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WELDING CURRENT CONTROL SYSTEM AND METHOD

BACKGROUND OF THE INVENTION

1. Field of the Invention

This 1nvention generally relates to a system and
method of controlling a weld current for use 1n arc
welding processes, and more particularly to a software-
based system and method which permits generation of a
wide variety of weld current profiles, 1including weld
current profiles that can dynamically adapt to changes
in welding conditions simply by changing the timing of
segments of the weld current profile having

predetermined (but not necessarily constant) amplitude

profiles.

Unlike prior systems utilizing waveform generation
to control a weld current power supply, the waveform
generation system and method of the 1invention requires

nelther conventional hardware-implemented arc current or
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voltage feedback loops, nor complex digital signal

processor-based controllers.

The reference waveforms used to generate the weld

current profiles may be in the form of tables containing

ampllitude and trigger or duration values for each segment

of the waveiform. The waveforms may either be applied

without feedback directly to the weld current power supply,

or digitally modified based on feedback from an arc current

and/or voltage sensor. Modification of the profiles is

oy modifying a trigger or duration parameter

carried out

[ -

for a selected amplitude segment in the table used to
represent the reference waveform, preferably based on
current and/or voltage data gathered over multiple weld
cycles, simplifying programmingl and reducing regulred

ProCcessor resources.

Despite 1its ksimplicity, the software-based weld
current control of the invention can carry-out, without
limitation, any of the following relatively complex weld-
current control functions:
. 1n short-arc welding, synchronizing of the
waveform to the start of a short circuit,
° 1n short-arc welding, re-starting the short

circult portion of the waveform if premature re-

arcing occurs and/or if the re-establishment of
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another short circuit is detected, 1indicating
that the original short circuit was only an
incipient short,

in short-arc welding, adjusting the duration ot
the short-circuit phase based on analysis of

previous cycles, including adiustment to prevent

stub-outs if re-arcing fails toO occur,

in any consumable electrode rprocess, generating

a current amplitude profile for each of a

plurality of electrode diameters, feed-rates,

material types and welding gas types,

11 any consumable electrode process,

interpolating between previously generated

current amplitude  profiles for different

electrode feed-rates to facilitate operation at

electrode feed-rates other than those associated

with a particular amplitude prcfile or table, and
in any pulsed arc process, using the sortware to
also provide synchronized sensing and control of
the torch-to-workpiece voltage by adjusting the
torch-to-workpiece distance c<r, in pulsed arc
consumable electrode processes only, using the
software to provide synchronized sensing and
control the torch-to-workpiece voltage DY

adjusting the duration of any one of the current

amplitude segments.




10

15

20

CA 02465218 2004-04-27

WO 03/037560 PCT/US02/31567

It will of course be appreciated by those skilled in the

art that the system and method of the invention may be
applied to welding processes other than those specified
above, including all types of manual, semiautomatic, and
automatic welding, as well as all types of out-of-position

and pipe welding processes.

2. Description of Related Art

In recent years, substantial effort has been devoted
to improving control of weld currents 1n arc welding
systems. Until recently, most of this effort has involved
design of ever more sophisticated feedback circuits which
modulate the output of the weld current dJenerator in
response to changes 1in currents or voltages measured
between the electrode and the workpiece. With the
development of improved microprocessors, however, attempts
have been made to digitize many welding control functions,
including control of the arc welding current. Transfer of
hardware-implemented functions to software has the
advantage of enabling a particular apparatus to be adapted
for a greater variety of different welding processes Or

conditions, without the need to design specific circuilts

for each change in the welding sequence.

U.S. Patent NoO. 4,973,814 illustrates  a

microprocessor-based weld current contrcller which, like
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the present invention, uses pre-determined reference

wavetforms as a basis for control of a weld current power

supply. However, the output of the waveform generator
described in this patent is applied as the command signal

Co a current amplitude feedback loop of the welding

apparatus, rather than directly to the power supply, the
current amplitude feedback loop including a comparator for
comparing the applied waveform to the actual waveform and
generating an error signal. The only adjustments made to
the waveform itself are made through a display of the
difference between the reference and actual waveforms, and
a keyboard for adjusting the applied reference waveform as

necessary to achieve a desired actual waveform.

In the system illm’éfﬁt'rated in U.S. Patent No.
4,973,814, only the amplitude and not the duration of the

various parts of the weld current cycle are dynamically

adjusted, and the adjustment is carried out by an analog
servo, rather than by modifying the reference waveform.
Adjustment of the reference .waveZorm can only be carried
out. manually. As a result, while systems of the type
l1llustrated in this patent can, through the analog servo,
provide automatic control of a relatively simple and stable
weld cycle, once the appropriate waveform has been manually

adjusted, they cannot be used to provide automatic control

for welding processes that are highly dependent on the




CA 02465218 2004-04-27
WO 03/037560 PCT/US02/31567

timing of events that occur during the cycle, such as

short-circuit arc welding, in which the cycle consists of

at least two segments of variable length.

