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ADAPTIVE WELDING APPARATTUS,
CONTROL SYSTEM, AND METHOD OF
CONTROLLING AN ADAPTIVE WELDING
APPARATUS

BACKGROUND

[0001] The subject matter disclosed herein relates to an
adaptive welding apparatus and an adaptive welding appara-
tus control system and, more particularly, to a robotic adap-
tive welding apparatus control system and methods of con-
trolling a robotic adaptive welding apparatus.

[0002] Welding is an important and widely used industrial
manufacturing process. Welding apparatus and control sys-
tems for welding apparatus are well known in the art. Con-
trolling the quality and efficiency of a welding process is one
way industrial manufacturers can optimize the operation of
welding apparatus.

[0003] Robotic welding apparatus are used in a variety of
industrial manufacturing settings to produce high quality and
repeatable welds. Many different aspects of the process may
impact the outcome and effect the quality of welds produced
by a robotic welding apparatus. The input parameters, envi-
ronmental conditions, and workpiece parameters are just a
few variables that may have an impact on the quality of the
welds produced and the efficiency of the robotic welding
apparatus.

[0004] A welding apparatus and a control system for a
welding apparatus configured to optimize the input param-
eters for each weld formed by the apparatus in response to a
variety of conditions or variables is desirable.

SUMMARY

[0005] According to one aspect, an apparatus for adaptive
welding includes an arc welding robot having a reposition-
able arc welding gun. The arc welding robot is configured to
position the arc welding gun at a location of a joint formed at
an interface of a first workpiece and a second workpiece. The
apparatus further includes a thermographic imager that is
configured to measure a temperature of at least one of the first
workpiece and the second workpiece at the location. The
apparatus also includes a controller that is in signal commu-
nication with the arc welding robot and the thermographic
imager. The controller is configured to select a weld schedule
for forming a weld at the location based at least in part on the
temperature measured with the thermographic imager and a
joint profile of the location before the weld is formed.

[0006] According to another aspect, a method for control-
ling an adaptive welding apparatus is provided. The adaptive
welding apparatus includes a welding robot with a reposition-
able arc welding gun and a thermographic imager. The
method includes positioning the arc welding gun by a con-
troller in signal communication with the arc welding robot
and the thermographic imager at a location of a joint formed
atan interface of a first workpiece and a second workpiece. A
temperature including at least one of an initial temperature, a
temperature rate of change, and a final temperature, of at least
one of the first workpiece and the second workpiece at the
location is measured with the thermographic imager. The
controller receives the at least one measured temperature
from the thermographic imager and selects a weld schedule
for forming a weld at the location based at least in part on the
at least one measured temperature and a joint profile of the
location before the weld is formed. The controller transmits
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an operational control signal to the arc welding robot to
activate the arc welding gun to form the weld and the arc
welding gun forms the weld.

[0007] According to a further aspect, a control system for
an adaptive welding apparatus is provided. The adaptive
welding apparatus includes an arc welding robot with a repo-
sitionable arc welding gun and a thermographic imager. A
controller is in signal communication with the arc welding
robot and the thermographic imager. The controller is con-
figured to position the thermographic imager at a location of
ajoint formed at an interface of a first workpiece and a second
workpiece to measure a at least one temperature of at least one
of'the first workpiece and the second workpiece. The control-
ler is also configured to select a weld schedule for forming a
weld at the location based at least in part on the of the at least
one temperature measured with the thermographic imager
and a joint profile of the location before the weld is formed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG.1is aschematic representation of an exemplary
adaptive welding apparatus;

[0009] FIG. 2 is a flow chart depicting an exemplary adap-
tive welding process; and

[0010] FIG. 3 is a flow chart depicting a process of creating
a joint profile.
[0011] Other aspects and advantages of certain embodi-

ments will become apparent upon consideration of the fol-
lowing detailed description, wherein similar structures have
similar reference numerals.

