pheric gases such as oxygen or nitrogen, for exafnple. Such atmospheric gases may
cause various weld metal defects such as, for example, fusion defects, embrittlement, and

porosity.

[0039] The type of shielding gas, or combination of shielding gases used depend on the
material being welded and the weld'ing process. The rate of flow of the shielding gas to be
provided depends on the type of shieldihg gas, the travel speed, the welding current, the
weld geometry, and the metal transfer mode of the welding process. Inert shielding gases
include argon and helium. However, there may be situations when it is desirable to use
other shielding gases or combinations of gases such as, for example, carbon dioxide (CO2)
~and oxygen. In accordance with an embodiment, a shieiding gas may be fed to a welding
tool during an arc welding process such that the welding tool disperses the shielding gas to

the weld region during the welding process.

[0040] Selection of a welding wire or electrode is dependent on the composition of the
workpiece part being additively welded, the welding process, the configuration of the weld
layer, and the surface conditions of the workpiece part substrate. Welding wire selection

may largely affect the mechanical properties of the resultant weld layers and may be a
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main determinant of weld layer quality. It may be desirable for the resultant weld metal
layers to have mechanical properties like those of the base substrate material, without de-

fects such as discontinuities, contaminants, or porosity.

[0041] Existing welding wire electrodes often contain deoxidizing metals such as silicon,
manganese, titanium, and aluminum in relatively small percentages to help prevent oxygen
porosity. Some electrodes may contain metals such as titanium and zirconium to avoid
nitrogen porosity. Depending on the welding process and base substrate material being
welded upon, the diameters of the electrodes used in gas metal arc welding (GMAW) typi-
cally range from 0.028-0.095 inches, but may be as large as 0.16 inches. The smallest
electrodes, generally up to 0.045 inches in diameter, may be associated with a short-circuit
metal transfer process, while electrodés used for spray-transfer processes may be at least

0.035 inches in diameter.

[0042] Fig. 2 illustrates a schematic block diagram of an exemplary embodiment of the
welding power source 72 of the robotic welding cell unit 10 of Fig. 7 operatively connected
to a consumable welding electrode 64 and a workpiece part 22. The welding power source
72 includes a switching power supply 105 having a power conversion circuit 110 and a
bridge switching circuit 180 providing welding output power between the welding electrode
64 and the workpiece part 22. The power conversion circuit 110 may be transformer based
with a half bridge output topology. For example, the power conversion circuit 110 may be
of an inverter type that includes an input power side and an output power side, for example,
as delineated by the primary and secondary sides, respectively, of a welding transformer.
Other types of power conversion circuits are possible as well such as, for example, a chop-
per type having a DC output topology. The power source 100 also includes a bridge
switching circuit 180 that is operatively connected to the power conversioﬁ circuit 110 and
is configured to switch a direction of the polarity of the welding output current (e.g., for AC

welding).

[0043] The power source 72 further includes a waveform generator 120 and a controller
130. The waveform generator 120 generates welding waveforms at the command of the

controller 130. A waveform generated by the waveform generator 120 modulates the out-
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put of the power conversion circuit 110 to produce the welding output current between the
electrode 64 and the workpiece part 22. The controller 130 also commands the switching
of the bridge switching circuit 180 and may provide control commands to the power con-

version circuit 110.

[0044] The welding power source 72 further includes a volitage feedback circuit 140 and a
current feedback circuit 150 to monitor the welding output voltage and current between the
electrode 64 and the workpiece part 22 and provide the monitored voltage and current back
to the controller 130. The feedback voltage and current may be used by the controller 130
to make decisions with respect to modifying the welding waveform generated by the wave-
form generator 120 and/or to make other decisions that affect operation of the power
source 72, for example. In accordance w'ith an embodiment, the controller 130 is used to
determine CTWD during a welding process, and use the CTWD to adjust a weld time dura-
tion (WTD) and/or a wire feed speed (WFS), as is discussed in more detail later herein.

