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SYSTEMS AND METHODS PROVIDING ARC RE-IGNITION FOR AC ARC WELDING PROC-
ESSES

TECHNICAL FIELD

[0001] Certain embodiments of the present invention relate to arc welding. More particularly, cer-
tain embodiments of the present invention relate to systems and methods providing an energy lim-
ited arc re-ignition voltage for AC arc welding processes to re-ignite an arc during polarity transitions.

BACKGROUND

[0002] Certain prior art welding systems use bridge topologies in a welding power source to provide
AC welding capability. A full bridge topology may be used with just about any power source topol-
ogy, providing flexibility and the potential to be added to existing designed power sources. The full
bridge topology allows easy implementation of zero cross assisting circuits. A blocking diode may
be used to protect the devices in the power sourcerfrom high voitage transients that occur during the
zero cross. For certain welding processes such as, for example, an AC gas tungsten arc welding
process (GTAW or TIG) or an AC gas metal arc welding process (GMAW or MIG), it is desirable for
the arc between the electrode and the workpiece to quickly re-ignite in the opposite polarity direction

when the welding current crosses zero.

[0003] A welding power source may have a maximum voltage level (e.g., 100 VDC) that it is de-
signed to output. When an AC welding current crosses zero (i.e., changes polarity), the arc extin-
guishes and may not re-establish. In TIG welding (where there is no wire electrode), if the arc extin-
guishes, the welding power source may have to repeat the entire arc-establishment process before

welding can continue, resulting in an inefficient welding process.

[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 systems 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] Embodiments of the present invention include systems and methods for providing an energy
limited arc re-ignition voltage (i.e., a superposition voltage) for AC arc welding processes to re-ignite
an arc during polarity transitions. The introduction of a high voltage level between the welding elec-
trode and the workpiece for a brief period of time during a polarity transition of the welding current is
provided from a superposition circuit having a dedicated charging source to readily and reliably re-

CONFIRMATION COPY



WO 2014/076539 PCT/IB2013/002523

ignite the arc in the opposite polarity, even though the voltage from the power source is limited.
Configurations of polarity reversing bridge circuits and superposition circuits allow for the directional
switching of the output welding current through the welding output circuit path while also allowing for
the rapid re-igniting of the arc when the welding current changes polarity. A superposition circuit
having a pre-charge capacitor and a charging source that is dedicated to charging the pre—chargé
capacitor provides the voltage needed during current polarity transition to quickly and reliably re-
ignite the arc. ‘ '

[0006] One embodiment of the present invention is a welding power source. The welding power
source includes a contraller, and a power conversion circuit configured to convert an input current to
an output current. The power conversion circuit may include a BC output topology. The power con-
version circuit may be an inverter-based circuit or a chopper-based circuit, for example. The welding
power source also inciudes a bridge circuit operatively connected to the power conversion circuit
and configured to switch a direction of the output current through a welding output circuit path opera-
tively connected to a welding output of the welding power source at the command of the controller.
The bridge circuit may be configured as a full bridge circuit, for example. The bridge circuit may
include, for example, at least four switching transistors. The welding power source further includes a
superposition circuit, having at least one pre-charge capacitor and at least one dedicated charging
source configured to directly or indirectly charge the at least one capacitor, operatively connected to
the bridge circuit and configured to provide a voltage between an electrode and a workpiece of the
welding output circuit path sufficient for arc re-ignition during polarity transition of the output current.
The dedicated charging source may be a current limited voltage supply. The superposition circuit
may also include, for example, at least one resistor and at least one switching transistor operatively
connected to the at least one capacitor, wherein the at least one switching transistor is configured to
switch on and off at the command of the controlier. The value of the at least one capacitor may be
less than one micro-farad, in accordance with various embodiments. The power conversion circuit,
the bridge circuit, and the superposition circuit may be configured to provide any of a DC positive
welding operation, a DC negative welding operation, and an AC welding operation at the command
of the controller of the welding power source. In accordance with an alternative embodiment, the
bridge circuit and the superposition circuit may be external to the welding power source, for exam-
ple, in the form of a module that operatively connects to the welding power source.

[0007] One embodiment of the present invention is a weiding power source. The welding power
source includes means for converting an input current to an output current and means for switching
a direction of the output current through a welding output circuit path operatively connected to a
welding output of the welding power source to provide at least an AC welding operation. The weld-
ing power source also includes means for applying a voitage between a welding electrode and a
welding workpiece of the welding output circuit path during a polarity transition of the output current
to automatically re-establish an arc between the welding electrode and the workpiece in an opposite
polarity.
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[0008] One embodiment of the present invention is a method. The method includes converting an
input current to an output current in a welding power source and pre-charging at least one capacitor
of the welding power source to an arc re-igniting voltage leve! from at least one dedicated charging
source. The method also inciudes switching a direction of the output current through a welding out-
put circuit path operatively connected to a welding output of the welding power source from a first
direction to a second direction at the command of a controller of the welding power source. The
method further includes applying the arc re-igniting voltage level from the at least one capacitor be-
tween a welding electrode and a workpiece of the welding output circuit path to automatically re-
ignite an arc between the electrode and the workpiece in the second direction as part of switching to
the second direction. The method may further include pre-charging the at least one capacitor of the
welding power source to the arc re-igniting voltage level from the at least one dedicated charging
source and switching a direction of the output current through the welding output circuit path from
the second direction to the first direction at the command of the controller of the welding power
source. The method may further include applying the arc re-igniting voltage level from the at least
one capacitor between the welding electrode and the workpiece of the welding output circuit path to
automatically re-ignite an arc between the electrode and the workpiece in the first direction as part of
switching to the first direction. The method may further include further charging the at least one
capacitor of the welding power source with energy from a load connected to the welding power
source during a current decay portion of the output current to self-regulate arc re-ignition based on
characteristics of the load.