DETAILED DESCRIPTION

[0012] Referring initially to FIG. 1, a schematic represen-
tation of an exemplary adaptive welding apparatus 100 is
depicted. The adaptive welding apparatus 100 includes an arc
welding robot 102, which includes a repositionable arc weld-
ing gun 104. The arc welding robot 102 may reposition the arc
welding gun 104 by repositioning means 106 well known in
the art. For example, the repositioning means 106 may take
the form of an articulated arm capable of moving the welding
gun 104 through multiple axis. Alternatively, in some
embodiments, the repositioning means 106 may take the form
of'a frame with guide rails (not shown) that limits the motion
of a single axis or plane. The arc welding robot 102 also
includes a robot controller 108, a power supply 110 (PS), a
consumable wire spool 112 (WS), and a shroud gas supply
114 (GS).

[0013] Still referring to FIG. 1, the arc welding robot 102 is
configured such that the arc welding gun 104 is in communi-
cation with the appropriate components for an arc welding
process. For example, the consumable wire spool 112 may be
placed anywhere that is advantageous to feed wire to the arc
welding gun 104. Also, the power supply 110 and the shroud
gas supply 112 are in electrical and fluid communication,
respectively, with the arc welding gun 104. It is contemplated
that the configuration of the arc welding robot 102 may take
any form known to those of ordinary skill in the art.

[0014] It is contemplated that the arc welding gun 104 is a
standard configuration for performing an arc welding pro-
cess. The embodiment shown in FIG. 1 is representative of a
standard metal-inert-gas (MIG) set-up using a consumable
wire 116 that forms an arc and is consumed in the process.
The shroud gas supply 114 (GS) is necessary to prevent
oxidation during the welding process. It is also contemplated
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that different forms of welding may be used. In some embodi-
ments, an arc welding process with a non-consumable elec-
trode (not shown) may be used. Alternatively, in some
embodiments, the adaptive welding apparatus 100 may
include any type of welding equipment that may be auto-
mated or manually operated.

[0015] Asshownin FIG. 1, the adaptive welding apparatus
100 further includes a thermographic imager 120 and an
adaptive welding controller 122. In some embodiments, the
adaptive welding controller 122 is in electronic communica-
tion with a weld database 124. It is contemplated that the
adaptive weld controller 122 is in signal communication with
the weld database 124 and the robot controller 108 in certain
embodiments. Alternatively, in other embodiments, the adap-
tive weld controller 122 may include the weld database 124.
In certain embodiments, the robot controller 108 contains the
adaptive weld controller 122 and the weld database 124. The
configuration of the controllers 108, 122 may be related to the
type and/or configuration of the welding equipment that is
part of the adaptive welding apparatus 100.

[0016] The robot controller 108 and the adaptive weld con-
troller 124 may include one or more processors, memory
and/or one or more programmable hardware elements. As
used herein, the term “controller” is intended to include any
types of processors, CPUs, microcontrollers, digital signal
processors, or other suitable devices capable of executing
software instructions. Further, memory may include a non-
volatile medium, e.g., a magnetic media or hard disk, optical
storage, or flash memory; a volatile medium, such as system
memory, e.g., random access memory (RAM) such as
DRAM, SRAM, EDO RAM, RAMBUS RAM, DR DRAM,
etc.; or an installation medium, such as software media, e.g.,
a CD-ROM, or floppy disks, on which configuration data and
programs may be stored and/or data communications may be
buffered. The term “memory” may also include other types of
known or future developed memory or combinations thereof.