[0045] In accordance with an embodiment, the switching power supply 105, the waveform
generator 120, the controller 130, the voltage feedback circuit 140, and the current feed-
back circuit 150 constitute the welding power source 72. The robotic welding cell unit 10
also includes a wire feeder 68 that feeds the consumable wire welding electrode 64 toward
the workpiece part 22 through the welding gun (welding tool) 60 at a selected wire feed
speed (WFS). The wire feeder 68, the consumable welding electrode 64, and the work-
piece part 22 are not part of the welding power source 72 but may be operatively con-

nected to the welding power source 72 via one or more welding output cables.

[0046] Fig. 3 illustrates a diagram of an exemplary embodiment of a portion of the welding
gun 60 of the robotic welding cell unit 10 of Fig. 1 providing a welding wire electrode 64 that
interacts with a workpiece part 22 during an additive manufacturing arc welding process.
The welding gun 60 may have an insulated conductor tube 61, an electrode conduit 63, a
gas diffuser 65, a contact tip 67, and a wire electrode 64 feeding through the gun 60. A
control switch, or trigger, (not shown) when activated by the robot 14, starts the wire feed,
electric power, and the shielding gas flow, causing an electric arc to be established be-

tween the electrode 64 and the workpiece part 22. The contact tip 67 is electrically condub—
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tive and is connected to the welding power source 72 through a welding cable and trans-
mits electrical energy to the electrode 64 while directing the electrode 64 toward the work-
piece part 22. The contact tip 67 is secured and sized to allow the electrode 64 to pass

while maintaining electrical contact.

[0047] The wire feeder 68 supplies the electrode 64 to the workpiece part 22, driving the
electrode 64 through the conduit 62 and on to the contact tip 67. The wire electrode 64
may be fed at a constant feed rate, or the feed rate may be varied based on the arc length
and the welding voltage. Some wire feeders can reach feed rates as high as 1200 in/min),

however, feed rates for semiautomatic GMAW typically range from 75-400 in/min.

[0048] On the way to the contact tip 67, the wire electrode 64 is protected and guided by
the electrode conduit 63, which helps prevent kinking and maintains an uninterrupted feed-
ing of the wire electrode 64. The gas diffuser 65 directs the shielding gas evenly into the
welding zone. A gas hose from the tank(s) of shielding gas supplies the gas to the gas
diffuser 65.

[0049] Figs. 4A and 4B illustrate the concept of contact tip-to-work distance (CTWD) with
and without the presence of an arc. In Fig. 4A, the CTWD is shown as the distance be-
tween the end of the contact tip 67 and a top layer of the workpiece part 22 with no arc es-
tablished between the electrode 64 and the workpiece part 22. In Fig. 4B, the CTWD is
shown as the distance between the end of the contact tip 67 and the top layer of the work-
piece part 22 with an arc established between the electrode 64 and the workpiece part 22.
Again, keeping a consistent, desired contact tip-to-work distance (CTWD) during a welding
process is important. In general, as CTWD increases, the welding current decreases. A
CTWD that is too long may cause the welding electrode to get too hot and may also waste
shielding gas. Furthermore, the desired CTWD may be different for different welding proc-

€sses.

[0050] In accordance with an embodiment, the workpiece part 22 is built up, layer-by-layer,
over time as commanded by the robot controller 76. The robot controlier 76 includes soft-

ware that reads a 3D model of the workpiece part 22 to be created using an additive (layer-
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by-layer) manufacturing process. The robot controller 76 programmatically splits the 3D
model into a plurality of layers and plans a welding path for each of the individual layers to
perform the build-up of the part 22. An expected weld deposition is determined for each
layer, resulting in an expected height for each deposited layer. However, as actual layer-
by-layer welding proceeds, the actual resultant height for any given layer may deviate from
the expected or desired height, due to factors such as, for example, surface conditions of
the workpiece part substrate and the accuracy with which certain welding parameters can
be controlled. Therefore, in accordance with an embodiment, CTWD is monitored for each
layer during the welding process and used to compensate for errors in the height dimen-

sion as deécribed below herein in detail.

