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(57) ABSTRACT

Apparatus, systems, and methods for monitoring the pro-
cessing of a workpiece that includes directing an incident
laser beam onto the workpiece and using an optical detector
for measuring a signal emitted from the workpiece as a result
of the incident laser beam. The detector generates at least
two signals based upon the optical signal. The method also
involves use of a light source monitor in determining
workpiece processing quality based upon the quotient of the
two outputs as well as a magnitude of one of the two
quotients.
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CENTRALIZED CONTROL ARCHITECTURE FOR
A PLASMA ARC SYSTEM

RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
Ser. No. 09/546,155, filed on Apr. 10, 2000. This application
claims priority to and incorporates by reference in its
entirety U.S. Ser. No. 09/546,155.

FIELD OF THE INVENTION

[0002] The present invention relates to a centralized con-
trol architecture for operating a material processing system.

BACKGROUND OF THE INVENTION

[0003] Material processing apparatus, such as lasers and
plasma arc torches, are widely used in the cutting, welding,
and heat treating of metallic materials. A laser-based appa-
ratus generally includes a nozzle through which a gas stream
and laser beam pass to interact with a workpiece. Both the
beam and the gas stream exit the nozzle through an orifice
and impinge on a target area of the workpiece. The laser
beam heats the workpiece. The resulting heating of the
workpiece, combined with any chemical reaction between
the gas and workpiece material, serves to heat, liquefy
and/or vaporize a selected area of workpiece, depending on
the focal point and energy level of the beam. This action
allows the operator to cut or otherwise modify the work-
piece.

[0004] Similarly, a plasma arc torch generally includes a
cathode block with an electrode mounted therein, a nozzle
with a central exit orifice mounted within a torch body,
electrical connections, passages for cooling and arc control
fluids, a swirl ring to control fluid flow patterns in the plasma
chamber formed between the electrode and nozzle, and a
power supply. The torch produces a plasma arc, which is a
constricted ionized jet of a plasma gas with high temperature
and high momentum that exits through the nozzle orifice and
impinges on the workpiece. Gases used in the torch can be
non-reactive (e.g., argon or nitrogen), or reactive (e.g.,
oxygen or air).

[0005] Tt is generally desirable that the results of any
material processing be of high quality. For example, the
edges of the cut kerf produced by laser and plasma cutting
should be dross-free, smooth, straight and uniform. Edge
irregularities caused by, for example, uneven heating of the
workpiece by the laser, excessive chemical reactions
between the assist gas and workpiece, or incomplete
removal of cutting debris, should be minimized.

[0006] Presently, the operation of CNC-controlled plasma
arc or laser cutting systems typically requires several manual
parameter adjustments to achieve workpiece processing
results of desired quality. Consequently, users typically
choose conservative values of process parameters to ensure
process reliability over a wide range of operating conditions.
The tradeoff often results in an accompanying decrease in
material processing productivity (e.g., due to a reduced
cutting speed in laser cutting). For more aggressive process
parameters to be used, a reliable and automated means of
monitoring the cutting process is necessary, which could
alert the user to degradation in the quality of the cut in real
time. Such a system could also be required to adjust to
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changes in operating conditions to maintain optimal process
performance, i.e., good cut quality and maximum produc-
tivity.

SUMMARY OF THE INVENTION

[0007] In one aspect, the present invention relates to a
control architecture for a material processing system. In
particular, in one embodiment, the invention relates to a
centralized control architecture for a laser beam cutting
system, in which the “intelligence” of the system is inte-
grated into a single controller. In another embodiment, the
invention relates to a centralized control architecture for a
plasma arc cutting system, in which the “intelligence” of the
system is integrated into a single controller.

[0008] In one aspect, the invention features a method of
controlling an integrated laser beam system. According to
one embodiment of the method, a first group of process
parameters are input into a controller. A second group of
process parameters are generated based on the first group of
process parameters. At least one command signal is pro-
vided from the controller to at least one auxiliary device to
control an output parameter generated by the at least one
auxiliary device. At least one auxiliary device is either an
energy source or an automatic process controller. The output
parameter generated by the auxiliary device is detected and
the command signal provided to the auxiliary device is
adjusted based on the detected output parameter.

[0009] In another aspect, the invention features a method
of controlling an integrated material processing stream sys-
tem. In one embodiment, the material processing stream is
a laser beam. In another embodiment, the material process-
ing stream is a plasma arc.

[0010] At least one auxiliary device can be the automatic
process controller. The pressure of gas exiting the automatic
process controller can be detected and the command signal
provided to the automatic process controller for controlling
the gas flow can be adjusted based on the pressure. At least
one auxiliary device can be the energy source for the laser
beam. A feedback signal generated by the energy source
indicative of an energy beam of the laser system can be
detected and the command signal provided to the energy
source for controlling the energy beam of the laser system
can be adjusted based on the feedback signal.

[0011] At least one auxiliary device can include a first
auxiliary device and a second auxiliary device. A first output
parameter generated by the first auxiliary device can be
detected and the command signal provided to the second
auxiliary device can be adjusted based on the first output
parameter. For example, the first auxiliary device can be the
automated process controller and the second auxiliary
device can be the energy source for a laser beam. The
pressure of an outlet gas exiting the automated process
controller can be detected and the command signal provided
to the energy source for controlling laser beam energy can
be adjusted based on the pressure. A feedback signal gen-
erated by the energy source indicative of an energy beam of
the laser system can be detected and the command signal
provided to the automatic process controller for controlling
the gas flow can be adjusted based on the feedback signal.
Alternatively, the first auxiliary device can be the energy
source and the second auxiliary device can be a laser height
controller. The feedback signal generated by the energy
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source can be detected and the command signal provided to
the laser height controller for controlling a standoff can be
adjusted based on the feedback signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The foregoing and other objects, features and
advantages of the present invention, as well as the invention
itself, will be more fully understood from the following
description of preferred embodiments, when read together
with the accompanying drawings, in which:

[0013] FIG. 1 is a schematic diagram of an automated
plasma arc system.

[0014] FIG. 2 is a schematic diagram of a closely-coupled
plasma arc system according to one embodiment of the
present invention.

[0015] FIG. 3 is a flow chart illustrating a screen hierarchy
of'the controller according to one embodiment of the present
invention.

[0016] FIG. 4 is a screen shot of a controller display
screen according to one embodiment of the present inven-
tion.

[0017] FIG. 5A is a screen shot of a parametric shape
library for use in a controller according to one embodiment
of the present invention.

[0018] FIG. 5B is a screen shot of a change consumables
screen of a controller according to one embodiment of the
present invention.

[0019] FIG. 6 is a block diagram illustrating a closed-loop
power supply according to one embodiment of the present
invention.

[0020] FIG. 7A is a schematic diagram of a side view of
a closed-loop power supply according to one embodiment of
the present invention.

[0021] FIG. 7B is a schematic diagram of another side
view of a closed-loop power supply according to one
embodiment of the present invention.

[0022] FIG. 7C is a schematic diagram of a top view of a
closed-loop power supply according to one embodiment of
the present invention.

[0023] FIG. 8 is a schematic diagram of a top view of an
automatic process controller according to one embodiment
of the present invention.

[0024] FIG. 9 is a block diagram illustrating an automatic
process controller according to one embodiment of the
present invention.

[0025] FIG. 10A is a cross-sectional view of a propor-
tional flow control valve according to one embodiment of
the present invention.

[0026] FIG. 10B is an exploded view of region A from
FIG. 10A according to one embodiment of the present
invention.

[0027] FIG. 11A is a schematic diagram of a side view of
an automatic process controller according to one embodi-
ment of the present invention.
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[0028] FIG. 11B is a schematic diagram of another side
view of an automatic process controller according to one
embodiment of the present invention.

[0029] FIG. 12A is a schematic diagram of another side
view of an automatic process controller according to one
embodiment of the present invention.

[0030] FIG. 12B is a schematic diagram of yet another
side view of an automatic process controller according to
one embodiment of the present invention.

[0031] FIG. 13 is a schematic diagram illustrating an
interaction between a torch height controller, a power supply
and a CNC according to one embodiment of the present
invention.

[0032] FIG. 14 is a block diagram illustrating a torch
height controller according to one embodiment of the
present invention.

[0033] FIG. 15 is a flow chart illustrating a closely-
coupled plasma process according to one embodiment of the
present invention.

[0034] FIG. 16 is a flow chart illustrating a part program
execution according to one embodiment of the present
invention.

[0035] FIG. 17 is a flow chart illustrating control of a
drive system according to one embodiment of the present
invention.

[0036] FIG. 18 is a flow chart illustrating control of a
torch height control according to one embodiment of the
present invention.

[0037] FIG. 19 is a flow chart illustrating control of a
power supply according to one embodiment of the present
invention.

[0038] FIG. 20 is a flow chart illustrating control of
automatic process control according to one embodiment of
the present invention.

[0039] FIG. 21 is a block diagram of a material processing
apparatus in accordance with an embodiment of the present
invention.

[0040] FIG. 22A is a schematic sectional view of a
processing head assembly in accordance with an embodi-
ment of the present invention.