U.S. Patent No. 5,278,390, on the other hand,

5 discloses a version of the controller diéclosed in U.S.
Patent No. 4,973,814, in which the hardware-implemented
closed loop servo function is transferred to a digital

signal processor capable of modifying the reference

‘waverorm” expressed in a “state table.” In the system
10 disclosed in this patent, the current profile is stored in
state tables that can be selected for a particular weld
process. Feedback is achieved, as explained in col. 13,
lines 13 et seqg. of U.S. Patent No. 5,278,390, by
manipulating the current amplitude values contained in the
15 active state table, resulting in a modified waveform which

1s applied to the output of a weld current power source.

The system disclosed in U.S. Patent No. 5,278,390,
which takes what may be referred to as a “brute force”
approach to feedback, appears to be capable of controlling

20 a wide variety of welding" processes, but suffers from the

oL the current cycle, and the closed loop contrel circuit

must be adaptable enough to recognize and respond
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appropriately to each different part of the weld cycle by
continually adjusting the current amplitude values
according to the different requirements for each portion of

the weld current cycle. 1In a highly variable environment

such a short-circuit arc welding system, without the
assistance of hardware-based feedback loops, the current
amplitude control circuit of U.S. Patent No. 5,278,390
would essentially be required to re-write the stafe table
during each cycle, with the weld current profile
essentially being determined by programming of the

controller rather than of the state table.

The present invention, in contrast, does not attempt
to instantaneously modify a waveform to conform to changes
in sensed arc voltage or current, but rather takes a
simpler and yet more universally adaptable approach in
which the waveform is divided into predetermined amplitude
segments, and only the timing of the segments is varied,
thereby eliminating the need to continually adjust

amplitude values for each weld cycle.

In a sense, the invention is based on recognition
that, for cyclical welding processes, differences in

amplitude between a desired current profile and an actual

profile result from differences in the timing of parts of

the cycle. For example, in a short-circuit arc welding
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cycle, the establishment of a short circuit is followed by
an 1ncrease in the weld current. If the short-circuit is
established early, a control circuit of the type disclosed
in U.S. Patent No. 5,278,390 would need to almost
instantaneously determine that a short-circuit had been
established and change all of the corresponding amplitude
values 1n the state table accordingly. The system and
method of the invention, on the other hand, can respond to
establishment of the short-circuit simply by triggering a
short circuit segment of the current profile, without

having to change current amplitude wvalues, which are

presumed to be the same from one short-circuit cycle to the
next. A more complex short-circuit current profile having
SiX Or more segments, such as the ones described in U.S.
Patent Nos. 4,544,826; 4,546,234; 4,717,807; 4,835,360;
4,866,247; 4,897,523; 4,954,691; 4,972,064; 5,003,154;
5,148,001; and 5,961,863, would be wvery difficult to
implement using adjustment of state table current amplitude
values, whereas a programmer utilizing the present
invention would simply need to select an appropriate
current amplitude profile, and program appropriate triggers

for any duration variable segments in the profile.

As evidence of the intractability of the state-table

approach taken in U.S. Patent No. 5,278,390, a later patent

by the same assignee, U.S. Patent No. 6,002,104,
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essentially abandons the concept of using software to

- achieve automatic real-time control of a complex waveform,

such as the waveform required to minimize splatter during
short-circuit arc welding, and instead utilizes a
sophisticated “microprocessor based ‘real-time control and
monitor to enable real time manual adjdstment of a short
circuit arc welding current,” i.e., to enable a human
controller to adjust the welding current during the welding
process. Other systems that provide for real-time manual
adjustment of welding parameters are disclosed in U.S.

Patent Nos. 5,571,431, 4,390,954, and 4,189, 765.

Besides U.S. Patent No. 5,278,390, the only other

patent known to the inventors that is directed to
software-based control Qﬁ.-,:--'é‘;:‘x;“felding arc using a periodic
reference waveform witﬁout the need for manual intervention
1s U.S. Patent No. 4,650,957. However, the reference
waverorm described in this patent is not applied to the
weld-current power supply, but rather is applied to a
torch-to-workpiece distance controller, and thus has
limited applicability. While numerous other software-based
arc voltage or current controllers have previously been
disclosed, | including the one described in U.S. Patent No.
3,838,244, which dates back to 1968, none of the

controllers described in these patents use periodic

reference waveforms, much less a table-driven waveform
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generator, to control the weld current. Examples of such
patents include U.S. Patent Nos. 4,019,016, 3,838,244, and
3,689,734, which disclose digital controllers that provide

pre-programmed digital control of current or arc voltage

levels in synchronism with movement of a welder along a
carriage and a track, U.S. Patent No. 4,561,059, which is
directed to digital control of welding power supply to
achieve constant current. While a constant-current
controller might use software to adjust the weld current,
there is no need to initially generate a waveform or to

adjust the duration of portions of the waveform based on

detected currents.