[0051] Fig. 6 illustrates an exemplary embodiment of a two-dimensional graph 500 haVing
two plots 510 and 520 showing the relationship between CTWD and welding output current
(amperage) for two different welding wires, being of the same type and fed at the same
fixed rate, but being of two different diameters, for an arc welding process when a particular
type of welding gas is used. In accordance with an embodiment, the actual instantaneous
CTWD during a welding process may be determined in real time by the controller 130
based on the welding output current (amperage), the welding electrode type, the welding
electrode diameter, the wire feed speed (WFS), and the shielding gas used. As the CTWD
changes in real time during a welding process, the welding output current (amperage) will
reflect that change in real time, as defined by the appropriate plot (e.g., 510 or 520). As the
actual CTWD changes in real time during the welding process, the controller 130, receiving
the welding output current value fed back from the current feedback circuit 150, and al-
ready knowing the selected wire electrode type/diameter, shielding gas mixture, and wire

feed speed, determines the actual CTWD.

[0052] In accordance with an embodiment, plot 510 corresponds to a welding wire elec-
trode, having a diameter of 0.045 inches and being of a miid steel, copper coated type,
used in a welding process providing a mixture of 90% argon shielding gas and 10% carbon
dioxide shielding gas. Furthermore, in accordance with an embodiment, plot 520 corre-
sponds to a welding wire electrode, having a diameter of 0.052 inches and being of a same
mild steel, copper coated type, used in a welding process providing a same mixture of 90%

argon shielding gas and 10% carbon dioxide shielding gas. As can be seen from Fig. 5, as
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the diameter of the welding wire of the same type is changed to an increased diameter, the
plot representing the relationship of CTWD vs. amperage moves outward from the origin of
the graph 500.

[0053] In accordance with various embodiments, the relationship between CTWD and am-
perage for a combination of welding electrode type, welding electrode diameter, wire feed
speed, and shielding gas used may be determined experimentally or through analysis
based on theory. Once such a relationship is determined, the relationship may be ex-
pressed or stored in the controller 130 as a look-up-table (LUT) or as a mathematical trans-

fer function, for example.

[0054] In accordance with an alternative embodiment, the wire feed speed (WFS) may vary
during the welding process (e.g., based on the arc length and the welding voltage) and,
therefore, the LUT or mathematical transfer function may reflect the effect of a changing
wire feed speed on CTWD. For example, Fig. 6 illustrates an exemplary embodiment of a
three-dimensional graph 600 showing the relationship between CTWD, welding output cur-
rent (amperage), and wire feed speed (WFS) for a welding wire, being of a particular type
and size, for an arc welding process when a particular type of welding gas is provided. The
plot 610 on the graph 600 forms a surface. In accordance with an embodiment, the actual
instantaneous CTWD during a welding process méy be determined in real time by the con-
troller 130 based on the welding output current (amperage), the wire feed speed, the weld-

ing electrode type, the welding electrode diameter, and the shielding gas used.

[0055] As the actual CTWD changes in real time during a welding process, the paired
welding output current (amperage)-and WFS (parameter pair) will reflect that change in real
time, as defined by the surface plot 610 of the graph 600. Furthermore, as the actual
CTWD changes in real time during the welding process, the controller 130, receiving the
welding output current (amperage) value fed back from the current feedback circuit 150
and the WFS value fed back from the wire feeder 68, and already knowing the selected
wire electrode type/diameter and shielding gas mixture, determines the actual CTWD. Fig.
6 shows an example of an amperage/WFS parameter pair 611 corresponding to an actual
CTWD value 612 as determined by the surface plot 610 of the graph 600. For other com-
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binations of welding electrode type, welding electrode diameter, and shielding gas used,
plots of other surfaces will define the relationship of CTWD, WFS, and amperage. In ac-
cordance with an alternative embodiment, taking into consideration the welding output voit-
age as fed back to the controller 130 from the voltage feedback circuit 140 may provide a

more accurate determination of actual instantaneous CTWD.

[0056] In accordance with various embodiments, the relationship between CTWD, WFS,
and amperage for a combination of welding electrode type, welding electrode diameter,
and shielding gas used may be determined experimentally or through analysis based on
theory. Once such a relationship is determined, the relationship may be expressed or
stored in the controller 130 as a look-up-table (LUT) or as a mathematical transfer function

expressed in software, for example.