[0041] FIG.22B is a close-up schematic sectional view of
a nozzle in accordance with an embodiment of the present
invention.

[0042] FIG. 23 is a block diagram of a material processing
apparatus comprising a light source monitor in accordance
with an embodiment of the present invention.

[0043] FIG. 24A is a perspective view of an optical
receiver of a material processing apparatus for monitoring
the light emitted by a workpiece in accordance with an
embodiment of the present invention.

[0044] FIG. 24B is a cross-section view of an embodi-
ment of a laser cutting head and an optical receiver of the
present invention.

[0045] FIG. 24C is a close-up cross-section view of a port
in accordance with an embodiment of the present invention.
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[0046] FIG. 25 is an illustration of a detector system for
monitoring quality of the processing performed by a mate-
rial processing apparatus in accordance with an embodiment
of the present invention.

[0047] FIG. 26 is a graph of data representative of an
embodiment of a material processing system of the present
invention.

[0048] FIG. 27 is a schematic diagram of a closely-
coupled laser cutting system according to one embodiment
of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0049] The present invention relates to a centralized con-
trol architecture for a material processing system which
dispenses a material processing stream, in which the “intel-
ligence” of the system is integrated into a single controller.
The centralized control architecture eliminates redundant
hardware and software and integrates the entire system,
thereby improving performance and reducing cycle time. In
one embodiment, the material processing system is a plasma
arc processing system, which dispenses a plasma arc as a
material processing stream and includes the centralized
control architecture. This embodiment will be referred to
herein as a closely-coupled plasma arc system or simply a
plasma arc system. In another embodiment, which is
described below, the material processing system is a laser
beam processing system which dispenses a laser beam as a
material processing stream and includes the centralized
control architecture. This embodiment will be referred to
herein as a closely-coupled laser beam system or simply a
laser beam system.

[0050] Referring to FIG. 2, a closely-coupled plasma arc
system 10 includes a computerized numeric controller
(CNC) 12 display screen 13, a power supply 14, an auto-
matic process controller 16, a torch height controller 18, a
drive system 20, a cutting table 22, and a plasma arc torch
24.

[0051] In general, the CNC 12 controls the motion of the
plasma arc torch 24 over the cutting table 22 and the timing
of' the cutting process as the process relates to the motion. In
the present invention, the CNC 12 is capable of controlling,
not only the motion of the plasma arc torch 24, but also the
operation of the other components of the plasma arc system
10, as well as other cutting processes. The various compo-
nents of the plasma arc system 10 can be controlled by the
CNC 12 concurrently.

[0052] The CNC 12 interfaces with the user. The CNC 12
allows the user to select or provide certain process param-
eters. The CNC 12 generates other process parameters
necessary to operate the plasma arc system 10 based on the
user selection and/or input. A cut program 600 as later
shown in FIG. 16, provides part specific information for
torch motion and cutting arc operation. The CNC 12 com-
mands the power supply 14, the automatic process controller
16, the torch height controller 18 and the drive system 20 to
operate. The CNC 12 also monitors certain process condi-
tions to determine whether the plasma arc system 10 is
operating properly. Based on the monitored information, the
CNC 12 adjusts the operation of the other components of the
plasma arc system 10, if necessary. Details of the CNC 12
will be described in greater detail in reference to FIGS. 3,
4, SA-5B, and 15-20.
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[0053] The power supply 14 generates a high frequency
signal sufficient to ionize a gas to generate a plasma arc and
a DC signal to maintain the arc. In the present invention, all
intelligence and adjustment controls for configuring the cut
process typically provided in a power supply have been
migrated into the CNC 12 and/or the automatic process
controller 16. Upon receiving an appropriate command
signal from the CNC, the power supply 14 transforms an
input signal into an output signal sufficient to generate and
maintain a plasma arc. Several components of the power
supply 14, including the output generated by the power
supply 14 are controlled by the CNC 12 through a feedback
mechanism. The power supply 14 will be discussed in
greater detail in reference to FIGS. 6 and 7A-7C.

[0054] The automatic process controller 16 is designed to
replace the manual gas flow controls that are normally
located at the power supply and/or a gas control module. The
automatic process controller 16 includes proportional flow
control valves to control the flow rate of the cut gas and the
shield gas. Servo control valves, alternatively, may be used
in place of the proportional flow control valves. In one
embodiment, the servo control valve may be a two-way,
two-port pneumatic flow control servo valve, model number
300106-001 sold by Victory Controls, LL.C of Bristol, Conn.
The automatic process controller 16 also includes pressure
transducers for measuring the pressure of the cut gas and the
shield gas. This pressure information is provided to the CNC
12, which in turn adjusts the proportional flow control valves
if necessary to change the flow rates. The intelligence of the
automatic process controller 16 is also located at the CNC
12. The automatic process controller 16 is described in
greater detail in reference to FIGS. 8-12.

[0055] The torch height controller 18 controls the standoff
between the torch 24 and the work piece. Unlike a conven-
tional torch height controller 18, however, the intelligence of
the torch height controller 18 is migrated into the CNC 12.
The torch height controller 18 is controlled directly from the
CNC 12 as a separate servo axis in a manner similar to the
drive system 20 in a conventional plasma arc system. The
CNC 12 provides a command signal to the torch height
controller 18 to adjust the standoff, based on the arc voltage
measured at the plasma arc torch 24. The torch height
controller 18 is described in greater detail in reference to
FIGS. 13 and 14.

[0056] The drive system 20 receives command signals
from the CNC to move the plasma arc torch 24 in an x or y
direction over the cutting table 22. The cutting table 22
supports a work piece. The plasma arc torch 24 is mounted
to the torch height controller 18 which is mounted to the
gantry 26. The drive system 20 moves the gantry 26 relative
to the table 22 and moves the plasma arc torch 24 along the
gantry 26. The information about the position of the plasma
arc torch 24 is provided to the CNC 12. Thus, the CNC 12
allows interactive response and maintains an accurate cut
path. Operation of the drive system 20 and the cutting table
22 do not constitute an inventive aspect of the present
invention and are well known to those skilled in the art.

The Computer Numeric Controller

[0057] The CNC 12 includes a display, a hard disk, a
microprocessor, and random access memory (RAM). The
display, for example, can be a Video Graphic Array (VGA)
color Double Super Twisted Nematic (DSTN) liquid crystal
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display (LCD) or an active matrix thin-film-transistor (TFT)
display. The CNC 12, for example, can include 2.1
Gigabytes of hard disk and optionally also include a floppy
disk drive. The microprocessor, for example, can be 166
MHz Pentium® processor. The CNC 12, for example, can
include 32 Mbytes of random access memory (RAM). The
CNC 12 can also include conductor lines for interface
signals for cutting (e.g., gas control) and motion logic (e.g.,
tracing system, markers, homing). The motion logic can
include logic for tracing systems which direct the torch 24
by tracing a drawing or part. The motion logic can include
logic for marking a work piece. The motion logic can also
include logic for moving the torch to a home position to
provide exact location information to the CNC 12.

[0058] The programming and operation of the CNC 12 is
menu driven. An example screen hierarchy is illustrated in
FIG. 3. In the example shown in FIG. 3, the screen
hierarchy is divided into main screen, setups, and shape
manager. The main screen, in part, allows a user to select
options such as files of information to load or save, choices
of part options and to elect manual operation of the closely-
coupled plasma arc system 10. The setups screen, in part,
allows selection of cutting parameters such as the cut gas to
be used. The shape manager, in part, allows the user to select
cut patterns from a shape library. The CNC 12 includes a
graphical user interface for the user to input certain process
parameters. For example, the user can provide information
about the type of power supply, the type of torch, the type
of material to be cut, the setting for the current, the type of
plasma gas and the shield gas, the cutting surface (e.g.,
above water), the thickness of the material to be cut, and
whether the water muffler is installed as shown in FIG. 4.
The user can also select any of a number of shapes for
cutting from a parametric shape library, along with the
desired dimension. An example of a parametric shape library
is provided in FIG. 5A.

[0059] Based on the user input process parameters, the
CNC 12 generates other process parameters. These process
parameters can be provided from a factory pre-set database
or a user defined database. The generated process parameters
can include cut speed, kerf diameter, set arc voltage, cut
height, pierce height, and the number of retries upon transfer
failure. The process parameters can also include pressure
settings for the cut gas and the shield gas during pre-flow,
ignition, cut-flow, ramp-down, shut-off, and post-flow. The
process parameters can further include settings for the
duration of the post-flow, supply-on, pre-flow, purge, pierce,
creep, and ramp-down delay. FIG. 4 shows other process
parameters generated in response to the user input process
parameters. Upon receiving the user input to initiate the
plasma arc system 10 and generating all of the parameters
necessary to start the operation of the plasma arc system, the
CNC 12 executes software programs to initiate and control
the operation of the various components of the plasma arc
system 10. The software program will be discussed in
greater detail in reference to FIGS. 15-20.