In summary, none of the patents discussed above

consisting of a time seguence of amplitude segments, and of

using software to adjust the weld—c:.lrrent solely by
modifying the timing of individual segments in the current
profile, without adjusting amplitudes of the individual
segments, based on feedback of the actual weld-current (ox

voltage or power/energy), whether in real time or based on

data obtained from previous cycles. Previous waveform-

'based approaches to automatic weld current control, such as

the ones described in U.S. Patent Nos. 4,973,814 and

5,278,320, have relied on application of a fixed but

10
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manually adjustable waveform to an analog hardware-
implemented current amplitude servo, or ‘a state table
approach that requires continuous adjustment of current
amplitude values in the table, while other waveform-based
5 approaches, such as the one described in U.S. Patent No.
6,002,104, do not even attempt to achieve automatic
control, but rather rely entirely on operator intervention

to adjust the waveform.

SUMMARY OF THE INVENTION

10 It 1s accordingly a first objective of the invention

Lo overcome the disadvantages of prior arc welding current
control systems and methods by providing a software-based
arc welding current control that is easlly adapted to a
wide variety of welding processes, that can automatically
15 adjust for changes in weld conditions, and yet that does
not require high level programming skill and extraordinary

processing power to implement.

It 1s a second objective of the invention to provide
a software-based weld current controller that can adapt to
20 complex, highly wvariable waveforms, and vyet does not

require operation intervention during welding.

11
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It 1s a third objective of the invention to provide a
more flexible, easily adapted arc welding system that can
pe adapted to generate complex arc welding waveforms
without the need for specific feedback circuitry to control

5 the waveforms, and yet that can also economically be

adapted to generate less complex waveforms.

It 1s a fourth objective of the invention to provide
arc welding waveform generation apparatus that can be
adapted for use with short-arc, pulsed arc, and other types

10 of consumable and non-consumable arc welding processes.

It 1s a fifth objective of the invention to provide

waveform generation apparatus that can be adapted for use

with conventional rapid-response welding power supplies to
provide improved short-arc welding characteristics without
15 the need for necking detection or the need to provide
additional costly high-power switching elements to

facilitate rapid current decay.

These objectives are achieved, in accordance with the
principles of a preferred embodiment of the invention, by

20 providing a system and method of controlling a weld current
through the use of reference waveforms applied to the weld
current power supply, and that may be dynamically modified

based on current or voltage feedback to the waveform

12
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generator. Unlike ©prior systems utilizing waveform

generation to control a weld current power supply, the

waveform generation system and method o©f the invention
requires neither conventional hardware-implemented arc
current or voltage feedback loops, nor complex digital

signal processor-based controllers.

The reference waveforms used to generate the weld
current profiles may be in the form of tables containing
amplitude and trigger or duration values for each segment
of the waveform. The waveforms may either be applied

without feedback directly to the weld current power supply,

or digitally adjusted based on feedback from an arc current

and/or voltage sensor. Adjustment of the profiles is
carried out by modifying a- trigger or duration parameter
for a selected amplitude segment in the table used to
represent the reference waveform, preferably based on
current and/or voltage data gathered over multiple weld
cycles, in order to simplify programming and reducing

required processSor resources.

In addition, according to preferred embodiments of the
invention, the system and method provides for the following

specific software adjustments or modification of the

waveform in response to detection of the arc current oOx

voltage:

13
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in short-arc welding, synchronization of the
waveform to the start of short circuit,

in short-arc welding, re-starting the short
circuit portion of the waveform if premature re-

arcing occurs or if re-establishment of a short

circuit 1is detected, indicating ‘that the short
circuit was only an incipient short,

in short-arc welding, adijusting the duration of
the short-circuit phase based on analysis of
previous cycles, including adjustment to prevent
stub-outs if re-arcing fails to occur,

in any consumable electrode process, denerating

current amplitude profiles for each of a

plurality of electrode diameters, feed-rates,
material types and welding gas types,

in any consumable electrode process,
interpolating between previously generated
current amplitude profiles for different
electrode feed-rates to facilitate operatlion at
other electrode feed-rates, and

in any pulsed arc process, using the software tO
also provide synchronized sensing and control of
the torch-to-workpiece voltage by adjusting the
torch-to-workpiece distance or, in pulsed arc
consumable electrode processes only, using the

software to provide synchronized sensing and

14
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control the torch-to-workpiece voltage Dby

adjusting the duration of any one of the current

amplitude segments.

BRIEF DESCRIPTION OF THE DRAWINGS

S Fig. 1 is a schematic illustration of an arc welding

system including a reference waveform generator constructed

in accordance with the principles of a preferred embodiment

of the invention.

Flg. 2 is a short-circuit arc welding current profile

10 generated by the waveform generator of Fig. 1.

Fig. 3 1s a table of amplitude and time values

corresponding to the arc welding current profile of Fig. 2.

Fig. 4 is a pulsed arc welding current profile also

generated by the waveform generator of Fig. 1.