[0057] Fig. 7 illustrates an exemplary embodiment of a portion 700 of the controller 130. of
the welding power source 72 of Fig. 2 configured to determine an actual, instantaneous .
CTWD. As shown in the embodiment of Fig. 7, a LUT 710 is used to implement the rela-
tionship between the inputs 711 (WFS, wire type, wire size, amperage, voltage, and shield-
ing gas) and the output 712 (actual CTWD). The LUT 710 may be implemented in firm-
ware, for example, as an EEPROM. In some embodiments, the inputs of welding output
voltage or shielding gas may not be used. For any particular combination of inputs 711, an

output 712 representing an actual and instantaneous CTWD, in real time, is produced.

[0058] Fig. 8 illustrates an exemplary embodiment of a portion 800 of the controller 130 of
the welding power source 72 of Fig. 2 configured to determine an average CTWD 812 over
time, from the CTWD'’s 712 out of the LUT 710, and compute a correction factor. The cor-
rection factor can take the form of a weld duration 822, a wire feed speed (WFS) 824, or
both. Fig. 8 also shows the robot controller 76 communicatively interfacing to the portion
800 of the controller 130 of the welding power source 72. Optionally or alternatively, the

correction factor can take the form of a travel speed of the welding gun.

[0059] In accordance with an embodiment, when a current weld operation is being per-

formed to create a current weld layer at a current position on the workpiece part 22, a plu-
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rality of instantaneous CTWD's 712 is determined during the current weld operation and an
average CTWD 812 is computed from the plurality of instantaneous CTWD’s 712 for the
current weld layer by an averaging module 810. A correction factor (e.g., weld duration
822, WFS 824, or both) for a next weld operation is computed by a correction factor mod-
ule 820 based on the average CTWD 812 and further based on 3D model/robot parameters
corresponding to the next weld operation which are received by the controller 130 from the
robot co‘ntroller 76. The correction factor is used by the welding power source 72 to gener-
ate the next weld layer at the next workpiece part position (e.g., the next height position

corresponding to the next weld layer) during the next weld operation.

[0060] In accordance with an embodiment, the average CTWD can be a simple mathe-
matical average of the instantaneous CTWD's. In another embodiment, the average
CTWD can be a weighted average. For example, more weight may be given to the later
instantaneous CTWD’s (e.g,. maybe the last four of the ten). In accordance with still an-
other embodiment, the average CTWD can be a running average, where the total number
of samples of instantaneous CTWD’s may vary from layer to layer. Other ways of deter-
mining average CTWD that work well for different additive manufacturing applications may

be possible as well. Therefore, the term “average CTWD’ is used in a broad sense herein.

[006‘1] In accordance with an embodiment, the 3D model/robot parameters may inélude
one or more of a designated height of the next weld layer and a designated position of the
welding gun 60. By knowing the 3D model/robot parameters for the next weld layer and
the average CTWD from the current weld layer, the weld duration and/or the WFS can be
increased or decreased for the next weld operation to generate the next weld layer. The
averaging module 810 and the correction factor module 820 may be implemented as soft-
ware and/or hardware in the controller 130, in accordance with various embodiments. For
example, implementations as software running on a processor, or as firmware (e.g., a pro-
grammed EEPROM), are contemplated. Other implemented embodiments are possible as

well (e.g., a digital signal processor).

[0062] For example, when the average CTWD 812 for the current weld layer is longer than

expected based on the 3D model/robot parameters, this may be an indication that the re-
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sultant current weld layer is too short in height (e.g., not enough weld material was depos-
ited to reach the designated height for this layer). Therefore, the weld duration and/or the
WEFS for the next weld operation can be increased to deposit more weld material for the

next weld layer to compensate for the short height of the current weld layer.

[0063] Similarly, when the average CTWD for the current weld layer is shorter than ex-
pected, this may be an indication that the resultant current weld layer is too high (e.g., too
much weld material was deposited, overshooting the designated height for this layer).
Therefore, the weld duration and/or the WFS for the next weld operation can be decreased
to deposit less weld material for the next weld layer to compensate for the current weld
layer. In this manner, by allowing for a next weld layer to compensate for a current weld
layer, any error in a resuitant overall height of the workpiece part at a particular location,
after all weld layers are generated, may be minimized. In accordance with an alternative
embodiment, a travel speed of the welding gun may be adjusted (increased or decreased)

for a next weld layer to help compensate for a current weld layer.