[0060] In one embodiment, the CNC 12 includes a data-
base for tracking and recording consumable life. For
example, if a new electrode or nozzle is placed in the plasma
torch, this information is provided to the CNC 12. The
database will record the date and time the consumable was
changed and how long it lasted in minutes, pierces, inches
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and millimeters. An example of a change consumable screen
provided by the CNC is shown in FIG. 5B.

Power Supply

[0061] The purpose of a power supply 14 is to combine
electrical power and gases to create an ionized gas for metal
cutting. FIG. 6 shows an embodiment of the power supply
14 of the current invention. The electrical power of the
power supply 14 is controlled by the CNC 12 (shown in
FIG. 2), and the gas supply is controlled by the APC 16
(shown in FIG. 2).

[0062] Referring to FIG. 6, the power supply 14 includes
a three phase power supply input 30. The three phase power
supply input 30 is in electrical communication with a main
contactor switch 32. The main contactor switch 32 is in
electrical communication with a main transformer 34. The
main transformer 34 is in electrical communication with a dc
power module. The dc power module can be a chopper, an
invertor or a silicon controlled rectifier. In the embodiment
illustrated in FIG. 6, the dc power modules are a first
chopper module 36 and a second chopper module 38. The
first chopper module 36 and second chopper module 38 are
in electrical communication with a first chopper inductor 35
and a second chopper inductor 37. The chopper inductors 35,
37 are in electrical communication with surge injection and
torch ignition circuitry module 40. The surge injection and
torch ignition circuitry module 40 is in electrical commu-
nication with the cathode manifold 42 which is in electrical
connection with a torch power and coolant lead 43. A
voltage feedback card 52 is in electrical communication with
the surge injection and torch ignition circuitry module 40.

[0063] The power supply 14 also includes a control trans-
former 46 which is in electrical communication with the
three phase power supply input 30. The control transformer
46 is in electrical communication with a switching supply 48
and a heat exchanger/cooler unit 50. A pair of coolant leads
58, 60 extend from the heat exchanger cooler unit 50 and the
cathode manifold 42.

[0064] The power supply 14 also includes a gas manifold
54. A pilot arc lead 56 extends from the surge injection and
torch ignition circuitry module 40 to the gas manifold 54. A
shield gas and pilot arc lead 62 extends from the gas
manifold 54 to the torch lead 44. The cut gas leads 64, 66
extend from the cut gas sources 68', 68" through the power
supply 14 to the torch lead 44.

[0065] In operation, the three phase power supply input 30
receives an input signal. The input signal can be an AC
signal within a voltage range from about 200 volts to 600
volts. The input 30 provides power to the main transformer
34 through the main contactor switch 32. The main trans-
former 34 converts the incoming power through two sec-
ondary windings (not shown). Each winding provides power
to the chopper modules 36, 38. For example, the main
transformer can provide 210 VAC signal to each chopper
module 36, 38. The chopper modules 36, 38 provide the
cutting voltage supplied to the torch 24. The three phase
power supply input 30 also provides power to the control
transformer 46 which converts the incoming power through
two secondary windings (not shown) of the control trans-
former 46. The two secondary windings of the control
transformer 46 provide power to both the heat exchanger or
unit 50 and the switching supply 48. For example, the
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control transformer 46 can provide 120 VAC signal to the
switch power supply 48 and 240 VAC signal to the heat
exchanger/cooler unit 50. The switching supply 48 provides
24 VAC signal to the CNC 12 to provide additional power
the CNC 12.

[0066] The chopper inductors 35, 37 provide rectified DC
output signal to sustain the electric arc at the torch 24. The
surge injection and torch ignition circuitry 40 provides the
high frequency and initial surge current to ignite the torch
24.

[0067] The DC output signals of the chopper inductors 35,
37 are monitored by the voltage feedback card 52. When the
power supply 14 is energized via the main contactor switch
52, the voltage feedback card 32 signals the CNC 12 that the
power supply 14 is ready. When a pilot arc is established, the
voltage feedback card 52 signals the CNC 12. When the
cutting arc is established, the voltage feedback card 52
signals the CNC 12 to begin motion. Once transfer of the arc
has occurred and motion is engaged, the voltage feedback
card 52 is used to provide voltage feedback to the CNC 12,
and the arc voltage is adjusted by the CNC 12 using the torch
height control 18. If there is any failure during this process,
the failure is detected by the CNC 12, the process is halted,
and an error message is posted by the CNC 12.

[0068] The power supply 14 can operate in one of several
ways. One way of operating the power supply 14 is in a full
auto-mode. Once a part program and plasma process has
been selected by the operator, simply push the START
button and the CNC 12 will check to see if the power supply
14 is on and, if not, will energize the power supply 14 and
verify its status. The CNC 12 will then continue executing
the part program as normal. Any fault condition results in a
power supply shut down, and an error message is provided
to the operator.

[0069] The second way of operating the power supply 14
is in a remote manual mode. The operator can manually
energize the power supply 14 by going to the diagnostics
screen in the CNC 12 and selecting SUPPLY ON. This
allows remote diagnostics and testing to be performed.

[0070] The third way of turning on the power supply 14 is
in a local manual mode. A properly trained service agent can
manually energize the power supply by opening the power
supply 14 and engaging the SUPPLY ON relay.

[0071] During the power up sequence for the power sup-
ply 14, the CNC 12 receives signals that confirm the
presence of the three phase power supply input 30. Without
the signal from the power supply 14, the CNC 12 will time
out, shut down, and alert the operator. In addition, all of the
power supply’s functions can be manually tested remotely
from the CNC 12 by using the diagnostic screens provided
by the CNC 12.

[0072] The voltage feedback card 52 can monitor the arc
voltage at the plasma arc torch 24 remotely during a cut and
use that information as a feedback signal to the torch height
controller (THC) 18. Because the CNC 12 controls all
aspects of the power supply’s functions, the voltage feed-
back card 52 can also perform other functions provided
herein.

[0073] Once the start command has been given, the CNC
12 will energize the main contactor switch 32, allowing the
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choppers 36, 38 to charge their output to a full open circuit
voltage. The full open circuit is detected by the voltage
feedback card 52 and the information is relayed to the CNC
12. If the full open circuit is within tolerance, and all other
parameters are satisfied, the CNC 12 enables the choppers
36, 38 and passes down the output current set point. The
CNC 12 then engages the surge injection/torch ignition
circuitry 40 to generate a high frequency signal and enables
pilot arc relay. In some embodiments the torch 24 may have
a spring loaded mechanism to bring the electrode and nozzle
in contact to form a pilot arc. When the pilot arc is
established at the torch 24, the output voltage changes, and
is detected by the voltage feedback card 52. The voltage
feedback card 52 relays the voltage change to the CNC 12.
As the arc stretches outward to the workpiece, it eventually
contacts the workpiece, and the corresponding change in
voltage is also detected by the voltage feedback card 52
which relays this information to the CNC 12. The CNC 12
uses this information as the arc transfer signal and proceeds
with the piercing operation.

[0074] Once the piercing operation is completed and full
machine motion is engaged and stable, the voltage feedback
card 52 reverts back to its original function of torch height
controller 18. A fault in any of the above conditions gener-
ates an appropriate error message to the operator and the
system 10 returns to STANDBY mode.

[0075] The power supply 14 includes a novel cooling
system. In a typical cooling system, a pump, a tank and other
components are tied to chassis ground for safety reasons.
Since the electrode is at an elevated voltage level during the
plasma cutting operation, electrolysis occurs within the
torch leads. Testing has shown that more than 95% of
coolant loss is due to electrolysis. The heat exchanger/cooler
unit 50 in the power supply 14 has been designed to
eliminate electrolysis. By tying all of the heat exchanger/
cooler unit 50 components to the electrode’s potential,
electrolysis can be prevented and the coolant can be pre-
served. Safety is maintained by placing the heat exchanger/
cooler unit 50 within a separate enclosure with appropriate
labeling.

[0076] The CNC 12 can directly monitor the flow rate,
flow level, and temperature of the coolant and can intelli-
gently respond to each fault situation to correct any defi-
ciency. In the event of an over-temperature situation, the
CNC 12 will allow the cutting operation to complete its
current task. Afterward, the CNC 12 will alert the operator
and command the power supply 14 to a STANDBY condi-
tion. This allows the power supply 14 to remain on and keep
the fans running to cool down the coolant, but disables the
output of the power supply 14. If the coolant level drops too
low, the CNC 12 will allow the cutting operation to complete
its current task. Afterward, the CNC 12 will alert the
operator and command the power supply 14 to turn off. The
CNC 12 will not allow the power supply 14 to turn on again
until the low coolant level condition has been satisfied. If the
CNC 12 detects loss of coolant flow, it will immediately end
the cutting operation, shut down the power supply 14, and
alert the operator.

[0077] The CNC 12 has a direct link to the choppers 36,
38 within the power supply 14 and feeds the choppers 36, 38
an analog signal proportional to the output current desired.
This allows a near-infinite resolution in the current output.
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During such operations as ramp-up or ramp-down of the
output current, very smooth transitions are possible. This
reduces the stress on the consumables within the torch,
thereby extending the useful life of the consumables.