[0009] One embodiment of the present invention is a welding power source. The welding power
source includes a bridge circuit configured to provide an AC welding output current. The welding
power source further includes a superposition circuit, including at least one capacitor and at least
one dedicated charging source configured to directly or indirectly charge the at least one capacitor,
operatively connected to the bridge circuit and configured to provide a voltage at a welding output of
the welding power source being of sufficient magnitude to automatically re-ignite an arc in an output
circuit path connected to the welding output upon reversai of a polarity of a welding output current
through the output circuit path. The superposition circuit may further inciude at least one resistor
and at least one switching transistor operatively connected to the at least one capacitor, wherein the
at least one switching transistor is configured to switch on and off at the command of the welding

power source.

[0010] One embodiment of the present invention is a welding power source. The welding power
source includes a current switching circuit having at least one pre-charge capacitor and at least one
dedicated charging source configured to directly or indirectly charge the capacitor, wherein the at
least one pre-charge capacitor and the at least one dedicated charging source are configured to
provide a voltage across a load connected to a welding output of the welding power source sufficient
to re-ignite a welding arc across the load upon reversal of a polarity of a welding output current
through the load. The current switching circuit may be configured as a full bridge circuit, for exam-



WO 2014/076539 PCT/IB2013/002523

ple. The current switching circuit may include at least one resistor and at least one switching tran-
sistor operatively connected to the at least one pre-charge capacitor, wherein the at least one

switching transistor is configured to switch on and off at the command of the welding power source.

[0011] Details of illustrated embodiments of the present invention will be more fully understood
from the following description, drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Fig. 7 illustrates a schematic block diagram of an exemplary embodiment of a welding
power source operatively connected to a weiding electrode and a workpiece; ‘

[0013] Fig. 2 illustrates a schematic diagram of a first exemplary embodiment of a portion of the
welding power source of Fig. 1 having a bridge circuit and a superposition circuit;

[0014] Figs. 3A-3C illustrate the operation of the welding power source in Fig. 2 when implementing
an AC welding output current waveform;

[0015]) Fig. 4 illustrates a schematic diagram of a second exemplary embodiment of a portion of the
welding power source of Fig. 1 having a bridge circuit and a superposition circuit;

[0016] Figs. 5A-5C illustrate the operation of the welding power source in Fig. 4 when implementing
an AC welding output current waveform;

[0017] Fig. 6 illustrates a schematic diagram of a third exemplary ebmbodiment of a portion of the
welding power source of Fig. 1 having a bridge circuit and a superposition circuit; and

[0018] Figs. 7A-7C illustrate the operation of the welding power source in Fig. 6 when implementing
an AC welding output current waveform.

DETAILED DESCRIPTION

[0019] The following are definitions of exemplary terms that may be used within the disclosure.
Both singular and piural 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. Software 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 operating 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, require-
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ments of a desired application, the environmént 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” inciude, but are not limited to, a CD-ROM, a re-
movable flash memory card, a hard disk drive, a magnetic tape, and a floppy disk.

[0022] “Welding tool”, as used herein, refers to, but is not limited to, a welding gun, a welding
torch, or any welding device that accepts a consumable or non-consumable welding electrode for
the purpose of applying electrical power to the welding electrode 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 weld-
ing cable), to a welding electrode, to a workpiece (either through a short or an arc between the weld-
ing 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 output of the welding power source.

[0024] “Welding cable”, as used herein, refers to the electrical cable that may be connected be-
tween 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 work-
piece.

{0025] *Welding output”, as used herein, may refer to the electrical output circuitry or output port or
terminals of a welding power source, or to the electrical power, voltage, or current provided by the
electrical output circuitry or output port of a welding power source.

[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.

[0028] The terms “signal”, “data”, and “information” may be used interchangeably herein and may
be in digital or analog form.

[0029] The term “AC welding” is used generally herein and may refer to actual AC welding, DC
welding in both positive and negative polarities, variable polarity welding, and other hybrid welding

processes.

[0030] The terms “pre-charge capacitor” and “superposition capacitor” may be used interchangea-
bly herein.

[0031] For AC welding processes, the arc current stops and changes direction during the zero tran-
sition. Depending on the state of the arc plasma and gases surrounding the weld, the arc may or
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may not re-ignite. Embodiments of the present invention include a superposition circuit providing a
voltage level being of sufficient magnitude to automatically re-ignite an arc upon reversal of a polar-
ity of the welding output current. During a polarity change, the arc current decays to zero prior to
advancing in the opposite polarity. During this polarity transition time, the current from the arc flows
into a high voltage snubber circuit. The high voltage imposed by the snubber circuit rapidly depletes
all of the arc energy. The arc re-ignition voltage is provided by a capacitor of the superposition cir-
cuit that applies the voltage across the welding load upon command by a controller, thus re-
establishing the arc across the load.

[0032] Fig. 1 illustrates a schematic block diagram of an exemplary embodiment of a welding
power source 100 operatively connected to a welding electrode E and a workpiece W. The welding
power source 100 includes a power conversion circuit 110 providing welding output power between
the welding electrode E and the workpiece W. The power conversion circuit 110 may be transformer
based with a half bridge réctified 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 chopper type having
a DC output topology. An optional wire feeder 5 may feed a consumable wire welding electrode E
toward the workpiece W. Alternatively, as in a GTAW process, the electrode E may be non-
consumable and the wire feeder 5 may not be used or may be used to provide a filler wire toward
the workpiece W. The wire feeder 5, the consumable welding electrode E, and the workpiece W are
not part of the welding power source 100 but may be operatively connected to the welding power
source 100 via a welding output cable.

[0033] The welding power source 100 further includes a waveform generator 120 and a controller
130. The waveform generator 120 generates wellding waveforms at the command of the controller
130. A waveform generated by the waveform generator 120 modulates the output of the power con-
version circuit 110 to produce the welding output current between the electrode E and the workpiece
W.

f0034] The welding power source 100 may further include a voltage feedback circuit 140 and a
current feedback circuit 150 to monitor the welding output voltage and current between the electrode
E and the workpiece W 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 waveform generator 120 and/or to make other

decisions that affect safe operation of the welding power source 100, for example.