15 Fig. 5 1is a table of amplitude and time values

corresponding to the current profile of Fig. 4.

Fig. 6 illustrates an alternative short-circuit arc

welding current profile generated by the waveform generator

15
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of Filg. 1, together with a corresponding arc voltage

‘profile.

Fig. 7 1is a table of amplitude and time values

corresponding to the current profile of Fig. 6.

5 Fig. 8 1illustrates vyet another alternative short-
circuilt arc welding current profile generated by the

waverorm generator of Fig. 1, together with the

corresponding arc voltage profile.

Fig. 9 1s a table of amplitude and time +values

10 corresponding to the current profile of Fig. 8.

Fig. 10 1s a schematic diagram of an arc welding
System constructed 1in accordance with the principles of a

second preferred embodiment of the invention.

Fig. 11 is a table of amplitude and time values

15 corresponding to the current profile of Fig. 8 and

generated by the system of Fig. 10 rather than the system

of Fig. 1.

Flg. 12 1is a schematic diagram of an arc welding

system constructed in accordance with the principles of a

20 third preferred embodiment of the invention.

16
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Fig. 13 illustrates a pulsed arc welding current

Fig. 14 1is a table of amplitude and time wvalues

corresponding to the current profile of Fig. 13.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

This invention generally relates to a system and

method of generating waveforms that can be used to control
a weld current for use in arc welding processes, and more

particularly to a system and method in which a time

Sequence oI numbers representing amplitudes of periodic
Segments or the waveform.is generated, and in which the
time sequence thus generated is used as a reference during

generation of a weld current power supply control signal.

Fig. 1 shows apparatus constructed in accordance with
the principles of a first preferred embodiment of the
invention to implement the system of the first preferred
embodiment of the invention, in the specific context of a
consumable electrode arc welding system. It will be
appreciated, however, that the waveform generator of the

invention 1s not limited to consumable electrode arc

17
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welding systems, and that the illustrated apparatus is

described by way of example only.

As 1llustrated, the apparatus of the first preferred

embodiment of the invention includes a weld power source

106 arranged to supply electric power to carry out a
welding process by applying current to a sliding contact
112. Sliding contact 112 is slidingly engaged with a
consumable electrode 110 to enable current to be supplied
to the electrode and, due to a voltage difference between
the electrode 110 and a workpiece 108, to establish an arc
petween the electrode and the workpiece and thereby
transfer material to a weld puddle on the workpiece. The
sliding contact is housed within a welding torch, which can
also be used to supply welding gas(es) to shield the arc

and weld puddle, as necessary.

Consumable electrode 110 is supplied from spool 109,
and sliding contact 112 maintains electrical connection
with the consumable electrode 110 as it is fed toward the
workpliece by drive rolls 111, which in i:urn are driven by
motor 104. Motor 104 1i1is controlled by a consumable
electrode feed-rate controller 103 Lo deliver the
consumable electrode 110 at a rate corresponding to a

consumable electrode feed-rate command 100.

18
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In this embodiment, the weld power source 106 delivers
weld curreﬁt to the consumable electrode 110 in response to
a weld current command signal 105 generated by a computer-
controlled, table-driven waveform generator 101 in
accordance with time-based weld-current profile data 102.
The computer is also capable of using consumable electrode
feed-rate command 100 to select and/or interpolate the
appropriate weld-current profile from among a number of
profiles based on the electrode feed-rate. One or more
timers within the computer that controls the waveform
generator 101 are used to time each segment to match the
sequence and times specified in the profile data. During
Che segment times specified in the profile data, the
computer simply sends the corresponding current amplitude
to the weld power source via the weld-current command

signal 105.

It will of course be appreciated that the computer-
controlled table-driven waveform generator 101 may be
replaced by a dedicated mixed digital-analog controller,
and that the weld-current command signal 105 may be digital

Oor analog, depending on the nature of the power source.

The waveform generator is connected to a weld voltage
amplifier and detector 115, which supplies an arc ignition

detection signal 114 and a short circuit signal 113 to the

19
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waveform generator. Either, both, or neither of the
signals 113 and 114 may be used to generate the final
current waveform, i.e., one or both of the signals could be
used as a trigger for particular segments in the waveform,
or the waveform can be utilized without taking into account

the exact moments when a short circuit or arcing occurs.

Those skilled in the art will appreciate that numerous
suitable voltage detectors are known or available, and
therefore the invention is not intended to be limited to a
particular construction of detector 115. For example, the
short-circuit detection portion of the detector can
consist, as 1is known, of a differential amplifier and
simple threshold-voltage comparators (not shown) that
Output a short-circuit detection signal 113 whenever the
voltage falls below a predetermined threshold indicative of
a short-circuit condition. The arcing detection portion of

the detector can include the same differential amplifier

used for the short-circuit detector and an additional
arcing threshold-voltage comparator (also not shown) set to
OQutput an arc-ignition signal 114 when a predetermined
arcing voltage threshold is exceeded, the arcing threshold

being greater than the short-circuit voltage and less than

the open-circuit condition of the weld power source.