[0078] FIGS. 7A-7C show physical placement of each of
the components of the power supply 14. The specific place-
ments of the components provided in FIGS. 7A-7C are
exemplary only and other placements can be used in accor-
dance with the present invention.

Automatic Process Controller

[0079] The automatic process controller 16 receives com-
mand signals from the computerized numeric controller
(CNC) 12 to control the flow of gases into the plasma arc
torch 24. The automatic process controller 16 eliminates the
need for manually operated gas flow controls, typically
located at the plasma power supply. The automatic process
controller 16 replaces solenoid valves typically located at
the power supply and/or gas control module with propor-
tional flow control (PFC) valves that are located immedi-
ately prior to the body of the plasma arc torch 24.

[0080] FIG. 8 shows a top view of the automatic process
controller 16. For clarity, gas hoses and hose connections are
not shown. The automatic process controller 16 includes gas
manifolds 70, 71, valves 72, 73, 74, 75, pressure transducers
76, 77, a pressure switch 78, and a bracket 79 for mounting
the automatic process controller 16 to the torch height
controller 18 shown in FIG. 13.

[0081] Referring to FIGS. 8 and 9, the automatic process
controller 16 includes a first manifold 70 and a second
manifold 71. The first manifold 70 is a chamber that allows
blending and adjustment of one or more cut gasses provided
to the plasma arc torch 24 through the use of flow control.
The second manifold 71 is a chamber that allows adjustment
of a shield gas provided to the plasma arc torch through the
use of flow control. The automatic process controller 16 also
includes a first proportional flow control (PFC) valve 72, a
second proportional flow control (PFC) valve 73, and a third
proportional flow control (PFC) valve 74. The first PFC
valve 72 and the second PFC valve 73 are in physical
communication with the first manifold 70. The first PFC
valve 72 controls flow of a first cut gas. The second PFC
valve 73 controls flow of a second cut gas. For example, the
first cut gas can be nitrogen, and the second cut gas can be
oxygen. The first cut gas and the second cut gas can be
mixed in the first manifold 70.

[0082] The third PCF valve 74 is in physical communi-
cation with the second manifold 71, which is also in physical
communication with a controlled solenoid valve 75. The
controlled solenoid valve 75 controls application of a shield
gas to the plasma arc torch. For example, the shield gas can
be air. A portion of the shield gas can be vented to the
atmosphere. The third PFC valve 74 controls the amount of
shield gas vented to the atmosphere. Thus, the shield gas
flow is controlled by purging the excess gas to the atmo-
sphere.

[0083] The automatic process controller 16 can further
include a first pressure transducer 76 and a second pressure
transducer 77. Referring to FIG. 9, the first pressure trans-
ducer 76 taps into the line 81 inside the first manifold. The
first pressure transducer 76 monitors an outlet pressure of
either the first cut gas, the second cut gas, or a mixture of the
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first cut gas and the second cut gas. The pressure measure-
ment from the first transducer 76 is provided to the CNC 12
as feedback. The CNC 12 can provide an adjustment com-
mand to the first PFC valve 72 and/or the second PFC valve
73 to adjust the cut gas flows if necessary. The second
pressure transducer 77 is tapped into the line 82 inside the
second manifold 71. The second pressure transducer 77
monitors the outlet pressure of the shield gas provided to the
plasma arc torch 24. The pressure measurement from the
second transducer 77 is provided to the CNC 12 as feedback.
The CNC 12 can provide an adjustment command to the
third PFC valve 74 to control the flow of the shield gas if
necessary.

[0084] In operation, a user selects a cut program among
many programs stored in the CNC 12 and selects certain
process variables. For example, the user can select eight
process variables. As discussed in reference to FIG. 4, these
eight process variables include a power supply type, a torch
type, a material type, a current setting, a plasma/shield gas
type, a cutting surface, a material thickness and an instal-
lation of water muffler. The CNC 12 accesses an internal
database and sets and adjusts the flow rates of the cut gas and
the shield gas based on the process variables provided by the
user. The database can be a factory default database or a user
defined database. An example CNC display which illustrates
parameter for gas control is shown in FIG. 4.

[0085] The CNC 12 provides command signals to the first
PFC valve 72, the second PFC valve 73, the third PFC valve
74, and the controlled solenoid valve 75. In response to the
command signals, the first PFC valve 72, the second PFC
valve 73, and the third PFC valve 74 can adjust the flow of
the applicable gas. A proportional solenoid valve allows the
flow through the proportional solenoid valve to be controlled
variably as opposed to a standard solenoid valve that is
either completely closed or completely open. The structure
and operation of an exemplary proportional solenoid valves
are described in detail in U.S. Pat. No. 5,232,196, the
contents of which are herein incorporated by reference.

[0086] Referring to FIGS. 10A and 10B, a proportional
solenoid valve includes a solenoid coil 138, an armature
assembly 124, a yolk 140, a pole 134 and a flat spring 132.
As the solenoid coil 138 is energized, the coil magnetomo-
tive force induces a flux through yoke 140 and pole 134,
across a working gap 135, through armature assembly 124,
and back to yoke 140 via flux concentrator 148. The
magnetic flux induces a force of attraction between the
armature assembly 124 and the pole piece 134, causing the
armature assembly 124 to move towards pole piece 134. As
the armature assembly 124 displaces towards pole piece 134
and away from orifice 122 in the valve body 112, the flat
spring 132 opposes the solenoid force and controls the
magnitude of the net deflection of the armature assembly
124. Increasing the coil current increases the force of
attraction between the armature assembly 124 and the pole
piece 134, thereby increasing the movement of the armature
assembly 124 towards pole piece 134. The flat spring 132
provides resistance to the force induced by the solenoid coil
138. The flat spring 132 is three-lobed and is constrained on
its outer diameter in one of the six degrees of freedom. FIG.
10B illustrates how the outside diameter of the flat spring
132 is held between an O-ring 130 and a ledge of the
armature assembly 178. As current is increased to the coil,
the flow output of the valve increases proportionally. As
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current is decreased, the flow is decreased proportionally.
The PFC valve described in reference to FIGS. 10A and
10B is exemplary only. Proportional solenoid valves oper-
ating under other principles or incorporating other structures
can also be used in accordance with the present invention.

[0087] The solenoid valve 75 opens or closes depending
on the command signal from the CNC 12. The solenoid
valve 75 is a simpler valve than the proportional solenoid
valves 72, 73, 74. The solenoid valve 75 does not have the
flat spring configuration described in the proportional sole-
noid valves 72, 73, 74 to enable proportional flow control.
Instead, the solenoid valve 75 has two positions, an open
position and a closed position. For example, when the
command signal is at state zero, the solenoid valve 75 is
closed. When the command signal is at state one, the
solenoid valve 75 is open.

[0088] The output of the gasses passing through the PFC
valves 72, 73, 74 and the solenoid valve 75 are monitored by
the pressure transducers 76, 77 and this information is
communicated to the CNC 12. If necessary, the CNC 12
adjusts the command signals provided to the PFC valves 72,
73, 74 and the solenoid valve 75, thereby creating a closed-
loop dynamic relationship between the CNC 12 and the
automatic process controller 16. This dynamic relationship
improves the plasma cutting process by more accurately
controlling the plasma gas and shield gas flow into the
plasma arc torch 24.

[0089] The pressure information gathered by the pressure
transducers 76, 77 can also be used in adjusting other
process parameters. In one embodiment, the motion speed
and profile within a cut program 600 (FIG. 16) is used to
adjust the process parameters for the automatic process
controller 16 and torch height controller 18. For example,
during a corner cutting operation, where the torch 24 enters
and exits a corner, the speed of the torch 24 must be
decreased and then increased, respectively. During this
corner cutting operation, the zone of reduced speed causes
the arc to remove too much material from the work piece
resulting in a wider kerf width, inaccurate finished part
dimensions, and a reductions in consumable life. The CNC
12 can now use the knowledge contained within the cut
program 600 regarding cut path and speed, and adjust gas
flows using the automatic process controller 16. The adjust-
ment in gas flow then dictates a change in the arc current
level from the power supply 14 and a change in the torch
height using the torch height controller 18. These adjust-
ments further dictate a change in cut program’s 600 cut path
to compensate for the change in kerf width. The result is an
integrated cutting process.

[0090] In one embodiment, the automatic process control-
ler 12 includes a safety feedback feature. In one embodi-
ment, the safety feedback feature monitors air pressure at the
shield cap by routing the shield gas through an orifice 83
provided in the line 80 passing through the second manifold
71. The orifice 83 restricts the shield gas flow. If the cap is
removed the pressure drop is then monitored by a pressure
safety switch 78. The pressure safety switch 78 indicates that
the shield cap has been removed by sensing the pressure at
the cap. If the proper pressure is not maintained at the shield
cap, the power supply 14 is disabled and an error message
appears on the CNC display 13. This safety feedback feature
ensures that the shield cap is in place prior to starting the
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power supply 14 or when the power supply 14 is in use. The
first pressure transducer 76 and the second pressure trans-
ducer 77 also act as safety monitors to ensure proper gas
flow. If proper gas flow is not maintained, the process can be
shut down by the CNC 12.