[0035] The welding power source 100 also includes a current switching circuit 180 having a bridge
circuit 160 and a superposition circuit 170. The bridge circuit 160 is operatively connected to the
power conversion circuit 110 and is configured to switch a direction of the output current through a
low impedance welding output circuit path (including the electrode E and the workpiece W) opera-
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tively connected to a welding output of the welding power source 100 at the command of the control-
ler 130. The superposition circuit is an energy limited arc re-ignition circuit that provides a high
voltage at the welding output (output port or terminals) of the welding power source for a briéf period
of time. The superposition circuit is operatively connected to the bridge circuit and is configured to
provide a voltage between the electrode E and the workpiece W of the welding output circuit path
that is sufficient to re-ignite the arc during a polarity transition of the output current. The superposi-
tion circuit includes a dedicated charging source that is used to pre-charge a capacitor of the super-
position circuit to the sufficient voitage before polarity transition occurs. Detailed examples and op-
eration of such bridge and superposition circuits are described in detail later herein.

[0036] Fig. 2 illustrates a schematic diagram of a first exemplary embodiment of a portion of the
welding power source 100 of Fig. 1 having a bridge circuit 160 and a superposition circuit 170. Also
ilustrated in Fig. 2 is a portion 210 of the power conversion circuit 110, where the power conversion
circuit 110 provides a DC + output (e.g., a chopper-based circuit). The current switching circuit 180
of Fig. 2 is in the form of a full bridge topology that may be used with almost any power source to-
pology, providing flexibility and the potential to be added to existing designed power sources, and
providing AC current switching through the welding output circuit pathl

[0037] The bridge circuit 160 includes switching transistors 211, 212, 213, and 214. The superpo-
sition circuit 170 includes switching transistor 215, pre-charge capacitor 216, dedicated charging
source 217, diode 218, and resistor 219. In accordance with an embodiment, the switching transis-
tors are insulated gate bipolar transistors (IGBTs). In accordance with an embodiment, the dedi-
cated charging source is a voltage supply created off of a transformer that is current limited and is
dedicated to pre-charging the capacitor 216 before polarity transition of the welding output current.
The charging source also provides a trickle charge in the milli-amps range to initialize the snubber
capacitor 183. An active snubber circuit 181, having a diode 182 and a capacitor 183, is used to
limit the voltage across the current switching circuit 180 (e.g., somewhere between 300 V and 600
V) to cause the output current through the output circuit path to decay quickly. The anti-parallei di-
odes of the switching transistors 211, 212, 213, and 214 of the bridge circuit 160 complete the snub-
ber/decay path.

[0038] The current switching circuit 180 of Fig. 2 provides for AC welding operation and provides a
voltage at the welding output of the welding power source being of sufficient magnitude to re-
establish the welding arc between the electrode E and the workpiece W during polarity reversals of
the welding process, as described herein with respect to Figs. 3A-3C. Welding output terminals 191
and 192 are shown and represent the welding output of the welding power source to which the elec-

trode E and the workpiece W may be connected through a welding cable path.

[0039] In accordance with an embodiment, the pre-charge capacitor 216 has a capacitance value
of less than one micro-farad and the dedicated charging source 217 provides a current in the range
of, for example, 1-100 milli-amps. The capacitor 216 is sized to provide a large enough voltage be-
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tween the electrode and the workpiece to quickly and refiably re-ignite the arc immediately after the
arc goes out due to the output current switching direction (polarity reversal/switching). During zero
current crossing (polarity reversal/switching), the arc extinguishes and the high voltage (e.g., 200 to
400 VDC) provided by the energy from the capacitor 216 of the superposition circuit 170 is used to
re-establish the arc in the opposite polarity. The capacitor 216 provides the arc-igniting voltage level
in both polarities (i.e., when crossing the zero current point from either the positive direction or the
negative direction).

[0040] Figs. 3A-3C illustrate the operation of the welding power source in Fig. 2 when implementing
an AC welding output current waveform (e.g., represented as a simple square waveform). The load
230 shown in Figs. 3A-3C represents the resistance and inductance of the arc between the elec-
trode E and the workpiece W and the welding cable path connecting the electrode E and workpiece
W to the welding power source (i.e., the welding output circuit path). The electrode E, workpiece W,
and the welding cable path are not a part of the welding power source, however.

[0041] Referring to the top portion of Fig. 3A, during the positive current portion of an AC waveform
300 (see thicker dark lines of the waveform 300) produced by the welding power source, current
flows predominantly from the power conversion circuit 210, through the switc'hing transistor 211 of
the bridge circuit 160, through the load 230 (in the positive direction), through the switching transis-
tor 214 of the bridge circuit 160, and back to the power conversion circuit 210 (see thick arrows).
Also, a pre-charge current flows from the charging source 217 and charges the capacitor 216 to, for
example, a minimum voltage for re-igniting the arc (see less thick arrow).

[0042] Referring to the bottom portion of Fig. 3A, during the positive current decay portion of the
AC waveform 300 (see thicker dark line of the waveform 300), current flows from the load 230 (in the
positive direction), through the anti-parallel diode of the switching transistor 213 of the bridge. circuit
160, through the active snubber 181, through the anti-paralle! diode of the switching transistor 212,
and back to the load 230 (see thick arrows). Also, some of the current flows through the anti-paraliel
diode of the switching transistor 215 of the superposition circuit 170 and may further charge the ca-
_pacitor 216 (see less thick arrow). This further charging from the load provides a self-regulating
feature by providing additional energy that may be needed to re-ignite the arc if, for example, the
welding cable is a long cable having a large inductance. During current decay, the bridge circuit 160
changes polarity. As the current through the load drops toward zero, the arc extinguishes.