Alternatively, re-arcing could be indicated by cessation of

the short-circuit signal 113, with signal 114 being used

20




CA 02465218 2004-04-27
WO 03/037560 PCT/US02/31567

instead to 1indicate the absence of an open circuit

condition, or by supplying the output of the differential
amplifier directly to the computer through an analog-to-
digital comparator for a direct measurement of the arc
5 voltage. In either case, one or both signals 113 and 114
could be supplied to the computer as an interrupt, or the

computer could use polling techniques to poll the detector

115.

The weld power source 106 may also be implemented in

10 Known manner using commercially available components. It
will be appreciated by those skilled in the art that the
power source bandwidth must be sufficient to produce a
reasonably faithful reproduction of the command signal and
that, in this regard, the combined inductance of the power

15 source and weld circuit cabling must be minimized so as to
achieve fast rise and fall times for the current output of

the weld power source. On the other hand, minimizing the

power source 1nductance makes it more difficult to sustain
the arc at low currents, and thus for some applications, a
20 swinging inductor (not shown) may be included in the weld
current circulit 1in order to provide a power source
inductance that 1is relatively high at low currents and

relatively low at high currents.
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Figs. 2 and 3 illustrate a specific welding method
that can be implemented on the system of Fig. 1. In
particular, the method of Figs. 2 and 3 is suitable for use
in short-arc welding processes, in which the consumable
electrode 110 is continuously fed into a molten puddle
formed on the workpiece, and the process alternates between
a short-circuiting phase, in which material being
transferred from the electrode to the workpliece extends
across and therefore short-circuits the gap between the
electrode and the workpiece, and an arcing phase in which
power supplied to the electric arc 107 melts the electrode
causing a molten ball or droplet to form at the arcing end,
the molten ball advancing toward the workpiece until it
contacts the molten puddle causing a short circuit. During
the short-circuiting phase, high amplitude welding current

1s used to produce a magnetic pinch effect and cause the

molten droplet to be pinched off and drawn into the puddle,

breaking contact with the electrode. When contact 1is

broken, the arc is re-formed between the electrode and the
puddle, and the arcing phase 1is repeated as previously
described. This process continues in a repetitive or
cyclic fashion, alternating between arcing and short-

circuiting phases.

During each portion of the process, the weld power

source 106 delivers weld current to the sliding electrode
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110 1n response to the weld current command signal 105
generated by the waveform generator 101 in accordance with

the weld-current amplitude profile data 102. In
particular, as shown in Fig. 2, the waveform generator
generates a waveform having a predetermined number of
segments, each with a predetermined duration (Time) and
amplitude (Current) given by entries in the table shown in
Fig. 3. The waveform is modified by the short circuit
signal 113, which indicates the beginning of the short
circuit phase, the short circuit being detected by weld
voltage amplifier and detector 115 using any of numerous
methods of short circuit detection. Each time a short
circuit is detected, the waveform generator begins
outputting a fixed waveform corresponding to the waveform
illustrated in Figs. 2 and 3. At the end of the tenth
segment, the waveform generator starts another cycle

beginning at segment T1.

It will of course be appreciated by those skilled in

the art that the short arc waverform shown in Fig. 2 1is
1llustrative in nature, and that it may be wvaried as
necessary tCo achieve a desired result or to match
parameters of the welding process such as the electrode
feed-rate, as will be described in more detail below. For
example, the number of segments might be more or less than

ten, and the amplitude and duration of the segments may be
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programmed to fit any desired profile. In any case, each
segment is programmed to deliver the corresponding current
for the corresponding duration specified in the columns of
the table shown 1n Fig. 3. The trigger column defines the
event used to start the corresponding segment, which in
this case is the completion of a previous interval or, in

the case of segment 1, the completion of segment 10.

Figs. 4 and 5 illustrate an alternative method of

controlling the weld-current during pulsed-spray consumable
electrode processes, in which the arc is intended to be
maintained throughout the entire pulsation cycle. In this

case, the waveform only has five segments, and segment 1 is

started when segment 5 ends.

The method illustrated in Figs. 2-5, in which the
weld-current waveform is entirely pre-programmed, may be

varied, 1in accordance with another preferred embodiment of

the 1nvention, by using one of the feedback signals 113 and
114 as a trigger for one of the segments in the weld-
current amplitude waveform. For example, 1in the case of a
short-circuit waveform having ten segments and
corresponding to the waveform illustrated in Fig. 2, the
trigger for the first segment may be provided by signal 113
upon detection of a short-circuit by the weld wvoltage

amplifier and detector 115, rather than upon completion of
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the tenth segment, and the duration of the tenth segment

may be programmed to continue until a short circuit occurs.