[0064] The relationship between weld duration (and/or wire feed speed), for a next weld
layer, and average CTWD may be determined experimentally or through analysis based on
theory, in accordance with various embodiments. In general, determination of CTWD is
more accurate in a region that produces a larger amperage chabnge. for a given change in
CTWD (e.g., see Fig. 5).

[0065] Fig. 9 illustrates a flow chart of an embodiment of a method 900 for correcting for
additive manufacturing height error on a layer-by-layer basis during a robotic welding addi-
tive manufacturing process (RWAMP). In step 910, sample one or both of welding output
current and wire feed speed during a robotic welding additive manufacturing process for
creating a current weld layer. In step 920, determine a plurality of instantaneous contact
tip-to-work distances based on one or both of the welding output current and the wire feed
speed, as well as a welding wire type, a welding wire size and, optionally, a welding gas
type used during the robotic welding additive manufacturing process and/or a welding out-
put voltage. In step 930, determine an average CTWD based on the plurality of instanta-

neous CTWD'’s determined during the robotic welding additive manufacturing process for
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the current weld layer. In step 940, generate a correction factor to be used when generat-
ing a next weld layer based on the average CTWD and one or more parameters from a

robot controller used to control the robotic welding additive manufacturing process.

[0066] Fig. 10 illustrates an example of a robotic welding additive manufacturing process
employing the method 900 of Fig. 9. In the process of Fig. 10, each layer of weld material
is designated to be 50 mils in height along the z-direction at a designated position on a
workpiece substrate, where a mil is a thousandth of an inch. During the deposit of each
layer at the designated position, approximately ten (10) samples of instantaneous CTWD
are determined as described herein during the weld duration for each layer. Furthermore,
the average CTWD is determined from the ten (10) samples of instantaneous CTWD. In
accordance with an embodiment, the correction factor for a layer may change or vary as

the designated position across that layer changes.

[0067] In the example of Fig. 10, the average CTWD for layer N was determined to be
longer than expected and the height of layer N ended up being 40 mils instead of the de-
sired 50 mils. As a result, using the process described herein, a correction factor was de-
termined for the next layer N+1 based on at least the average CTWD for layer N, where the
weld duration and the wire feed speed were each increased by determined amounts to
compensate for the height deficiency of layer N. As a result, the height of layer N+1 ended
up being 60 mils, resulting in a total height of 100 mils from the bottom of layer N to the top
of layer N+1, as desired. The process may proceed in a similar manner for all layers at the
designated position, resulting in a minimized, acceptable error in height at that designated
position. Again, in accordance with an embodiment, in addition (or as an alternative) to
weld duration and wire feed speed, travel speed may be adjusted to compensate for the
current layer. That is, any one or more of weld duration, wire feed speed, or travel speed

for a next layer may be adjusted to compensate for a current layer.

[0068] As an alternative, a correction factor can be generated in real time for a current
welding layer. For example, a running average of instantaneous CTWD’s may be com-
puted during a welding process for a current layer. As the running average is monitored,

adjustments may be made in the weld duration and/or the wire feed speed in real time for
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the current weld layer, based on the running average CTWD. In accordance with another
embodiment, a combination of the two approaches (i.e., making corrections in real time for
the current weld layer and making corrections for a next weld layer based on the current
weld layer) can be implemented. Such a combined approach may result in a combination
of course correction and fine correction that helps to keep the height of the layers more
consistent with each other. For example, the approach of correcting in real time on the
current layer may provide a course correction, and the approach of correcting on the next

layer may provide a fine correction.