[0043] The superposition circuit applies a voltage across the load to re-ignite the arc in the oppo-
site polarity. Current from the power conversion circuit can begin to flow again through the load in
the opposite direction. The arc re-establishes quickly and any over-shoot of the welding output cur-
rent is limited by the energy stored in the capacitor 216 of the superposition circuit. Without the su-
perposition circuit, the power conversion circuit would attempt to re-establish the arc. However,
since the voltage provided by the power conversion circuit is usually limited (e.g., to 100 VDC), re-
establishment of the arc may not occur.
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[0044] Referring to Fig. 3B, during the polarity transition portion of the AC waveform 300 (see
thicker dark line of the waveform 300), no significant current is provided by the power conversion
circuit 210. The arc between the electrode E and the workpiece W briefly extinguishes. However,
energy stored in the capacitor 216 provides an arc-igniting voltage between the electrode E and the
workpiece W. The energy from the capacitor 216 of the superposition circuit 170 is released and
current flows from the capacitor 216 through the switching transistor 215 of the superposition circuit
170, through the switching transistor 213 of the bridge circuit 160, through the load 230 (in'the nega-
tive direction), through the switching transistor 212 of the bridge circuit 160, and back to the capaci-
tor 216 (see arrows). As a result, the arc between the electrode E and the workpiece W quickly re-
ignites in the negative direction.

[0045] Referring to the top portion of Fig. 3C, during the negative current portion of the AC wave-
form 300 (see thicker dark lines of the waveform 300) produced by the welding power source, cur-
rent flows predominantly from the power conversion circuit 210, through the switching transistor 213
of the bridge circuit 160, through the load 230 (in the negative direction), through the switching tran-
sistor 212 of the bridge circuit 160, and back to the power conversion circuit 210 (see thick arrows).
Also, a pre-charge current flows from the dedicated charging source 217 and charges the capacitor
216 to a minimum voltage for re-igniting the arc (see less thick arrow).

[0046] Referring to the bottom portion of Fig. 3C, during the negative current decay portion of the
AC waveform 300 (see thicker dark line of the waveform 300), current flows predominantly from the
load 230 (in the negative direction), through the anti-parallel diode of switching transistor 211 of the
bridge circuit 160, through the snubber circuit 181, through the anti-parallel diode of switching tran-
sistor 214 of the bridge circuit 160, and back to the load 230. Also, some of the current flows
through the anti-parallel diode of the switching transistor 215 of the superposition circuit 170 and
may further charge the capacitor 216 (see less thick arrow). This further charging from the load
provides a self-regulating feature by providing additional energy that may be needed to re-ignite the
arc if, for example, the welding cable is a long cabie having a large inductance.

[0047] Upon making the transition back to the positive portion of the waveform 300 (i.e., the wave-
form is repeating), in a similar manner to that of Fig. 38, the capacitor 216 will release its stored
energy through the load (but in the positive direction) via the switching transistor 215 of the superpo-
sition circuit 170, and the switching transistors 211 and 214 of the bridge circuit 160, causing the arc
between the electrode E and the workpiece W to quickly re-ignite in the positive direction.

[0048] Fig. 4 illustrates a schematic diagram of a second exemplary embodiment of a portion of the
welding power source 100 of Fig. 1 having a bridge circuit 160 and a superposition circuit 170. Also
iustrated in Fig. 4 is a portion 210 of the power conversion circuit 110, where the power conversion
circuit 110 provides a DC + output (e.g., a chopper-based circuit). The current switching circuit 180
of Fig. 4 is in the form of a full bridge topology that may be used with aimost any power source to-
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pology, providing flexibility and the potential to be added to existing designed power sources, and
providing AC current switching through the welding output circuit path.

[0049) The bridge circuit 160 includes switching transistors 411, 412, 413, and 414. The superpo-
sition circuit 170 includes switching transistor 415, pre-charge capacitor 416, dedicated charging
source 417, diode 418, and resistor 419. In accordance with an embodiment, the switching transis-
tors are insulated gate bipolar transistors (IGBTs). In accordance with an embodiment, the dedi-
cated charging source 417 is a voltage supply created off of a transformer that is current limited and
is dedicated to pre-charging the capacitor 416 before polarity transition of the welding output current.
The charging source also provides a trickle charge in the milli-amps range to initialize the snubber
capacitor 483. The superposition circuit 170 also includes an active snubber circuit having a diode
482 and a capacitor 483 that is used to limit the voltage across the current switching circuit 180
(e.g., somewhere between 300 V and 600 V) to cause the output current through the output circuit
path to decay quickly. The anti-parallel diodes of the switching transistors 411, 412, 413, and 414 of
the bridge circuit 160 complete the snubber/decay current path.

[0050] The current switching circuit 180 of Fig. 4 provides for AC welding operation and provides a
voltage at the welding output of the welding power source being of sufficient magnitude to re-
establish the welding arc between the electrode E and the workpiece W during polarity reversals of
the welding process, as described herein with respect to Figs. 54-5C. Welding output terminals 191
and 192 are shown and represent the welding output of the welding power source to which the elec-
trode E and the workpiece W may be connected through a welding cable path.

[0051] In accordance with an embodiment, the pre-charge capacitor 416 has a capacitance value
of less than one micro-farad and the dedicated charging source 417 provides a current in the range
of, for example, 1-100 milli-amps. The capacitor 416 is sized to provide a large enough voltage be-
tween the electrode and the workpiece to quickly and reliably re-ignite the arc immediately after the
arc goes out due to the output current switching direction (polarity reversal/switching). During zero
current crossing (polarity reversal/switching), the arc extinguishes and the high voltage (e.g., 200 to
400 VDC) provided by the energy from the capacitor 416 of the superposition circuit 170 is used to
re-establish the arc in the opposite polarity. The capacitor 416 provides the arc-igniting voltage level
in both polarities (i.e., when crossing the zero current point from either the positive direction or the

negative direction).