It will of course be appreciated that reducing the

weld current amplitude upon detection of a short-circuit is

well known. The present invention does not concern the
weld current profile itself, but rather lies in supplying
the short-circuit detection signal to a waveform generator
and triggering one of plurality of predetermined waveform
segments 1n response to the signal, as opposed to supplying
the signal to a circuit device that reduces the weld-
current. The invention may thus be applied to any short-

f

circuit current profile, as well as to any other periodic

or cyclical weld current profil_e known, or that may become

known, to those skilled in-“the art.

In a variation of the method illustrated in Figs. 6
and 7 which takes into account the phenomenon of incipient
shorts, the first segment may be re-triggered not only upon
initial establishment of a short-circuit, but also upon
premature re-arcing, as 1indicated by signal 114. This
would have the effect of extending the duration Tl of low

amplitude segment 1 until a stable short-circuit was

established. Alternatively, instead of waiting for re-
arcing, it may be desirable to simply re-trigger the first

segment each time a short-circuit is detected, so that the
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current will remain low until a stable short-circuit has

been established, i.e., until inchoate shorting ceases.

Turning to Figs. 8 and 9, which also apply
specifically to short-circuit arc welding and may be

5 implemented using the apparatus illustrated in Fig. 1, the

waverorm of Fig. 6 is further modified by adding three
additional triggers to the short circuit trigger SC. The
first additional trigger is based on an arcing time

estimate (indicated as TE in Fig. 8 and in the “Trigger”

10 column of Fig. 9) derived from the timing of previous

short-circuit and re-arcing events, and in particular from
the duration of the time interval between the beginning of

the short circuit phase and the beginning of a non-

incipient arcing event, i.e., a time estimate of the
15 duration of the short-circuit portion of the welding
process. This time estimate may be based on measurements

collected over several preceding cycles and averaged, or
Otherwise processed, to obtain the time estimate. Once
estimate TE has been determined, the waveform generator
20 calculates the estimated short circuit duration, less the
fixed duration T4 of the fourth segment and uses this

calculated value (TE minus T4) to trigger the start of

segment 4 which precedes the end of the short circuit

cycle, permitting the duration of the high amplitude

25 segment which occurs during the short circuit cycle to be
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automatically adjusted based on data gathered from previous
cycles. The term “T3 or TED” in Fig. 9 indicates that upon
gathering sufficient data to determine TE, the duration of
segment 3 1s to be automatically adjusted by the start of
5 the next segment based on TE, i.e., the duration of segment

3 is no longer fixed but is automatically “time estimate

determined” (TED).

In the 1illustrated table arrangement, the second

trigger RA 1s normally the trigger that would be used to

10 determine the duration of segment 4, and is based on the
occurrence of an actual re-arcing event. Initially,
segment 5 1s triggered, and the duration of segment 4
determined, by predetermined time interval T4. Upon
gathering sufficient data so that updated values for TE are

15 forthcoming, RA 1is used to end segment 4 and trigger
segment 5. Therefore, under normal circumstances, the
duration of segment 4 1s automatically determined by RA

events, 1.e., it is “re-arcing determined” as indicated by

the term RAD in Fig. 9.

20 By estimating the onset of re-arcing based on
historical data, this implementation of the invention has
tﬁhe particula;: advantage of eliminating the need. for
necking or pinch-off detection, and therefore of

eliminating the need for costly high-power switching
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elements of the type required to facilitate rapid current
decay in systems that utilize necking detection. ‘In prior
short circuit arc welding systems, it was necessary to
anticipate the re-arcing time by detecting narrowing of the
material forming the short circuit just before breakage, so
as to provide sufficient time to adjust the current to one
that maintains the arc. Necking detectors generally employ
differentiation or rate detection methods, which increase
sensitivity to electrical noise, such as the noise produced
by the sliding contact with the electrode. In contrast,
re-arcing detection is simpler and far less prone to noise
pecause re-arcing produces a very large and sudden increase
in arc voltage. By using historical data based on the
actual re-arcing time, the need for a necking detector and
special power switching elements is eliminated and vet
prediction of the re-arcing time may actually be made more
accurate. If desired, the historical data can be averaged

over more than one cycle to further enhance estimated re-

arcing time.

A further trigger for segment 5 is a fixed,
Predetermined time interval TFR that is greater than time
interval T4 and that triggers segment 5 in the event that
4 re-arcing event does not occur within the time provided
for by TFR. This sets the maximum amount of time that the

weld current will remain at that which is commanded durlng
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segment 4 and permits recovery from the failure to re-arc,
also known as a stub-out, by  increasing the current
amplitude from I4 to IS5. It 1s noted that RA, 1.e., re-
arcing, may occur during segment 3, in which case segment

4 1s simply eliminated.

Alternatively, in case of a stub-out, it is possible
to modify the waveform illustrated in Figs. 8 and 9 by
lmmediately beginning segment 6 upon occurrence of a stub-
out, 1in which case the trigger for segment 6 in Fig. 9

would be modified to read “Prior or TFR” and the trigger

Lor segment 5 would be modified to read “Prior or RA.”