[0069] In one embodiment, a welding system is provided having a welding power source.
The welding power source is configured to: sample, in real time, instantaneous parameter
pairs of welding output current and wire feed speed during a robotic welding additive manu-
facturing process for creating a current weld layer of a 3D workpiece part; determine an
instantaneous contact tip-to-work distance for, and based on at least, each parameter pair
of the instantaneous parameter pairs sampled during creation of the current weld layer;
determine an average contact tip-to-work distance based on each instantaneous contact
tip-to-work distance determined for the current weld layer; and generate a correction factor
to be used when creating a next weld layer of the 3D workpiece part based on at least the
average contact tip-to-work distance. Each instantaneous contact tip-to-work distance may
be determined in real time, and the welding power source may be further configured to:
determine, in real time, a running average of contact tip-to-work distance as each instanta-
neous contact tip-to-work distance is determined during creation of the current weld layer;
and adjust, in real time, one or more of a weld duration or a wire feed speed during creation
of the current weld layer in response to the running average of contact tip-to-work distance.
The instantaneous contact tip-to-work distance may be further based on one or more of
welding output voltage, welding electrode type, welding electrode diameter, and shielding
gas used. The correction factor may affect one or more of weld duration, wire feed speed,
or travel speed for the next weld layer. The correction factor may be further based on one
or more of 3D model parameters corresponding to the 3D workpiece part or robot parame-
ters provided by a robot controller for a next weld operation for the next weld layer. The 3D
model parameters and robot parameters may include one or more of a designated height of
the next weld layer or a designated position of a welding tool for the next weld layer. The
average contact tip-to-work distance may be one of a simple mathematical average of the

instantaneous contact tip-to-work distances determined for the current weld layer, a
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weighted average of the instantaneous contact tip-to-work distances determined for the
current weld layer, or a running average of the instantaneous contact tip-to-work distances
determined for the current weld layer. The welding system may include a robot having a
robot controller configured to operatively communicate with the welding power source. The
welding system may include a welding tool operatively connected to the robot. The welding
system may include a wire feeder operatively connected to the welding tool and the weld-

ing power source.

[0070] In one embodiment, a welding system is provided having a welding power source.
The welding power source is configured to: sample, in real time, instantaneous parameter
pairs of welding output current and wire feed speed during a robotic welding additive manu-
facturing process for creating a current weld layer of a 3D workpiece part; determine, in
real time, an instantaneous contact tip-to-work distance for, and based on at least, each
parameter pair of the instantaneous parameter pairs sampled during creation of the current
weld layer; determine, in real time, a running average of contact tip-to-work distance as
each instantaneous contact tip-to-work distance is determined during creation of the cur-
rent weld layer; and adjust, in real time, one or more of a weld duration or a wire feed
speed during creation of the current weld layer in response to the running average of con-
tact tip-to-work distance. The welding power source may be further configured to: deter-
mine an average contact tip-to-work distance based on each instantaneous contact tip-to-
work distance determined for the current weld layer; and generate a correction factor to be
used when creating a next weld layer of the 3D workpiece part based on at least the aver-
age contact tip-to-work distance. The instantaneous contact tip-to-work distance may be
further based on one or more of welding output voltage, welding electrode type, welding
electrode diameter, and shielding gas used. The correction factor may affect one or more
of weld duration, wire feed speed, or travel speed for the next weld layer. The correction
factor may be further based on one or more of 3D model parameters corresponding to the
3D workpiece part or robot parameters provided by a robot controller for a next weld opera-
tion for the next weld layer. The 3D model parameters and robot parameters may include
one or more of a designated height of the next weld layer or a designated position of a
welding tool for the next weld layer. The welding system may include a robot having a ro-
bot controller configured to operatively communicate with the welding power source. The

welding system may further include a welding tool operatively connected to the robot. The
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welding system may also include a wire feeder operatively connected to the welding tool
and the welding power source.

[0071] In summary, a system and method to correct for height error during a robotic weld-
ing additive manufacturing process are provided. One or both of a welding output current
and a wire feed speed are sampled during a robotic welding additive manufacturing proc-
ess when creating a current weld layer. A plurality of instantaneous contact tip-to-work
distances (CTWD’s) are determined based on at least one or both of the welding output
current and tHe wire feed speed. An average CTWD is determined based on the plurality
of instantanecus CTWD's. A correction factor is generated, based on at least the average

CTWD, which is used to compensate for any error in height of the current weld layer.

[0072] In appended claims, the terms “including” and “having” are used as thé plain lan-

guage equivalents of the term “comprising”; the term “in which” is equivalent to “wherein.”