[0091] In one embodiment, the automatic process control-
ler 16 also includes a shield gas diverter manifold 84 shown
in FIGS. 11A and 11B. The purpose of the shield gas
diverter manifold 84 is to separate the shield gas from the
pilot arc wire which are coupled in a line 62 extending from
the power supply 14 shown in FIG. 6. The shield gas
diverter manifold 84 is attached to the bracket 79. The
bracket 79 is also attached to the shield gas manifold 71 and
the cut gas manifold 70 of the automatic process controller
16. The shield gas diverter manifold 84 keeps the pilot arc
wire away from the automatic process controller 16. Shield
gas travels from the shield gas diverter manifold 84 to the
automatic process controller 16 through line 85. The flow of
shield gas is then adjusted in the shield gas manifold 71, and
the adjusted shield gas is returned from the shield gas
manifold 71 of the automatic process controller 16 to the
shield gas diverter manifold 84 through line 86. The adjusted
shield gas is then fed into one end of the torch lead 87 which
also contains the pilot arc lead. The other end of the torch
lead 87 is connected to the torch 24 for supplying the
adjusted shield gas to the torch 24 as well as for placing the
pilot arc lead into electrical contact with the torch nozzle.
FIGS. 12A and 12B show a nitrogen line 64 and an oxygen
line 66 supplying cut gas to the cut gas manifold 70. From
the cut gas manifold 70, the cut gas is supplied to the torch
24 by line 90.

[0092] The automatic process controller 16 described
herein provides several advantages. First, the cut quality is
improved. The closed-loop execution of the cutting process
based on monitoring the gas flow and controlling the gas
flow based on continuous feedback improves cut quality.
Automatic control, in contrast to manual control, of gas flow
valves also improves accuracy. In addition, short leads from
the manifolds 70, 71 to the plasma arc torch 24 provides
nearly instantaneous response, further improving cut quality.
Second, cycle time of the operation of the plasma arc system
is reduced, since operator intervention is minimal and time
for purging the gases is short due to reduced distance
between the manifolds 70, 71 and the plasma arc torch 24.
For example, typical plasma arc systems require purge time
of several seconds in duration. The present invention, on the
other hand, can establish a stable gas condition in less than
about 200 milliseconds. By establishing a stable gas condi-
tion in a shorter period of time, the automatic process
controller improves consumable life by minimizing unstable
gas conditions. Third, the automatic process controller
includes safety features. For example, the present invention
prevents ignition of the plasma arc if there is insufficient gas
flow, and generates an error message on the CNC display to
alert the user. The present invention also disallows out-of-
tolerance flow conditions, allowing the CNC to safely shut
down the system without damaging the consumables of the
plasma torch.

Torch Height Control

[0093] The purpose of a torch height controller 18 is to
provide an optimum voltage for a desired metal cutting
process. There is a direct relationship between cut voltage
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and a standoff. The standoff refers to the gap between the
metal work surface and the torch electrode.

[0094] Referring to FIGS. 13 and 14, the torch height
controller (THC) 18 includes a mechanical slider or lifter 90
driven by a motor 91. The motor 91 is in electrical com-
munication with the CNC 12. The plasma arc torch 24 is
attached to the slider 90. An encoder provided inside the
motor 91 is in electrical communication with the CNC 12.
The encoder provides location information from the slider
90 back to the CNC 12. The torch 24 is in electrical
communication with the voltage feedback card 52 provided
inside the power source 14 and the CNC 12 to provide
voltage information to the CNC 12. The CNC 12 uses the
location information provided by the encoder, and voltage
information provided by the voltage feedback card 52, in
conjunction with a desired work piece cut path programmed
into the CNC 12, to provide an input signal to the motor 91
to change the standoff.

[0095] To start the cuffing process, the CNC 12 lowers the
torch 24 until contact is made with a work piece 92. Once
the torch 24 contacts the work piece 92, a signal is sent from
the voltage feedback card 52 to the CNC 12 to indicate the
position of the work piece 92.

[0096] After the torch 24 has contacted the work piece 92,
the torch 24 is retracted to a pierce height as determined by
the CNC 12. After the pilot arc in the torch 24 has transferred
to a cutting arc, a signal 94 is sent from the voltage feedback
card 52 to the CNC 12 allowing the CNC 12 to control the
motion of the torch height controller 1-8.

[0097] The voltage feedback card 52 reduces the voltage
read at the torch 24 by a ratio, which for example can be
40:1, to provide a low voltage signal 94 to the CNC 12. The
CNC 12 then multiplies the reduced voltage by the inverse
of'the ratio of voltage reduction used in the voltage feedback
card 52 to determine the exact cutting arc voltage. If the
cutting arc voltage is not at a set voltage as determined by
the CNC 12, based on a given part cutting program, the CNC
12 will send a signal 95 to the motor 91 to adjust the torch
height controller 18 up or down to adjust the voltage. If the
THC 18 is unable to respond to a command 95 from the
CNC 12, or the cutting voltage is outside of set voltage
tolerances programmed into the CNC 12, the CNC 12 will
stop the present operation and post a fault message to the
operator on a CNC display screen 13.

[0098] At the end of a cut segment, the torch 24 will be
raised to travel over obstacles before beginning the initial
pierce cycle for the next work piece, as the torch 24 can be
programmed to be raised between work pieces. If the travel
distance to the next part is short, as determined by the user,
the full retraction and initial plate sensing may be bypassed
allowing immediate positioning of the THC 18 at a pierce
height and voltage to begin the next cutting cycle. This
feature significantly improves the overall process time for
cutting separate work pieces 92 on a plate.

[0099] In operation, if the torch 24 passes over an area on
the plate where there is no metal, for example off the edge
of a work piece 92, the CNC 12 will detect a large voltage
spike. In response to the voltage spike, the CNC 12 will
prevent motion of the THC 18 to prevent the THC 18 from
driving the torch 24 into the workpiece 92.

[0100] In areas where the motion profile for a workpiece
92 is very intricate, for example sharp angles or curves, the

Oct. 5, 2006

torch motion will slow down. This slow down in torch
motion causes more metal to be removed along the cut path
which results in a wider cut path and increased voltage. The
CNC 12 will prevent motion of THC 18 in areas with
intricate motion profiles to prevent the THC 18 from driving
the torch 24 into the workpiece 92.

[0101] In the event of a loss of the cutting arc, the loss is
detected by the CNC 12 from a signal sent by the voltage
feedback card 52, and the CNC 12 halts the cutting process
and sends an error message to the operator on the display
screen 13 of the CNC 12.

The CNC Programs

[0102] Upon receiving the user input to initiate the plasma
arc system and generating all the parameters necessary to
start the operation of the plasma arc system, the CNC 12
provides command signals to and receives feedback signals
from each of the drive system 20, the torch height controller
18, the power supply 14 and the automatic process controller
16 as illustrated in FIG. 15. The CNC executes the routines
illustrated in FIGS. 16-20. For example, the CNC performs
these routines at 1 millisecond intervals for as long as the
system is in operation.

[0103] The CNC executes the part program to provide
information to the closely-coupled plasma arc system 10 for
cutting a desired shape in a workpiece. Referring to the flow
chart shown in FIG. 16, upon receiving the start command
(step 605), the CNC 12 checks a cut program to determine
if the cut program has been completed (step 610). If all the
operations are completed, the program ends (step 615). If the
cut program is not completed, the CNC 12 then checks the
motion segment of the cut program to determine if the gantry
and torch must be moved. If the gantry and torch must be
moved, the CNC 12 provides a command to move the gantry
and torch (step 620), and then the CNC 12 returns to check
program (step 610) to determine if the cut program has been
completed. If the gantry and torch do not have to be moved,
the CNC 12 then determines if the plasma arc must be cut
off. If the plasma arc must be cut off, the CNC 12 provides
a command to stop the plasma arc (step 625) and then the
CNC 12 returns to check program (step 610) to determine if
the cut program has been completed. If the plasma arc does
not have to be cut off, the program then checks to see if the
plasma arc has to be started. If the plasma arc does not have
to be started, the CNC 12 returns to check program (step
610) to determine if the cut program has been completed. If
the plasma arc has to be started, the CNC 12 provides a
command to start the plasma arc (step 630), and checks for
arc transfer from the pilot arc to the work piece 633. If the
arc has transferred to the work piece, the CNC 12 returns to
the check program (step 610) to determine if the cut program
has been completed. If the pilot arc does not transfer, the
CNC 12 checks the number of retries (step 635). If the
number of retry counts has been exceeded, an error message
is displayed on the CNC display (step 640). If the number of
retries has not been exceeded, the number of retries is
incremented (step 645) and the plasma arc start (step 635) is
retried.