[0017] Still referring to FIG. 1, the robot controller 108
controls the positioning of the arc welding gun 104 during the
welding process. The arc welding gun 104 is moved into
position to weld at a location of a joint 130 formed by an
interface 132 between a first workpiece 134 and a second
workpiece 136. A part (not shown) includes at least the first
workpiece 134 and the second workpiece 136. It is contem-
plated that the part (not shown) may include a plurality of
workpieces (not shown) beyond the portions of the work-
pieces 134, 136 depicted that may form a plurality of joints
130 that require welding by the adaptive welding apparatus
100. It is also contemplated that in some embodiments, the
interface 132 may be formed between three or more work-
pieces (not shown) and that the part (not shown) may include
a plurality of joints formed by such interfaces. It is also
contemplated that the thermographic imager 120 may be
repositionable in a variety of ways. The thermographic
imager 120 may be utilized to measure a temperature of the
joint 130 before the welding process begins. In some embodi-
ments, the thermographic imager 120 is attached to a portion
of the arc welding gun 104 and/or the repositioning means
106 such that the temperature measurements may be taken of
the joint 130 before a welding process begins for every joint
130 a part (not shown) may have. It is contemplated that when
the thermographic imager 120 measures the temperature of a
joint 130, that the temperature of at least a portion of the first
workpiece 134 and/or at least a portion of the second work-
piece 136 in the proximity of the joint 130 is measured.
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[0018] Now referring to FIG. 2, a flowchart depicting an
exemplary adaptive weld process 200 using the adaptive
welding apparatus 100 of FIG. 1 is shown. At the start block
202, the part (not shown) that includes at least the first work-
piece 134 and the second workpiece 136 is placed in position
to be welded at the joint 130. The robot controller 108 posi-
tions at least the arc welding gun 104 in position at a weld
location of the joint 130 in block 204. In block 206, the
thermographic imager 120 measures at least one temperature
(T) of the joint 130 at the weld location. In one embodiment,
the temperature (T) includes one or more temperature mea-
surements, such as a sequence of temperature measurements
that includes one or more of the following: an initial tempera-
ture (T1), a temperature rate of change (dT), a final tempera-
ture (Tt), and any suitable combination thereof. Alternatively,
the temperature (T) may include a series of temperatures
measured with predefined time delays between measurement.
The temperature (T) is compared to a maximum temperature
(Tmax) by the adaptive weld controller 122. In one embodi-
ment, if the final temperature (Tf) is equal to or greater than
Tmax, the adaptive weld controller 122 will signal the robot
controller 108 to pause the process. It is contemplated that
Tmax is a predetermined value that implies a maximum
amount of heat has already been transferred into the part. The
block 210 represents a pause in the process to allow the part to
cool. During the pause in block 210, the thermographic
imager 120 monitors the temperature of the joint 130. In some
embodiments, the monitoring may be continuous so that the
process may start as soon as an appropriate temperature is
achieved. Alternatively, the pause may include a specific time
delay to allow the temperature of the joint 130 to fall suffi-
ciently below Tmax such that welding the joint 130 should
not raise the next temperature measurement by the thermo-
graphic imager 120 above Tmax.

[0019] Still referring to FIG. 2, once an appropriate Tf is
measured by the thermographic imager 120, either just below
Tmax or some predetermined value below Tmax, the adaptive
weld controller 122 will proceed to the next block. In block
212, the adaptive weld controller 122 selects a weld schedule
based on at least a joint profile and the sequence of tempera-
tures measured by the thermographic imager 120. It is con-
templated that the weld schedule may include one or more of
the parameters that may be adjusted by the adaptive weld
controller 122. The joint profile may include some or all of the
relevant information about a specific joint 130 that may be
required or useful when the adaptive weld controller 122
selects aweld schedule. After the weld schedule is selected by
the adaptive weld controller 122, the process moves to the
next block. In block 214, the adaptive weld controller 122
sends an operational control signal containing a command
signal to adjust at least one parameter according to the
selected weld schedule to the arc welding robot 102. Upon
receipt of the signal, the arc welding robot 102 proceeds to
activate the arc welding gun 104 in block 216 to form the weld
at the desired location on the joint 130. The adaptive weld
process 202 may then return back to block 204 and move to
the next desired location on the joint 130 and repeat the above
steps until all joints 130 at a plurality of locations on a part
(not shown) are welded. Once all of the locations forming a
joint 130 have been welded, the adaptive welding process 200
proceeds to the end block 218.