[0052] During pre-charging, the transistor switch 415 is off and the active snubber capacitor 483 is
charged first by the dedicated charging source 417. Subsequently, the capacitor 416 is charged off
of the snubber capacitor 483. That is, the pre-charge capacitor 416 is indirectly charged by the
dedicated charging source 417 via the snubber capacitor 483. Once the capacitor 416 is discharged
to re-ignite the arc, additional energy may be pulled from the snubber circuit through the resistor 419
(e.g., about 500 ohms) which limits the current being drawn out of the snubber circuit. When the
transistor switch 415 again shuts off, the process of pre-charging repeats. In accordance with an
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embodiment, an advisory circuit (not shown) monitors the active snubber cap'acitor 483 to maintain
the voltage of the capacitor 483 at about 400 V, for example. This is accomplished by charging the
snubber capacitor 483 from the power supply when the voltage is too low, and bleeding off energy
from the capacitor 483 when the voltage is too high.

[0053] Figs. 5A-5C illustrate the operation of the welding power source in Fig. 4 when implementing
an AC welding output current waveform. The load 230 shown in Figs. 5A-5C represents the resis-
tance and inductance of the arc between the electrode E and the workpiece W and the welding ca-
ble path connecting the electrode E and workpiece W to the welding power source (i.e., the welding
output circuit path). The electrode E, workpiece W, and the welding cable path are not a part of the
welding power source, however. '

[0054] Referring to the top portion of Fig. 5A, during the positive current portion of an AC waveform
500 (see thicker dark lines of the waveform 500) produced by the welding power source, current
flows predominantly from the power conversion circuit 210, through the switching transistor 411 of
the bridge circuit 160, through the load 230 (in the positive direction), through the switching transis-
tor 414 of the bridge circuit 160, and back to the power conversion circuit 210 (see thick arrows).
Also, a pre-charge current flows from the dedicated charging source 417. During pre-charging, the
transistor switch 415 is off and the active snubber capacitor 483 is charged first by the charging
source 417. Subsequently, the pre-charge capacitor 416 is charged off of the snubber capacitor 417
to, for example, a minimum voltage for re-igniting the arc (see less thick arrow).

[0055] Referring to the bottom portion of Fig. 54, during the positive current decay portion of the
AC waveform 500 (see thicker dark line of the waveform 500), current ﬂoWs predominantly from the
load 230 (in the positive direction), through the anti-parallel diode of the switching transistor 413 of
the bridge circuit 160, through the snubber circuit, through the anti-parallel diode of the switching
transistor 412, and back to the load 230 (see thick arrows). Also, some of the current flows to the
pre-charge capacitor 416 of the superposition circuit and may further charge the capacitor 416 (see
less thick arrow). This further charging from the load provides a self-regulating feature by providing
additional energy that may be needed to re-ignite the arc if, for example, the welding cable is a long
cable having a large inductance. During current decay, the bridge circuit 160 changes polarity. As
the current through the load drops toward zero, the arc extinguishes.

[0056] The superposition circuit applies a voltage across the load to re-ignite the arc in the oppo-
site polarity. Current from the power conversion circuit can begin to flow again through the load in
the opposite direction. The arc re-establishes quickly and any over-shoot of the welding output cur-
rent is limited by the energy stored in the capacitor 416 of the superposition circuit. Without the su-
perposition circuit, the power conversion circuit would attempt to re-establish the arc. However,
since the voltage provided by the power conversion circuit is usually fimited (e.g., to 100 VDC), re-
establishment of the arc may not occur.
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[0057] Referring to Fig. 58, during the polarity transition portion of the AC waveform 500 (see
thicker dark line of the waveform 500), no significant current is provided by the power conversion
circuit 210. The arc between the electrode E and the workpiece W briefly extinguishes. However,
energy stored in the capacitor 416 provides an arc-igniting voltage between the electrode E and the
workpiece W. The energy from the capacitor 416 of the superposition circuit 170 is released and
current flows from the capacitor 416 through the switching transistor 415 of the superposition circuit
170, through the switching transistor 413 of the bridge circuit 160, through the load 230 (in the nega-
tive direction), through the switching transistor 412 of the bridge circuit 160, and back to the capaci-
tor 416 (see thick arrows). Additional energy may be pulled from the snubber capacitor 483 (see
less thick arrow) through the current limiting resistor 419. As a result, the arc between the electrode
E and the workpiece W quickly re-ignites in the negative direction.

[0058] Referring to the top portion of Fig. 5C, during the negative current portion of the AC wave-
form 500 (see thicker dark lines of the waveform 500) produced by the welding power source, cur-
rent flows predominantly from the power conversion circuit 210, through the switching transistor 413
of the bridge circuit 160, through the load 230 (in the negative direction), through the switching tran-
sistor 412 of the bridge circuit 160, and back to the power conversion circuit 210 (see thick arrows).
Also, during pre-charging, the transistor switch 415 is off and the active snubber capacitor 483 is
charged first by the dedicated charging source 417. Subsequently, the pre-charge capacitor 4'16 is
charged off of the snubber capacitor 417 to, for example, a minimum voltagé for re-igniting the arc

(see less thick arrow).

[0059] Referring to the bottom portion of Fig. 5C, during the negative current decay portion of the
AC waveform 500 (see thicker dark line of the waveform 500), current flows predominantly from the
load 230 (in the negative direction), through the anti-parallel diode of the switching transistor 411 of
the bridge circuit 160, through the snubber circuit, through the anti-parallel diode of the switching
transistor 414 of the bridge circuit 160, and back to the load 230 (see thick arrows). Also, some of
the current flows to the capacitor 416 of the superposition circuit and may further charge the capaci-
tor 416 (see less thick arrow). This further charging from the load provides a self-regulating feature
by providing additional energy that may be needed to re-ignite the arc if, for example, the welding
cable is a long cable having a large inductance.