[0104] The CNC 12 executes a routine illustrated in FIG.
17 for operating the drive system. Referring to the flow chart
shown in FIG. 17, upon receiving the start command (step
700), the CNC 12 checks the overtravel switches located at
each end of the gantry and the rail (step 701). If the



US 2006/0219674 Al

overtravel switches are active, then a feedback signal is
provided to the CNC 12 to disable the system 10 (step 702)
and to generate an error message on the display 13 of the
CNC 12 (step 704). If the overtravel switches are not active,
the CNC checks the position of the torch 24 and the gantry
26 using an encoder in a servo loop with the motors (step
706). If the position is accurate, a single run through the
routine for the driver system 20 is complete. If the position
is incorrect, the CNC 12 provides a command signal to the
driver system 20 to move the gantry 26 and/or the torch 24
(step 708). The CNC 12 checks the speed of the torch system
(step 710). If the speed is above plasma hi/lo, above a user
defined speed, for example 90% of a design speed (step
712), then the torch height controller 18 is enabled (step
714) and the routine is complete. If the speed is below the
user defined speed, the torch height controller 18 is disabled
(step 716) and the routine is complete. The CNC 12 repeats
the routine for the drive system 20 for as long as the plasma
system is in operation.

[0105] The CNC 12 executes a routine illustrated in FIG.
18 for operating the torch height controller 18. Upon receiv-
ing a start signal, the CNC 12 checks the operation mode
(step 800). If the operation mode is in automatic mode, the
CNC 12 checks to see whether the torch height controller 18
is disabled (step 802). If the torch height controller 18 is
disabled, the routine is complete. If the torch height con-
troller is not disabled, the CNC 12 checks the arc voltage
(step 804). If the arc voltage is too high, the torch height
controller 18 lowers the plasma arc torch 24 (step 806) and
the routine is complete. If the arc voltage is not too high, the
CNC 12 checks the arc voltage to determine whether the arc
voltage is too low (step 808). If the arc voltage is not too low,
then the routine is complete. If the arc voltage is too low,
then the torch height controller 18 raises the plasma arc torch
24 (step 810) and the routine is complete. If the torch height
controller 18 is not in the automatic mode (step 800), then
the CNC 12 sets the torch height by raising the torch as high
as possible to a known location, and then the torch is
lowered to touch the work piece. Then the torch is raised to
a desired location and the torch height is checked (step 812).
Ifthe torch height is too high, then the torch height controller
lowers the plasma arc torch 24 (step 806) and the routine is
complete. If the torch height is not too high, then the CNC
12 checks to see whether the torch height is too low. If the
torch height is not too low, then the routine is complete. If
the torch height is too low, then the torch 24 is raised (step
810) and the routine is complete. The CNC 12 repeats the
routine for the torch height controller 18 for as long as the
plasma arc system 10 is in operation.

[0106] The CNC 12 operates the power supply 14 by
executing the routine shown in FIG. 19. The CNC 12 checks
the status of the power supply 14 (step 900). If the power
supply 14 does not have a ready condition, the CNC 12
generates an error message (step 902). If the power supply
14 does have a ready condition, the CNC 12 moves on to
check coolant flow error (step 904). If the coolant flow is too
low, then the CNC 12 generates an error message (step 906).
If the coolant flow is sufficient, the CNC 12 checks the
coolant temperature (step 908). If the coolant temperature is
too high, the CNC 12 generates an error message (step 910).
If the coolant temperature is sufficient, the CNC 12 checks
the coolant level (step 912). If the coolant level is too low,
the CNC 12 generates an error message (step 914). If the
coolant level is sufficient, the CNC 12 checks the current
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setting (step 916). If the current setting is incorrect, the CNC
12 sends a command signal to adjust digital to analog
converter located in the controller to send an analog signal
to the chopper (step 918). If the current setting is correct, the
routine is complete. The CNC 12 repeats the routine for
controlling the power source.

[0107] The CNC 12 controls the operation of the auto-
matic process controller 16 by executing the routine shown
in FIG. 20. The CNC 12 checks the pressure of the pressure
transducer for the shield gas (step 1000). If the shield gas
pressure measured at the transducer is incorrect, the CNC 12
generates and applies a command signal to adjust the PFC
valve 74 (shown in FIG. 8) for the shield gas (step 1002).
The CNC 12 checks the shield gas timer located in the CNC
12 (step 1004) and if the shield gas timer has been exceeded,
the CNC 12 generates an error message (step 1006). If the
shield gas timer has not been exceeded, the CNC 12 incre-
ments the shield gas timer because a fault condition has not
been encountered (step 1008). The CNC 12 moves on to
check the cut gas pressure (step 1010). If the shield gas
pressure is correct, the CNC 12 resets the shield gas timer
(step 1012). After resetting the shield gas timer, the CNC 12
checks the cut gas pressure (step 1010) to determine if cut
gas pressure is correct. If the cut gas pressure is correct, the
CNC 12 resets the cut gas timer (step 1014) and the routine
is complete. If the cut gas pressure is incorrect the CNC 12
adjusts PFC valves 72, 73 in the cut gas manifold 70 (step
1016). After adjusting the PFC valves 72, 73 in the cut gas
manifold 70, the CNC 12 checks the cut gas timer (step
1018). If the cut gas time has been exceeded, the CNC 12
generates an error message (step 1020). If the cut gas timer
has not been exceeded, the CNC 12 increments the cut gas
timer (step 1022) and the routine for controlling the APC 16
is complete. The CNC 12 repeats the routine for controlling
the APC 16 during the entire operation of the torch to control
the cut gas flow and the shield gas flow.

Laser Applications

[0108] Up to this point in the specification the CNC 12, the
power supply 14, the automatic process controller 16, the
torch height controller 18 and the CNC programs have all
been described with respect to plasma arc systems. As will
be described in more detail below, these same components
can also be used in material processing systems, where the
systems dispense a laser beam to process the workpiece. The
power supply can be a light source to generate a laser beam
and the torch height control can be a laser height control to
set the height of the laser with respect to the workpiece.

Light Source Monitor

[0109] As shown in the drawings for the purposes of
illustration, a system according to the invention monitors the
processing of a workpiece in an industrial environment. The
system serves as an on-line cut monitor system that is
insensitive to cutting direction and operates in near real-time
to provide a reliable indication of cut quality. Measurement
of the temperature of the cutting front has been found to be
a generally reliable indicator of cut quality. More specifi-
cally, when a clean cut is being produced under optimal
conditions, the average cut face temperature is relatively
constant. Significant deterioration in cut quality, e.g., the
presence of excessive dross, uneven kerf width, or rough cut
edges are typically accompanied by variations in the cut face
temperature. The system according to the invention is
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capable of detecting a gross change in the average tempera-
ture and irregular fluctuations in temperature of varying
amplitude and frequency. In particular, the system measures
light intensity at two spectral bands. The measured intensi-
ties are processed (e.g. a ratio of the spectral bands is
determined) and the results are used in conjunction with a
lookup table to ascertain a cut-quality in real-time. In
addition, remote sensing of the temperature relative to a
laser beam has been found to be advantageous.

[0110] FIG. 21 shows a schematic sectional view of an
embodiment of a material processing system 1100. A mate-
rial processing stream source 14' generates a material pro-
cessing stream 1110 and delivers it to a processing head
assembly 24'. An automatic process controller 16' supplies a
fluid, such as an assist gas, to the processing head assembly
24'. A chamber 1114 receives a fluid supplied by the auto-
matic process controller 16'. A nozzle 1108 is also disposed
within the processing head assembly 24'. The material
processing stream 1110 and fluid from the automatic process
controller pass through chamber 1114 and the nozzle 1108
and impinge on a workpiece 1112 to cut, weld, heat treat, or
otherwise modify the workpiece 1112.

[0111] In one embodiment, the material processing stream
source 14' is a plasma source and the material processing
stream 1110 is a plasma. In another embodiment, the mate-
rial processing stream source 14' is a laser and the material
processing stream 1110 is a laser beam. In the plasma source
embodiment, the chamber 1114 can be a plasma chamber. In
the laser source embodiment, the chamber 1114 can be a
plenum.

[0112] FIG. 22A illustrates additional details of the pro-
cessing head 24' and the nozzle 1108. FIG. 22B provides a
close-up view of a portion of the nozzle 1108. The nozzle
includes a central exit orifice 1206. In some embodiments,
a baffle 1202 is disposed relative to the nozzle 1108. The
baffle 1202 includes an opening 1204 that is perpendicular
to an axis of propagation of the material processing stream
1110 and substantially coincident with the central exit orifice
1206.

[0113] The “working end” of the processing head assem-
bly 24' is that portion closest to the workpiece 1112. The
working end typically degrades from use because of its
direct exposure to the extreme conditions present on the
workpiece 1112 during material processing. These condi-
tions include, for example, high temperature and a local
atmosphere of highly reactive gas.

[0114] In one embodiment, the axis of the nozzle 1108 is
aligned with an axis of the processing head assembly 24'.
This ensures the material processing stream 1110 is centered
in the central exit orifice 1206 as it passes through en route
to the workpiece 1112. To maintain alignment, the nozzle
1108 can have surfaces 1208 that are contoured over a
predetermined axial extent. The contoured surfaces 1208
mate with adjacent structure of the processing head assem-
bly 24'. This mating action results in the coaxial alignment
of the nozzle 1108 and the processing head assembly 24,
thereby improving accuracy and cut quality and extending
the operational life of the working end of the assembly 1104.