[0020] It is contemplated that in some embodiments, the
adaptive weld process 200 may complete all the welds for
every joint 130 on a part (not shown). Alternatively, in some
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embodiments, a series of arc welding robots 102 may be
placed in proximity to each other along a production path. A
part (not shown) may be moved by means known to one
having ordinary skill in the art from a first arc welding robot
102 in a sequence through a plurality of stations, each con-
taining an independent arc welding robot 102. A separate
adaptive welding process 200 may be performed at each
station where only a portion of the total number of joints 130
are welded.

[0021] Turning to FIG. 3, a flowchart depicting a joint
profile creation process 300 is shown. The joint profile cre-
ation process 300 is performed before a part can be processed
by the adaptive welding apparatus 100. In one embodiment,
once completed, one or more joint profiles are stored in the
weld database 124. Alternatively, in certain embodiments, the
joint profiles may be stored in the adaptive welding controller
122 or the robot controller 108. In some embodiments, all of
the plurality of workpieces 134, 136 may be made ofthe same
material and a single joint profile may be sufficient for com-
pleting the adaptive weld process 200 for a part (not shown).
Alternatively, multiple types of materials that may have dif-
ferent physical properties requiring different welding param-
eters may be used to form more than one joint 130 and
multiple weld schedules may be necessary.

[0022] Still referring to FIG. 3, the joint profile creation
process 300 is started by the user in block 302. In the next
block 304, the user designates the material parameters for a
first material A. The process 300 continues in block 306 and
the user designates the material parameters for a second mate-
rial B if necessary. In block 308, a minimum temperature
Tmin is determined by comparing and selecting a lower value
between the values entered for the different materials A and
B. The temperature Tmin may be the minimum temperature
for ametallurgical change for the given material, for example.
Next, in block 310, the maximum temperature Tmax is deter-
mined by comparing and selecting the higher value between
the values entered for the different materials A and B. The
temperature Tmax may be the maximum temperature for a
select metallurgical change for the given material, for
example. In the next block 312, the user enters a weld param-
eter baseline (Sb) and an amount or a percentage (S%) that the
baseline may be changed for a given weld schedule. In one
embodiment, only one weld parameter may be adjusted in an
adaptive weld process 200. Alternatively, in other embodi-
ments more than one weld parameter may be adjusted for a
given joint 130. In the block 312, a number of parameters that
may be adjusted during the adaptive weld process 200 may
require the baseline (Sb) and the change in the percentage
(8%) for each parameter to be entered by the user. In the block
314, aslope is calculated using Tmax, Tmin, Sb, and S%. The
slope will be used to determine how much a weld parameter
may be changed for a specific joint 130 depending on the
temperature measurements made by the thermographic
imager 122. The next block 316 permits the user to populate
any other required or optional information for the profile. In
the block 318, in one embodiment the joint profile informa-
tion is stored in the weld database 124.

[0023] It is contemplated that in some embodiments, the
weld schedules may include different variables and/or values
based on the material parameters and/or the welding tech-
nique to be utilized by the adaptive welding apparatus 100.
Some non-limiting examples of weld parameters that may be
adjusted during the adaptive welding process 200 may
include a travel speed of the arc welding gun 104, a voltage
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and/or a current applied during the welding process, a wire
feed speed of the consumable wire spool 112, and any suit-
able combination thereof. It is also contemplated that the
schedules may be created and selected by a variety of meth-
ods. For example, in one embodiment, the adaptive weld
controller 122 populates a number of tables for the adjustable
parameter of an adaptive weld process 200. The tables may
correspond to different temperature ranges. During the adap-
tive weld process 200, the adaptive weld controller 122
selects the table and the value of the adjustable parameter
based at least in part on the sequence of temperatures mea-
sured by the thermographic imager 120. Alternatively, the
adaptive weld interface may use an algorithm that includes at
least the sequence of temperature measurements and the joint
profile. In one embodiment, the algorithm calculates a heat
input into a part during the adaptive welding process 200 and
predicts an amount of heat required to complete a next weld.
The adaptive weld controller 122 may then adjust one or more
welding parameters to complete the weld such that the weld-
ing process does not heat the part to a temperature greater than
Tmax. Alternatively, if the results of the algorithm show that
the weld cannot be completed without the temperature of the
part exceeding Tmax, the adaptive weld controller 122 may
signal the robot controller 108 to pause the process until a
temperature is measured by the thermographic imager 120
that will allow a weld to be completed without exceeding
Tmax as predicted by the algorithm.