[0060] Upon making the transition back to the positive portion of the waveform 500 (i.e., the wave-
form is repeating), in a similar manner to that of Fig. 58, the pre-charge capacitor 416 will release its .
stored energy through the load (but in the positive direction) via the switching transistor 415 of the
superposition circuit 170, and the switching transistors 411 and 414 of the bridge circuit 160, causing
the arc between the electrode E and the workpiece W to quickly re-ignite in the positive direction.

[0061] Fig. 6 illustrates a schematic diagram of a third exemplary embodiment of a portion of the
welding power source 100 of Fig. 1 having a bridge circuit 160 and a superposition circuit 170. Also
illustrated in Fig. 6 is a portion 210 of the power conversion circuit 110, where the power conversion
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circuit 110 provides a DC + output (e.g., a chopper-based circuit). The current switching circuit 180
of Fig. 6 is in the form of a full bridge topology that may be used with almost any power source to-
pology, providing flexibility and the potential to be added to existing designed power sources, and
providing AC current switching through the welding output circuit path.

[0062] The bridge circuit 160 includes switching transistors 611, 612, 613, and 614. The superpo-
sition circuit 170 includes switching transistor 615, pre-charge capacitor 616, dedicated charging
source 617, and resistor 619. In accordance with an embodiment, the switching transistors are insu-
lated gate bipolar transistors (IGBTs). In accordance with an embodiment, the dedicated charging
source is a voltage supply created off of a transformer that is current limited and is dedicated to pre-
charging the capacitor 616 before polarity transition of the welding output current. The charging
source 617 also provides a trickle charge in the milli-amps range to initialize the snubber capacitor
683. The superposition circuit 170 also includes an active snubber circuit having a diode 682 and a
capacitor 683 that is used to limit the voltage across the current switching circuit 180 (e.g., some-
where between 300 V and 600 V) to cause the output current through the output circuit path to de-
cay quickly. The anti-parallel diodes of the switching transistors 611, 612, 613, and 614 of the
bridge circuit 160 complete the snubber/decay current path.

[0063] The current switching circuit 180 of Fig. 6 provides for AC welding operation and provides a
voltage at the welding output of the welding power source being of sufficient magnitude to re-
establish the welding arc between the electrode E and the workpiece W during polarity reversals of
the welding process, as described herein with respect to Figs. 7A-7C. Welding output terminals 191
and 192 are shown and represent the welding output of the welding power source to which the elec-
trode E and the workpiece W may be connected through a welding cable path.

[0064] In accordance with an embodiment, the pre-charge capacitor 616 has a capacitance value
of less than one micro-farad and the dedicated charging source 617 provides a current in the range
of, for example, 1-100 milli-amps. The capacitor is sized to provide a large enough voltage between
the electrode and the workpiece to quickly and reliably re-ignite the arc immediately after the arc
goes out due to the output current switching direction (polarity reversal/switching). During zero cur-
rent crossing (polarity reversal/switching), the arc extinguishes and the high voitage (e.g., 200 to 400
VDC) provided by the energy from the capacitor 616 of the superposition circuit 170 is used to re-
establish the arc in the opposite polarity. The pre-charge capacitor 616 provides the arc-igniting
voltage level in both polarities (i.e., when crossing the zero current point from either the positive
direction or the negative direction).

[0065] During pre-éharging, the transistor switch 615 is off and the active snubber capacitor 683 is
charged first by the dedicated charging source 617. Subsequently, the capacitor 616 is charged off
of the snubber capacitor 683. That is, the pre-charge capacitor 616 is indirectly charged by the
dedicated charging source 617 via the snubber capacitor 683. Once the capacitor 616 is discharged
to re-ignite the arc, additional energy may be pulled from the snubber circujt through the resistor 619
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(e.g., about 500 ohms) which limits the current being drawn out of the snubber circuit. When the
transistor switch 615 again shuts off, the process of pre-charging repeats. In accordance with an
embodiment, an advisory circuit (not shown) monitors the active snubber capacitor 683 to maintain
the voltage of the capacitor 683 at about 400 V, for example. This is accomplished by charging the
snubber capacitor 683 from the power supply when the voltage is too low, and bleeding off energy
from the capacitor 683 when the voltage is too high.

[0066] Figs. 7A-7C illustrate the operation of the welding power source in Fig. 6 when implementing
an AC welding output current waveform. The load 230 shown in Figs. 7A-7C represents the resis-
tance and inductance of the arc between the electrode E and the workpiece W and the welding ca-
ble path connecting the electrode E and workpiece W to the welding power source (i.e., the welding
output circuit path). The electrode E, workpiece W, and the welding cable path are not a part of the
welding power source, however.

[0067] Referring to the top portion of Fig. 7A, during the positive current portion of an AC waveform
700 (see thicker dark lines of the waveform 700) produced by the welding power source, current
flows predominantly from the power com)ersion circuit 210, through the switching transistor 611 of
the bridge circuit 160, through the load 230 (in the positive direction), through the switching transis-
tor 614 of the bridge circuit 160, and back to the power conversion circuit 210 (see thick arrows).
Also, a pre-charge current flows from the dedicated charging source 617. During pre-charging, the
transistor switch 615 is off and the active snubber capacitor 683 is charged first by the charging
source 617. Subsequently, the pre-charge capacitor 616 is charged off of the snubber capacitor 617
to, for example, a minimum voltage for re-igniting the arc (see less thick arrow).