[0115] Referring now to FIG. 23, in another embodiment
of the invention, the material processing system 1100
includes a CNC 12", such as the CNC 12 of FIG. 2. The
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CNC 12' communicates with a light source monitor 1332 via
a cable 1336, as will be described below, to obtain infor-
mation about cut quality. In another embodiment, the CNC
can function as a light source monitor. An optical detector
1320 is used to measure a signal 1324 that is emitted by the
workpiece 1112. The signal 1324 is emitted by the work-
piece in response to the material processing stream 1110 that
impinges upon the workpiece 1112. In one embodiment, the
signal 1324 can be an emission. The optical detector 1320
generates an output 1328 based upon the signal 1324 mea-
sured by the optical detector 1320. In one embodiment, the
optical detector 1320 is a silicon photodiode two color
detector, model no. PIN-44DP, sold by UDT Sensors, Inc.,
located in Hawthorne, Calif. The output 1328 is provided to
a light source monitor 1332. In one embodiment, two optical
detectors 1320 can be used, where each detector is sensitive
to different frequency ranges of the signal 1324. The output
of the two optical detectors in response to a first wavelength
range 1328a and a second wavelength range 13285 are
electrical signals transmitted to the light source monitor
1332 via wires. In another embodiment, two optical detec-
tors 1320 can be replaced by one sandwich detector, which
detects two ranges of wavelengths. In one embodiment, the
sandwich detector can be a sandwich detector, model no.
PIN-DSS, sold by UDT Sensors, Inc., located in Hawthorne,
Calif.

[0116] The light source monitor 1332 determines the qual-
ity of the processing being performed on the workpiece 1112
based upon the outputs 1328« and 132854. In addition, the
light source monitor 1332 can provide a signal via cable
1336 to the CNC 12', which can be used to control the output
of the material processing stream source 14' via a cable
1338. In addition, the CNC 12' can also provide a signal to
the automatic process controller 16' via cable 1339 to adjust
the amount of fluid supplied to the processing head assembly
24'. In one embodiment, the light source monitor 1332 can
be a stand alone microprocessor. In another embodiment, the
light source monitor can be a computerized numeric con-
troller sold by Hypertherm Automation, located in West
Lebanon, N.H.

[0117] To determine the quality of the processing being
performed on the workpiece 1112, the apparatus uses two-
color pyrometry to evaluate the signal 1324 emitted from the
workpiece 1112 in response to the material processing
stream 1110. Two-color (i.e., two wavelengths of light)
pyrometry involves the calculation of the radiant light
intensity in discrete, narrow spectral bands. The system
measures the radiant light intensity to determine the relative
temperature of the kerf being formed by the head assembly
(e.g., the cut zone).

[0118] Mathematically, the radiant light intensity of a
black body over a narrow band of wavelength dA centered
around the wavelength A, is given by:

ncth 1 M
Sdd = bE ehc/kT/\_ldA’

where c¢ is the speed of light, h is Planck’s constant, k is
Boltzmann’s constant and Tis the temperature of the black-
body. The ratio of the intensities detected at two different
wavelengths, A, and A, is:
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If the two wavelength band widths are equal (i.e., if the light
is filtered by two narrow bandpass filters of equal bandwidth
dA=dA,=d),), and the two wavelengths are fixed, the Inten-
sity Ratio becomes:
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where C, and C, are constants. For the case A,>A;, C, is a
positive constant, implying that the Intensity Ratio is a
monotonically decreasing function of temperature, i.e., a
lower Intensity Ratio indicates a higher relative temperature.
Thus, the Intensity Ratio is a function of the temperature of
the radiating body, which in this case is the temperature of
the cut zone.

[0119] Advantages of this processing technique become
evident when considering the circumstances under which
overcombustion or non-penetrating cutting conditions occur
during material processing. In both these cases, the radiant
light intensity signals (SA, and S, ,) rise in magnitude above
their values calculated during clean cutting conditions; how-
ever, their ratio increases for the overcombustion cutting
condition and the ratio decreases for the non-penetrating
cutting condition. For the non-penetrating cutting condition,
the radiant light intensity emitted by the workpiece increases
as the temperature of the workpiece increases, thereby
leading to an increase in the radiant light intensity signals
(SA and S, ,) and a decrease in the Intensity Ratio according
to Eqn. (3). For the overcombustion cutting condition, the
temperature of the workpiece drops and the Intensity Ratio
increases. In addition, the overcombustion cutting condition
generally results in a wider kerf. Due to the wider kerf
“visible” to the receiver, the magnitude of the light level
incident upon the detectors is large, which causes both of the
radiant light intensity signals (S, ; and S, ) to increase. If a
single wavelength detection scheme was used, the light
source monitor would be unable to distinguish an overcom-
bustion cutting condition from a non-penetrating cutting
condition. Further, employing the two wavelength (S, ; and
S,.,) processing technique for determining cutting quality
and assuming a specific material composition and thickness
(e.g., 12.7 mm steel), the optimal range for the Intensity
Ratio is, generally, independent of average laser power and
the exit diameter of the nozzle. This is an advantage in that
the light source monitor 1332 could be used in different
material processing system installations without requiring
an operator to determine custom operating parameters.

[0120] The exclusive use of the Intensity Ratio to control
cut speed, however, can also lead to ambiguous results. FIG.
26 shows a plot of the radiant light intensity signals (S, ; or
S,.), as well as the intensity ratio vs. cut speed for a test cut,
where the cut speed is varied from O to 2 meters/minute.
FIG. 6 shows four cut conditions that occur as the test cut
speed changes from 0O to 2 meters/minute. The first region
“A” is the starting region, which ranges from 0 to about 0.33
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meters/minute. In the starting region the kerf front is almost
vertical and emissions are small. The second region “B” is
a region where cut speed is slower than optimal. In this
embodiment, region B extends from about 0.33 to 0.9
meters/minute. Region B is categorized in that both (S, ; or
S, are increasing, while the intensity ratio is decreasing
because S, , is increasing faster than S, ;. The third region
“C” is categorized as a good cut zone region because the cut
speed is generally optimal. In this embodiment, the C region
extends from about 0.9 to 1.1 meters/minute. The fourth
region “D” is a region where the cut speed is faster than
optimal and results in a non-penetrating cut. In this embodi-
ment, region D is any cutting speed greater than about 1.1
meters/minute. Region D is categorized in that the intensity
ratio is decreasing from the intensity levels in the generally
optimized cut zone C, and the absolute values of S, ; and S, ,
are increasing. The Intensity Ratio can have the same value
on either side of region C at two very different cut speeds,
for example, one peak at a low speed and the other at a
higher speed. A material processing system in which quality
is based on the Intensity Ratio solely would be unable to
distinguish between these two different conditions.

[0121] The light source monitor 1332 addresses this prob-
lem by using a magnitude of at least one of the radiant light
intensity signals (S, or S,,) along with the Intensity Ratio
to determine the cutting quality. For an overcombustion
cutting condition, the radiant light intensity signals (S, or
S,,) both increase in magnitude. Thus, by specifying a
threshold for either wavelength (S,; or S,,) signal, an
overcombustion cutting condition can be detected. The
condition associated with an overcombustion cut can be
detected when the Intensity Ratio is greater than a prede-
termined upper limit and one of the wavelength (S, ; or S,,)
signal exceeds a second predetermined limit. In one embodi-
ment, the magnitude can be a maximum. In another embodi-
ment, the magnitude can be a minimum. In another embodi-
ment, the magnitude can be between the minimum and
maximum.

[0122] For a non-penetrating cutting condition, the radiant
light intensity signals (S, or S,,) both increase in magni-
tude. Thus, by specifying a threshold for the higher wave-
length (S, ,) signal, a non-penetrating cutting condition can
be detected. The condition associated with a non-penetrating
cut can be detected when the Intensity Ratio is less than a
predetermined lower limit and the either wavelength (S,,)
signal increases above a second predetermined limit. In one
embodiment, the magnitude can be a maximum. In another
embodiment, the magnitude can be a minimum. In another
embodiment, the magnitude can be between the minimum
and maximum.

[0123] Similarly, for very low and very high cutting
speeds, the Intensity Ratio calculated for these conditions
could be similar, thus masking the character (e.g., whether
the cut is penetrating or non-penetrating) of the cut quality.
At low cutting speeds, both radiant light intensity signals
(8, or S*2) are small in value. For high speeds (e.g., above
the optimum cutting speed range), both the radiant light
intensity signals (S, or S,,) increase in value as the laser
fails to penetrate the workpiece and instead heats up the
workpiece.

[0124] Tt should be noted that intensity ratio vs. cutting
speed charts, like the one shown in FIG. 26, should be
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generated for different workpiece materials and thickness, as
well as for different laser systems. The will allow the user to
determine the generally optimal cutting range for a given
material, with a given thickness, for a given laser system.