LT ” u

Moreover, in appended claims, the terms “first,” “second,” “third,” “upper,” “lower,” “bottom,”
“top,” etc. are used merely as labels, and are not intended to impose numerical or posi-
tional requirements on their objects. Further, the limitations of the appended claims are not
written in means-plus-function format and are not intended to be interpreted based on 35
U.S.C. § 112, sixth paragraph, unless and until such claim limitations expressly use the
phrase “means for” followed by a statement of function void of further structure. As used
herein, an element or step recited in the singular and proceeded with the word “a” or “an”
should be understood as not excluding plural of said elements or steps, unless such exciu-
sion is explicitly stated. Furthermore, references to “one embodiment” of the present inven-
tion are not intended to be interpreted as excluding the existence of additional embodi-
ments that also incorporate the recited features. Moreover, unless explicitly stated to the
contrary, embodiments “comprising,” “including,” or “having” an element or a plurality of
elements having a particular property may include additional such elements not having that
property. Moreover, certain embodiments may be shown as having like or similar ele-
ments, however, this is merely for illustration purposes, and such embodiments need not

necessarily have the same elements unless specified in the claims.
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[0073] As used herein, the terms “may” and “may be” indicate a possibility of an occur-
rence within a set of circumstances; a possession of a specified property, characteristic or
function; and/or qualify another verb by expressing one or more of an ability, capability, or
possibility associated with the qualified verb. Accordingly, usage of “may” and “may be”
indicates that a modified term is apparently appropriate, capable, or suitable for an indi-
cated capacity, function, or usage, while taking into account that in some circumstances the
modified term may sometimes not be appropriate, capable, or suitable. For example, in
some circumstances an event or capacity can be expected, while in other circumstances
the event or capacity cannot occur — this distinction is captured by the terms “may” and

“‘may be.”

[0074] This written description uses examples to disclose the invention, including the best
mode, and also to enable one of ordinary skill in the art to practice the invention, including
making and using any devices or systems and performing any incorporated methods. The
patentable scope of the invention is defined by the claims, and may include other examples
that occur to one of ordinary skill in the art. Such other examples are intended to be within
the scope of the claims if they have structural elements that do not differentiate from the
literal language of the claims, or if they include equivalent structural elements with insub-

stantial differences from the literal language of the claims.

[0075] While the claimed subject matter of the present application has been déscribed with
reference to certain embodiments, it will be understood by those skilled in the art that vari-
ous changes may be made and equivalents may be substituted without departing from the
scope of the claimed subject matter. In addition, many modifications may be made to
adapt a particular situation or material to the teachings of the claimed subject matter with-
out departing from its scope. Therefore, it is intended that the claimed subject matter not
be limited to the particular embodiments disclosed, but that the claimed subject matter will

include all embodiments falling within the scope of the appended claims.
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40 control panel
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60 welding gun

61 conductor tube
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63 electrode conduit

64 welding electrode wire
65 gas diffuser

67 contact tip
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72 welding power source
74 platform

76 robot controller

105 power supply

110 power conversion circuit
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130 controller
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CLAIMS

1. A welding system, comprising a welding power source (72), wherein the weld-

ing power source (72) is configured to:

sample (910), in real time, instantaneous parameter pairs of welding
output current and wire feed speed during a robotic welding additive manufac-

turing process for creating a current weld layer of a 3D workpiece part (22);

determine (920) an instantaneous contact tip-to-work distance (CTWD)
for, and based on at least, each parameter pair of the instantaneous parameter

‘pairs sampled during creation of the current weld layer;

determine (930) an average contact tip-to-work distance (CTWD) based
on each instantaneous contact tip-to-work distance determined for the current

weld layer; and

generate (940) a correction factor to be used when creating a next weld
layer of the 3D workpiece part (22) based on at least the average contact tip-to-
work distance (CTWD).

2 The welding system of claim 1, wherein each instantaneous contact tip-to-work
distance is determined in real time, and wherein the welding power source (72)

is further configured to:

determine, in real time, a running average of contact tip-to-work distance
(CTWD) as each instantaneous contact tip-to-work distance (CTWD) is deter-

mined during creation of the current weld layer; and

adjust, in real time, one or more of a weld duration or a wire feed speed dur-
’ing creation of the current weld layer in response to the running average of con-
tact tip-to-work distance (CTWD).