The exact amplitude and duration values included in
the tables shown in Figs. 37 5, 7, and 9 will depend on a
number of factors, including electrode diameters, feed-

rates, material types and welding gas types. Each

controller that implements the invention will need to be
provided with separate tables for each of these variables,
for example by storing multiple tables retrievable based on
a selected electrode feed-rate, and multiple sets of feed-
rate-related tables for each of the commonly used electrode

diameters, electrode material types, welding gas types,

and/or any other parameter that affects the weld-current.

The manner in which the current profile tables are stored

may of course be varied in numerous ways, for example by
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assigning each table a code, with each parameter

represented by one of the digits or letters in the code.:

If the number of possible combinations of weld
parameters 1s Jgreater than the number of tables that can

5 conveniently be programmed and stored, it is also possible
according to a variation of the above principles, to create
tables Dby interpolation, for example by interpolating
amplitude and duration values for electrode feed-rates that

are between the electrode feed-rates associated with

10 existing tables.

The waveform illustrated in Fig. 8 may alternatively
pe achieved using the system shown in Fig. 10, rather than
the one illustrated in Fig. 1, and the table illustrated in
Fig. 11 rather than the table illustrated in Fig. 9, which
15 adds a distance control function. In particular, the
system i1llustrated in Fig. 10 adds a voltage/dj':stance feed
back loop circuit which receives a negative feedback
voltage signal 121 from the weld voltage detector and
adjusts the torch-to-workpiece distance based on an error
20 signal 123 generated by comparator 122 in response to a
difference between the feedback voltage signal 121 and a
voltage command signal 120 retrieved by the waveform
generator 101 from the current command table. The error

signal is amplified and applied to torch-to-workpiece
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distance controller 124, which controls motor 118 to move
contact or slide 117 and an attached welding torch (not
shown) and thereby change the effective torch-to-workpiece

distance until the error signal disappears.

The advantage of this arrangement is that the torch-

to-workpiece distance servo operation is based on arc value
sensed during the desired interval with servo operation
continuing on this sensed value for at least a portion of
the remainder of the welding cycle, simplifying programming

of the distance controller and avoiding complex

interactions between current and distance loops that would
complicate control. Normally, distance control sensing is
only activated during the high-current segment of the
arcing portion of the short-circuit weld cycle, when the
weld voltage 1s constant and before a short circuit is
likely to form. It will of course be apbreciated that the
summing junctions and/or the voltage detector and “track
and hold” (so-named because as it is displayed in Fig. 10,
it holds the feed-back voltage to the last wvalue obtained
near the end of segment 6 during segments other than
segment 6) may be i1mplemented as either digital or analog
components, with analog-to-digital or digital-to-analog
converters included as necessary to provide signal

compatibility.
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The system and method of the invention are not limited
to short-circuit arc welding processes, but instead may be
used with any consumable electrode welding process, as well
as with non-consumable electrode processes amenable to

5 control by variable timing of fixed or predetermined
amplitude segments. For example, 1n the case of pulsed
spray consumable electrode processes, in which the weld
current must be adjusted to optimize the arc voltage,

signals 113 and 114 are not used. Instead, as illustrated

10 in Fig. 12, a voltage signal 125 is substituted. After an

initial stabilization interval during which the first
amplitude segment is triggered by completion of the fifth
segment, a measured arc voltage signal is used to trigger

the first segment of the pulsed-spray cycle, the duration

15 (VCD) of the fifth segment being the duration necessary to
maintain a programmed weld voltage V1 in view of the
feedback wvoltage signal 125. Measurements of the arc
voltage are only taken during segment 1, and may be based
on the last measurement or on an average of measurements

20 from previous cycles. If the weld voltage is higher than
Vl, then the duration of segment S5 is lengthened,
decreasing the average current and therefore the electrode
consumption rate until the voltage drops down to V1. If
the weld voltage is lower than V1, then the duration of

25 segment 5 is shortened, increasing the average current and
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therefore the electrode consumption rate until the voltage

rises up to V1.

Having thus described a preferred embodiment of the

5 invention 1in sufficient detail to enable those skilled in
the art to make and use the invention, it will nevertheless

be appreciated that numerous variations and modifications

of the i1llustrated embodiment may be made without departing

from the spirit of the invention. The system and methods

10 described above could be applied to the generation of
profiles for current, voltage, or energy, oOor any
combination thereof, for example, by terminating a current

segment when the programmed energy level has been attained.

Alternatively or additionally, the events that trigger
15 portions of the current profile could be events unrelated

to short circuit or arcing, including for example, sidewall

dwell intervals measured during torch cCross-seam

oscillation in a pulsed waveform welding process.

It 1s therefore 1i1intended that the invention not be
20 limited by the above description or accompanying drawings,
put that it be defined solely in accordance with the

appended claims.
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WE CLAIM:

1. A system for controlling a weld-current in an arc welding apparatus,
comprising a digital waveform generator arranged to digitally generate a
control signal to a weld-current power supply, the control signal being
derived from a reference waveform made up of constant amplitude segments
having variable durations and at least two different predetermined
amplitudes, such that said weld current output by the weld-current power
supply and applied to the weld head corresponds to the reference waveform
and has constant amplitude segments having variable durations and at least

two different predeterminea amplitude.