[0068] Referring to the bottom portion of Fig. 7A, during the positive current decay portion of the
AC waveform 700 (see thicker dark line of the waveform 700), current flows predominantly from the
load 230 (in the positive direction), through the antiparallel diode of the switching transistor 613 of
the bridge circuit 160, through the active snubber circui, through the anti-parailel diode of the
switching transistor 612 of the bridge circuit 160, and back to the load 230 (see thick arrows). Also,
some of the current flows to the capacitor 616 of the superposition circuit and may further charge the
capacitor 616 (see less thick arrow). This further charging from the load provides a self-regulating
feature by providing additional energy that may be needed to re-ignite the arc if, for example, the
welding cable is a long cable having a large inductance. During current decay, the bridge circuit 160
changes polarity. As the current through the load drops toward zero, the arc extinguishes.

[0069] The superposition circuit applies a voltage across the load to re-ignite the arc in the oppo-
site polarity. Current from the power conversion circuit can begin to flow again through the load in
the opposite direction. The arc re-establishes quickly and any over-shoot of the wélding output cur-
rent is limited by the energy stored in the capacitor 616 of the superposition circuit. Without the su-
perposition circuit, the power conversion circuit would attempt to re-establish the arc. However,
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since the voltage provided by the power conversion circuit is usually limited (e.g., to 100 VDC), re-
establishment of the arc may not occur.

[0070] Referring to Fig. 7B, during the polarity transition portion of the AC waveform 700 (see
thicker dark line of the waveform 700), no significant current is provided by the power conversion
circuit 210. The arc between the electrode E and the workpiece W briefly extinguishes. However,
energy stored in the pre-charge capacitor 616 provides an arc-igniting voltage between the electrode
E and the workpiece W. The energy from the capacitor 616 of the superposition circuit 170 is re-
leased and current flows from the capacitor 616 through the switching transistor 615 of the superpo-
sition circuit 170, through the switching transistor 613 of the bridge circuit 160, through the load 230
(in the negative direction), through the switching transistor 612 of the bridge circuit 160, and back to
the capacitor 616 (see thick arrows). Additional ehergy may be pulled from the snubber capacitor
483 (see less thick arrow) through the current limiting resistor 619. As a result, the arc between the
electrode E and the workpiece W quickly re-ignites in the negative direction.

[0071] Referring to the top portion of Fig. 7C, during the negative current portion of the AC wave-
form 700 (see thicker dark lines of the waveform 700) produced by the welding power source, cur-
rent flows predominantly from the power conversion circuit 210, through the switching transistor 613
of the bridge circuit 160, through the load 230 (in the negative direction), through the switching tran-
sistor 612 of the bridge circuit 160, and back to the power conversion circuit 210 (see thick arrows).
Also, during pre-charging, the transistor switch 615 is off and the active snubber capacitor 683 is
charged first by the dedicated charging source 617. Subsquently, the pre-charge capacitor 616 is
charged off of the snubber capacitor 683 to, for example, a minimum voltage for re-igniting the arc

(see less thick arrow).

[0072] Referring to the bottom portion of Fig. 7C, during the negative current decay portion of the
AC waveform 700 (see thicker dark line of the waveform 700), current flows predominantly from the
load 230 (in the negative direction), through the anti-paralle! diode of the switching transistor 611 of
the bridge circuit 160, through the snubber circuit, through the anti-parallel diode of the switching
transistor 614 of the bridge circuit 160, and back to the load 230 (see thick arrows). Also, some of
the current flows to the capacitor 616 of the superposition circuit and may further charge the capaci-
tor 616 (see less thick arrow). This further charging from the load provides a self-regulating feature
by providing additional energy that may be needed to re-ignite the arc if, for example, the welding
cable is a long cable having a large inductance.

[0073] Upon making the transition back to the positive portion of the Waveform 700 (i.e., the wave-
form is repeating), in a similar manner to that of Fig. 7B, the pre-charge capacitor 616 will release its
stored energy through the load (but in the positive direction) via the switching transistor 615 of the
superposition circuit 170, and the switching transistors 611 and 614 of the bridge circuit 160, causing
the arc between the electrode E and the workpiece W to quickly re-ignite in the positive direction.
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[0074] in summary, systems and methods providing an energy limited arc re-ignition voltage for AC
arc welding processes to re-ignite an arc during polarity transitions are disclosed. In arc welding
power source embodiments, configurations of bridge and superposition circuits allow for the direc-
tional switching of the welding output current through the welding output circuit path and provide a
voltage between the electrode and the workpiece of the welding output circuit path that is sufficient
to re-ignite the arc during polarity transition of the output current. The superposition circuit provides
a capacitor for storing energy from a dedicated charging source which produces the voltage level for
re-igniting the arc during the zero crossing of the output current in both polarities.

[0075] In appended claims, the terms “including” and “*having” are used as the plain language
equivalents of the term “comprising”; the term “in which” is equivalent to “wherein.” 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 positional requirements on their ob-
jects. 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 exclusion is explicitly stated. Furthermore, references to “one embodiment” of the present
invention are not intended to be interpreted as excluding the existence of additional embodiments
that also incorporate the recited features. Moreover, unless explicitly stated to the contrary, em-
bodiments “comprising,” “including,” or “having” an element or a plurality of elements having a par-
ticular property may include additional such elements not having that property. Moreover, certain
embodiments may be shown as having like or similar elements, however, this is merely for illustra-
tion purposes, and such embodiments need not necessarily have the same elements unless speci-
fied in the claims.

[0076] As used herein, the terms “may” and “may be” indicate a possibility of an occurrence 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 appar-
ently appropriate, capable, or suitable for an indicated 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.”

[0077] 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 us-
ing 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
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in the art. Such other exampies are intended to be within the scope of the claims if they have struc-
tural elements that do not differentiate from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences from the literal language of the claims.