[0024] It is contemplated that in some embodiments, the
thermographic imager 120 includes an infrared camera. In
other embodiments, the thermographic imager includes other
suitable technologies capable of measuring a temperature or
a sequence of temperatures of the joint 130 at a location away
from the joint. Alternatively, thermal measurement technol-
ogy may be placed in contact with the first workpiece 134
and/or the second workpiece 136 automatically before and
after the weld process is completed is also contemplated. One
having ordinary skill in the art may understand a variety of
methods or technologies capable of measuring the tempera-
ture or sequence of temperatures of the joint 130 before a
welding process.

[0025] It is also contemplated that in some embodiments
the thermographic imager 120 is used for other purposes
along with measuring the temperature. For example, if the
image quality is sufficient, the images generated may be used
to confirm the location of the arc welding gun 104 and the
consumable wire 116 relative to the joint 130 before and/or
during the adaptive weld process 200. Alternatively, the qual-
ity of the weld after the welding process is completed may be
inspected. One having ordinary skill in the art would under-
stand the capabilities of a visual inspection system included
with or as part of the thermographic imager 120 and how it
may be applied advantageously to the adaptive weld process.

[0026] The foregoing description of embodiments and
examples has been presented for purposes of illustration and
description. It is not intended to be exhaustive or limiting to
the forms described. Numerous modifications are possible in
light of the above teachings. Some of those modifications
have been discussed and others will be understood by those
skilled in the art. The embodiments were chosen and
described for illustration of various embodiments. The scope
is, of course, not limited to the examples or embodiments set
forth herein, but can be employed in any number of applica-
tions and equivalent devices by those of ordinary skill in the
art. Rather, it is hereby intended the scope be defined by the
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claims appended hereto. Additionally, the features of various
implementing embodiments may be combined to form fur-
ther embodiments.

What is claimed is:

1. An adaptive welding apparatus, comprising:

an arc welding robot including a repositionable arc weld-

ing gun, the arc welding robot configured to position the
arc welding gun at a location of a joint formed at an
interface of a first workpiece and a second workpiece;

a thermographic imager configured to measure a tempera-

ture of at least one of the first workpiece and the second
workpiece at the location; and
a controller in signal communication with the arc welding
robot and the thermographic imager, the controller con-
figured to select a weld schedule for forming a weld at
the location based at least in part on the temperature
measured with the thermographic imager and a joint
profile of the location before the weld is formed.
2. The adaptive welding apparatus of claim 1, wherein the
controller is configured to transmit an operational control
signal to the arc welding robot to activate the arc welding gun
to form the weld.
3. The adaptive welding apparatus of claim 1, wherein the
temperature includes one or more of the following tempera-
ture measurements: an initial temperature, a temperature rate
of change, and a final temperature of at least one of the first
workpiece and the second workpiece at the location.
4. The adaptive welding apparatus of claim 1, wherein the
controller is configured to transmit an operational control
signal to the arc welding robot comprising at least one param-
eter adjustment to the arc welding robot for the selected weld
schedule.
5. The adaptive welding apparatus of claim 4, wherein the
at least one parameter adjustment includes at least one of a
travel speed of the arc welding gun, a voltage applied, and a
wire feed speed of the arc welding robot.
6. The adaptive welding apparatus of claim 5, wherein the
controller is configured to pause forming the weld until a final
temperature of at least one of the first workpiece and the
second workpiece at the location is less than a predetermined
maximum temperature and a weld schedule is selected.
7. The adaptive welding apparatus of claim 1, wherein the
thermographic imager is repositionable by the arc welding
robot.
8. The adaptive welding apparatus of claim 1, further com-
prising a database in communication with the controller for
storing the joint profile.
9. A method of controlling an adaptive welding apparatus,
the adaptive welding apparatus including an arc welding
robot with a repositionable arc welding gun and a thermo-
graphic imager, the method comprising:
positioning the arc welding gun by a controller in signal
communication with the arc welding robot and the ther-
mographic imager at a location of a joint formed at an
interface of a first workpiece and a second workpiece;