3. A welding system, comprising a welding power source (72), wherein the weld-

ing power source (72) is configured to:
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sample (910), in real time, instantaneous parameter pairs of welding output
current and wire feed speed during a robotic welding additive manufacturing

process for creating a current weld layer of a 3D workpiece part (22);

determine (920), in real time, an instantaneous contact tip-to-work distance
(CTWD) for, and based on at least, each parameter pair of the instantaneous

parameter pairs sampled during creation of the current weld layer;

determine (930), in real time, a running average of contact tip-to-work dis-
tance as each instantaneous contact tip-to-work distance is determined during

creation of the current weld layer; and

adjust, in real time, one or more of a weld duration or a wire feed speed dur-
ing creation of the current weld layer in response to the running average of con-
tact tip-to-work distance (CTWD).

4. The welding system of claim 3, wherein the welding power source is further

configured to:

determine an average contact tip-to-work distance (CTWD) based on each
instantaneous contact tip-to-work distance (CTWD) determined for the current

weld layer; and

generate a correction factor to be used when creating a next weld layer of
the 3D workpiece part based on at least the average contact tip-to-work dis-
tance (CTWD).

5. The welding system of claim 4, wherein the instantaneous contact tip-to-work
distance (CTWD) is further based on one or more of welding output voltage,

welding electrode type, welding electrode diameter, and shielding gas used.

6. The welding system of one of the claims 1 to 5, wherein the correction factor af-
fects one or more of weld duration, wire feed speed, or travel speed for the next

weld layer.

7. The welding system of one of the claims 1 to 6, wherein the correction factor is

further based on one or more of 3D model parameters corresponding to the 3D
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11.

12.

13
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workpiece part (22) or robot parameters provided by a robot controller (76) for a

next weld operation for the next weld layer.

The welding system of claim 7, wherein the 3D model parameters and robot pa-
rameters include one or more of a designated height of the next weld layer or a

designated position of a welding tool for the next weld layer.

The welding system of one of the claims 1 to 8, wherein the average contact
tip-to-work distance (CTWD) is one of a simple mathematical average of the in-
stantaneous contact tip-to-work distances determined for the current weld layer,
a weighted average of the instantaneous contact tip-to-work distances deter-
mined for the current weld layer, or a running average of the instantaneous con-

tact tip-to-work distances determined for the current weld layer.

The welding system of one of the claims 1 to 9, further comprising a robot hav-
ing a robot controller (76) configured to operatively communicate with the weld-

ing power source (72).

The welding system of claim 10, further comprising a welding tool operatively

connected to the robot.

The welding system of claim 11, further comprising a wire feeder operatively

connected to the welding tool and the welding power source.
Method for controlling a welding power source (72), comprising the steps to:

sample (910), in real time, instantaneous parameter pairs of welding out-
put current and wire feed speed during a robotic welding additive manufacturing

process for creating a current weld layer of a 3D workpiece part (22);

determine (920) an instantaneous contact tip-to-work distance (CTWD)
for, and based on at least, each parameter pair of the instantaneous parameter

pairs sampled during creation of the current weld layer;

determine (930) an average contact tip-to-work distance (CTWD) based
on each instantaneous contact tip-to-work distance determined for the current

weld layer; and
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generate (940) a correction factor to be used when creating a next weld
layer of the 3D workpiece part (22) based on at least the average contact tip-to-
work distance (CTWD).

14. Method for controlling a welding power source (72), comprising the steps to:

sample (910), in real time, instantaneous parameter pairs of welding output
current and wire feed speed during a robotic welding additive manufacturing

process for creating a current weld layer of a 3D workpiece part (22);

determine (920), in real time, an instantaneous contact tip-to-work distance
(CTWD) for, and based on at least, each parameter pair of the instantaneous

parameter pairs sampled during creation of the current weld layer;

determine (930), in real time, a running average of contact tip-to-work dis-
tance as each instantaneous contact tip-to-work distance is determined during

creation of the current weld layer; and

adjust, in real time, one or more of a weld duration or a wire feed speed dur-
ing creation of the current weld layer in response to the running average of con-
tact tip-to-work distance (CTWD).
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FIG. 5
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