2. A system as claimed in claim 1, further comprising a detector for detecting
an electrical parameter of an arc, wherein the detector is connected to the
waveform generator, the waveform generator is arranged to vary a duration
of at least one of the segments based on feedback from the detector, and the
electrical parameter is selected from the group consisting of current, voltage,

or power.

3. A system as claimed in claim 2, wherein the detector varies the waveform

based on data measured during at least one earlier weld cycle.

4, A system as claimed in claim 2, wherein the welding apparatus Is a short-
circuit arc welding apparatus and the waveform is adjusted by triggering a
first low amplitude segment upon detection that a short circuit has been
established, and wherein the first low amplitude segment is re-triggered each
time a short circuit is established during each low amplitude segment, or

upon detection of re-arcing during each low amplitude segment, thereby

taking into account incipient shorts.
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5. A system as claimed in ciaim 2, wherein the duration is varied based on data

gathered by the detector over at least one preceding cycle.

6. A system as claimed in claim 5, wherein the data gathered by the detector
over at least one preceding cycle is historical data indicative of re-arcing, and
wherein the waveform generator begins a low amplitude arc-sustaining

segment just prior to an estimated re-arcing time derived from the historical
data.

7. A system as claimed in claim 2, wherein the welding apparatus is a pulsed
arc welding apparatus, and the waveform is adjusted based on feedback

from an arc-voltage detector during at least one of the segments.

8. A system as claimed in claim 1, wherein the waveform generator is arranged
to retrieve the reference waveform from a memory containing a plurality of
stored waveforms, and the reference waveform is retrieved based on a
selected electrode feed-rate, or based on a selected electrode feed-rate ana
additional parameters selected from the group consisting of electrode

diameters, electrode material types and welding gas types.

9. A system as claimed in claim 8, wherein the waveform generator is further

arranged to interpolate waveforms not included in the plurality of stored

waveforms.

10.A system for controlling a weld-current in an arc welding apparatus,

comprising:

a waveform generator arranged to digitally generate a control signal to a
weld-current power supply, the control signal being derived from a digital
reference waveform having segments of different amplitude such that said

weld current output by the weld-current power supply and applied to the
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weld head corresponds to the reference waveform and has constant
amplitude segments having variable durations and at least two different
predetermined amplitude; and a detector for detecting an electrical
parameter of an arc, wherein the detector is connected to the waveform
generator and the waveform generator is arranged to vary durations of
selected said waveform segments in order to synchronize the waveform to

events occurring during a weld cycle based on feedback from the detector.

11.A method of controlling a weld-current in an arc welding process, comprising
the steps of deriving a control signal for a weld current power supply from a
digital reference waveform made-up of constant amplitude segments having
variable durations and at least two different predetermined amplitudes, and

supplying the control signal to the weld current power supply.

12.A method as claimed in claim 11, further comprising the steps of detecting
an electrical parameter of an arc and varying a duration of at least one of the
segments based on the detecting step, wherein the electrical parameter is

selected from the group consisting of current, voltage, or power.

13.A method as claimed in claim 12, wherein the welding process is a short-
circuit arc welding process, and further comprising the step of triggering a
firSt low amplitude segment of the waveform upon detection that a short
circuit has been established, wherein the first low amplitude segment is re-
triggered each time a short circuit is established during each low amplitude
segment, or upon detection of re-arcing during each low amplitude segment,

thereby taking into account incipient shorts.

14.A method as claimed in claim 12, wherein the duration is varied based on

data gathered by the detecting step over at least one preceding cycle.
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15.A method as claimed in claim 14, wherein the data gathered by the detecting
step over at least one preceding cycle is historical data indicative of re-
arcing, and further comprising the step of triggering a low amplitude arc-

sustaining segment just prior to an estimated re-arcing time derived from the
historical data.

16.A method as claimed in claim 11, wherein the welding process is a pulsed arc
welding process, and wherein the waveform is adjusted based on feedback

from an arc-voltage detector during at least one of the segments.

17.A method as claimed in claim 11, further comprising the step of retrieving
the reference waveform from a memory containing a plurality of stored
waveforms based on a selected electrode feed-rate, or on a selected
electrode feed-rate and additional parameters selected from the group
consisting of electrode diameters, electrode material types and welding gas
types.

18.A method as claimed in claim 17, further comprising the step of interpolating

waveforms not included in the plurality of stored waveforms.

19.A method for controlling a weld-current in an arc welding apparatus,

comprising the steps of:

outputting a control signal to a weld-current power supply, the control signal
being derived from a digital reference waveform having segments of different

amplitude;

detecting an electrical parameter of an arc; and
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varying durations of selected said segments in order to synchronize the
waveform to events occurring during a weld cycle based on results of the

detection.
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