measuring with the thermographic imager at least one tem-
perature including one or more of the following tem-
perature measurements: an initial temperature, a tem-
perature rate of change, and a final temperature of at
least one of the first workpiece and the second workpiece
at the location;

receiving by the controller the at least one measured tem-

perature from the thermographic imager;
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selecting a weld schedule by the controller for forming a
weld at the location based at least in part on the at least
one measured temperature and a joint profile of the
location before the weld is formed;

transmitting by the controller an operational control signal
to the arc welding robot to activate the arc welding gun
to form the weld; and

forming the weld with the arc welding gun.

10. The method of claim 9, further comprising:

positioning by the controller the arc welding gun at a sec-
ond location of the joint formed at the interface of the
first workpiece and the second workpiece to form a
second weld;

measuring with the thermographic imager at least one tem-
perature of at least one of the first workpiece and the
second workpiece at the second location;

receiving by the controller the at least one measured tem-
perature from the thermographic imager;

selecting a weld schedule by the controller for forming the
second weld at the second location based at least in part
on the at least one measured temperature and a joint
profile of the second location before the weld is formed;

transmitting an operational control signal to the arc weld-
ing robot to activate the arc welding gun to form the
weld; and

forming the second weld with the arc welding gun.

11. The method of claim 9, further comprising reposition-
ing the arc welding gun and the thermographic imager at a
second location of the joint to form a second weld between the
first workpiece and the second workpiece.

12. The method of claim 9, wherein transmitting by the
controller an operational control signal to the arc welding
robot comprises transmitting a command signal to the arc
welding robot to adjust at least one parameter for the selected
weld schedule.

13. The method of claim 12, wherein the at least one
parameter adjustment includes at least one of a travel speed of
the arc welding gun, a voltage applied, and a wire feed speed
of the arc welding robot.

14. A control system for an adaptive welding apparatus, the
adaptive welding apparatus including an arc welding robot
with a repositionable arc welding gun and a thermographic
imager, the control system comprising:

a controller in signal communication with the arc welding
robot and the thermographic imager, the controller con-
figured to:

position the thermographic imager at a location of a joint
formed at an interface of a first workpiece and a second
workpiece to measure at least one temperature of at least
one of'the first workpiece and the second workpiece; and

select a weld schedule for forming a weld at the location
based at least in part on the at least one temperature
measured with the thermographic imager and a joint
profile of the location before the weld is formed.

15. The control system of claim 14, wherein the controller
is configured to transmit an operational control signal to the
arc welding robot to activate the arc welding gun to form the
weld.

16. The control system of claim 14, wherein the at least one
temperature includes one or more of the following tempera-
ture measurements: an initial temperature, a temperature rate
of change, and a final temperature of at least one of the first
workpiece and the second workpiece at the location.
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17. The control system of claim 16, wherein the controller
is configured to transmit an operational control signal to the
arc welding robot to adjust at least one parameter for the
selected weld schedule.

18. The control system of claim 17, wherein the at least one
parameter adjustment includes at least one of a travel speed of
the arc welding gun, a voltage applied, and a wire feed speed
of the arc welding robot.

19. The control system of claim 14, wherein the controller
is configured to pause forming the weld until a final tempera-
ture is less than a maximum temperature and a weld schedule
is selected.

20. The control system of claim 14, wherein the controller
is in communication with a database storing the joint profile.
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