[0078] While the claimed subject matter of the present application has been described with refer-
ence to certain embodiments, it will be understood by those skilled in the art that various 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 mate-
rial to the teachings of the claimed subject matter without 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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5 wire feeder

100  welding power source
110  power conversion circuit
120  waveform generator
130  controller

140  voltage feedback circuit
150  current feedback circuit
160 bridge circuit

170 superposition circuit
180  current switching circuit
181 snubber circuit

182  diode

183 snubber capacitor

191 welding output terminal
192 welding output terminal
210 portion

21 switching transistor

212 switching transistor

213 switching transistor

214 switching transistor
215 switching transistor
216 pre-charge capacitor
217  dedicated charging source
218  diode

219 resistor

230  load

300 AC waveform
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500
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CLAIMS

A welding power source (100), in particular according to one of the claims 11 and 15 to 21,

comprising:
a power conversion circuit (110) configured to convert an input current to an output current;
a controller (130);

a bridge circuit (160) operatively connected to the power conversion circuit (110) and config-
ured to switch a direction of the output current through a welding output circuit path opera-
tively connected to a welding output of the welding power source (100) at the command of the
controfler (130); and

a superposition circuit (170), including at least one capacitor and at least one dedicated
charging source configured to directly or indirectly charge the at least one capacitor, opera-
tively connected to the bridge circuit (160) and configured to provide a voltage between an
electrode (E) and a workpiece (W) of the welding output circuit path sufficient for arc re-
ignition during polarity transition of the output current.

The welding power source of claim 1, wherein the superposition circuit (170) includes at least

one resistor operatively connected to the at least one capacitor.

The welding power source of claim 1 or 2, wherein the superposition circuit (170) includes at
least one switching transistor operatively connected to the at least one capacitor and config-
ured to switch on and off at the command of the controlier (130).

The welding power source of one of the claims 1 to 3, wherein a capacitance value of the at
least one capacitor is less than one micro-farad.

The welding power source of one of the claims 1 to 4, wherein the at least one dedicated
charging source is a current limited voltage supply.

The welding power source of one of the claims 1 to 5, wherein the power conversion circuit
(110), the bridge circuit (160), and the superposition circuit (170) are configured to provide an
AC welding operation at the command of the controller (130) of the welding power source
(100).

The welding power source of one of the claims 1 to 6, wherein the power conversion circuit
includes a DC output topology.
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The welding power source of one of the claims 1 to 7, wherein the power conversion circuit is
a chopper-based circuit.

The welding power source of one of the claims 1 to 8, wherein the bridge circuit is configured
as a full bridge circuit.

The welding power source of one of the claims 1 to 9, wherein the bridge circuit includes at
least four switching transistors.

A welding power source, in particular according to one of the claims 1 to 10, comprising:
means for converting an input current to an output current;

means for switching a direction of the output current through a welding output circuit path
operatively connected to a welding output of the welding power source to provide at least an
AC welding operation; and

means for applying a voltage between a welding electrode and a welding workpiece of the
welding output circuit path during a polarity transition of the output current to automatically re-
establish an arc between the welding electrode and the workpiece in an opposite polarity.

A method comprising:
converting an input current to an output current in a welding power source (100);

pre-charging at least one capacitor of the welding power source (100) to an arc-re-igniting
voltage level directly or indirectly from at least one dedicated charging source;

switching a direction of the output current through a welding output circuit path operatively
connected to a welding output of the welding power source from a first direction to a second
direction at the command of a controller (130) of the welding power source (100); and

applying the arc re-igniting voltage level from the at least one capacitor between a welding
electrode (E) and a workpiece (W) of the welding output circuit path to automatically re-ignite
an arc between the electrode (E) and the workpiece (W) in the second direction as part of

switching to the second direction.
The method of claim 12, further comprising:

pre-charging the at least one capacitor of the welding power source (100) to the arc re-igniting
voltage level directly or indirectly from the at least one dedicated charging source;
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switching a direction of the output current through the welding output circuit path from the
second direction to the first direction at the command of the controlier (130) of the welding
power source (100); and

applying the arc re-igniting voltage level from the at least one capacitor between the welding
electrode (E) and the workpiece (W) of the welding output circuit path to automatically re-
ignite an arc between the electrode (E) and the workpiece (W) in the first direction as part of
switching to the first direction.

The method of claim 13, further comprising further charging the at least one capacitor of the
welding power source (100) with energy from a load connected to the welding power source
(100) during a current decay portion of the output current to self-regulate arc re-ignition based
on characteristics of the load.

A welding power source (100), in particular according to any single one of the preceeding
claims, comprising:

‘a bridge circuit (160) configured to provide an AC welding output current; and

a superposition circuit (170), including at least one capacitor and at least one dedicated
charging source configured to directly or indirectly charge the at least one capacitor, opera-
tively connected to the bridge circuit (160) and configured to provide a voltage at a welding -
output of the welding power source (100) being of sufficient magnitude to automatically re-
ignite an arc in an output circuit path connected to the welding output upon reversal of a polar-
ity of the welding output current through the output circuit path.

The welding power source of claim 15, wherein the superposition circuit (170) includes at
least one resistor operatively connected to the at least one capacitor.

The welding power source of claim 15 or 16, wherein the superposition circuit (170) includes
at least one switching transistor operatively connected to the at least one capacitor and con-
figured to switch on and off at the command of the welding power source (100).

A welding power source (100), in particular according to any single one of the preceeding
claims, comprising a current switching circuit having at least one pre-charge capacitor and at
least one dedicated charging source configured to directly or indirectly charge the capacitor,
wherein the at least one pre-charge capacitor and the at least one dedicated charging source
are configured to provide a voltage across a load connected to a welding output of the welding
power source (100) sufficient to re-ignite a welding arc across the load upon reversal of a po-

farity of a welding output current through the load.
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The welding power source of claim 18, wherein the current switching circuit is configured as a
full bridge circuit.

The welding power source of claim 18 or 19, wherein the current switching circuit includes at
least one resistor operatively connected to the at least one pre-charge capacitor.

The welding power source of one of the claims 18 to 20, wherein the current switching circuit
includes at least one switching transistor operatively connected to the at least one pre-charge
capacitor and configured to switch on and off at the command of the welding power source
(100).
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