[0125] In another embodiment, illustrated in FIG. 24A, an
optical receiver 1400, having an annular shape is provided
for monitoring at least one optical signal emitted from the
cut zone of a processed workpiece. In this one embodiment,
the receiver 1400 comprises eight ports 1410 that are located
equally spaced around the circumference of a ring 1420 of
the receiver 1400. The optical signal that passes through
each port 1410 is subsequently passed via individual optical
fibers (not shown) to each of three fiber optic cables 1430a,
14305, and 1430c (generally 1430). The portion of the
optical signal passed through each port 1410 is divided
equally among each cable 1430.

[0126] In this embodiment, the receiver 1400 is located
within a laser cutting head 24', as shown in FIGS. 24B and
24C. The cables 1430 (only one cable 1430 is shown for
purposes of clarity) are each connected to an individual
optical detector 1320. The optical signals 1324 are passed to
each optical detector 1320 by each respective cable 1430.
The detectors 1320 measure the radiant light intensity of the
optical signals 1324 emitted from the workpiece 1112 in
response to the material processing stream 1110. The output
(i.e., the radiant light intensity in a discrete, narrow spectral
band) of each detector 1320 is then passed to a light source
monitor, such as the light source monitor 1332 of FIG. 23.
In one embodiment, the light source monitor provides an
operator with an indication of the quality of the cut produced
by the material processing apparatus. In another embodi-
ment, the light source monitor may be an independent
system for monitoring the processing quality of a material
processing system, such as the system described in co-
pending patent application entitled “Process Monitor For
Laser and Plasma Materials Processing of Materials™ (Serial
No not yet available) filed on Mar. 31, 2003, the disclosure
of which is hereby incorporated by reference in its entirety.

[0127] Alternative spacing and numbers (e.g., 3 or greater)
of ports 1410 and respective optical fibers may be used in
other embodiments. However, it is generally desirable to use
a sufficient number (e.g., greater than three) of ports 1410 to
ensure that the receiver 1400 measures the average light
emitted by the workpiece undergoing material processing.
When a sufficient number of ports (e.g., greater than three)
are used, the determination of cut quality is insensitive, or
less sensitive, to the cutting direction.

[0128] In another embodiment, illustrated in FIG. 25, the
cables 1430a, 14305, and 1430c¢ transmit the optical signals
to a detector system 1500. The optical signals passing
through the cables 1430a and 1430c¢ are subsequently passed
through two signal filters 1530a and 1530c¢, respectively.
The filters 1530a and 1530c¢ condition the optical signals
passed through the filters so they each represent a narrow
spectral band of radiant light intensity as described previ-
ously herein. By way of example, the filter 1530a and 1530c¢
are model nos. F10-1050.0-4-0.5 and F10-560.0-4-0.5, sold
by CVI Laser Corp., located in Putnam, Conn. The radiant
light intensity signals (S, ;) passed by filter 1530a represents
a narrow band of light at a wavelength of light centered at
about 560 nm, but generally between about 450 nm and
about 650 nm. The radiant light intensity signals (S,,)
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passed by filter 1530c¢ represents a narrow band of light at a
wavelength of light centered at about 1,050 nm, but gener-
ally between about 950 nm and about 1,150 nm.

[0129] The radiant light intensity signals (S,, or S,,)
output by the filters 1530a and 1530¢ pass to detectors
13204 and 1320c, respectively. Detectors 1320a and 1320c¢
convert the radiant light intensity signals (S, or S,,) into
electrical signals or outputs 15224 and 1522¢, respectively.
The outputs 1522a and 1522c¢ are subsequently passed to a
signal conditioning module 1510. The signal conditioning
module 1510, e.g., amplifies the outputs 1522a and 1522¢
and passes the amplified signals to the light source monitor
1332. The light source monitor 1332 determines the pro-
cessing quality of a workpiece based upon the outputs 15224
and 1522¢. The light source monitor 1322 calculates a ratio
(i.e., the Intensity Ratio of Eqn. 3) of the output 15224
relative to the output 1522¢. Typically, the ratio is calculated
in real-time or at discrete predetermined points in time to
create an indication of processing quality as a function of
time. The light source monitor 1332 also extracts a magni-
tude, for example, the magnitude of the outputs 1522a or
1522c¢ at the same predetermined points in time as the ratio
is calculated. In one embodiment, the magnitude can be a
maximum. In another embodiment, the magnitude can be a
minimum. In another embodiment, the magnitude can be
between the minimum and maximum.

[0130] The light source monitor 1332 then compares the
ratio and the magnitude with a lookup table stored within the
light source monitor 1332 to determine the quality of the
material processing being performed at the predetermined
points in time. In one embodiment, the lookup table is a
collection of experimental data that is predetermined by the
manufacturer of the system or by an operator of the system.
The table can include data for different workpiece materials
(e.g., steel, aluminum, and titanium), different material
thickness, different cutting rates, different cutting accelera-
tions, and different cutting profiles (e.g., curves or straight
lines). An example of data for a straight line cut of mild steel
that could be included in a lookup table is provided below:

Material Target Max Magnitude
Thickness Ratio S,
b 2.8 4
Y 4 3
¥4 5 2.5

[0131] By way of example, the measure of the quality of
the material processing being performed at a specific point
in time can be a value that indicates, e.g., whether the
material processing system is operating in a condition that
results in overcombustion cutting conditions, clean (normal)
cutting conditions or undercombustion cutting conditions of
the workpiece.

[0132] FIG. 26 illustrates an example of data acquired by
an embodiment of a material processing apparatus used to
cut a 12.7 mm thick steel workpiece using a laser system.
The graph depicts two filtered signals 1530a and 1530c¢ as
S, and S, ;. FIG. 26 also shows a ratio of the S, and S,,
signals. The S,, data represents the filtered radiant light
intensity measured by a detector in a narrow spectral band
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that has a center wavelength equivalent to the wavelength of
light, which in one embodiment can be a wavelength of
about 675 nm. The S, data represents the radiant light
intensity measured by a detector in a narrow spectral band
that has a center wavelength equivalent to the wavelength of
light, which in one embodiment can be a wavelength of
about 530 nm. In other embodiments, the optical signal can
be filtered between a range of about 450 nm and about 1150
nm. The ratio data represents the ratio of the S, , data and the
S, data (i.e., a representation of the Intensity Ratio as
described herein).

[0133] Tt should be noted that any pair of spectral bands
can be used based upon the material to be processed, the
thickness of the material, and the equipment to be used.
Typically, the spectral band can be any range between about
300-2,000 nm.

[0134] The X-axis of the graph represents the speed of the
cutting process, where cut speed increases from 0 to 2
meters per minute. Also indicated in the graph is region C,
the good cut zone (e.g., minimal dross or desirable kerf size).
The graph also illustrates a slower than optimal condition,
region B, at a cut speed ranging from about 0.33 to 0.9
meters/minute. Region D is a faster than optimal cutting
condition, where the cut speed is greater than about 1.1
meters/minute. Finally, the graph also illustrates a starting
region, region A, which ranges from about 0 to about 0.33
meters/minute.

[0135] By varying the speed of the cut, this allows for
experimental determination of a good cutting region, an
overcombustion region, and a non-penetration cutting
region. In addition to a predetermined lookup table, the
conditions can be determined automatically by a test cut as
described in FIG. 6 and an algorithm can be used to identify
the optimal region for cutting.

[0136] The material processing system 1100 of FIG. 21
can further include elements as previously shown in FIG. 2
to result in a centralized control architecture for a laser
cutting system, in which the “intelligence” of the system is
integrated into a single controller. The centralized control
architecture eliminates redundant hardware and software
and integrates the entire system, thereby improving perfor-
mance and reducing cycle time. The laser cutting system
including the centralized control architecture, will be
referred to herein as a closely-coupled laser cutting system
or simply a laser cutting system.

[0137] Referring to FIG. 27, a closely-coupled laser cut-
ting system 10' includes a computerized numeric controller
(CNC) 12, a display screen 13', a material processing stream
source which, in this embodiment, is a light source 14', an
automatic process controller 16', a laser height controller 18,
a drive system 20', a cutting table 22', and a laser processing
head 24'.

[0138] In general, the CNC 12' controls the motion of the
laser processing head 24' over the cutting table 22' and the
timing of the cutting process as the process relates to the
motion. In the present invention, the CNC 12' is capable of
controlling, not only the motion of the laser processing head
24', but also the operation of the other components of the
laser cutting system 10', as well as other cutting processes.
The various components of the laser cutting system 10' can
be controlled by the CNC 12' concurrently.
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[0139] The CNC 12' interfaces with the user. The CNC 12"
allows the user to select or provide certain process param-
eters. The CNC 12' generates other process parameters
necessary to operate the laser cutting system 10' based on the
user selection and/or input. A cut program for a laser cutting
system, similar to the cut program 600 as previous shown in
FIG. 16 for a plasma arc system, provides part specific
information for laser head motion and cutting laser opera-
tion. The CNC 12' commands the light source 14', the
automatic process controller 16', the laser head height con-
troller 18' and the drive system 20' to operate. The CNC 12'
also monitors certain process conditions to determine
whether the laser cutting system 10' is operating properly.
Based on the monitored information, the CNC 12' adjusts the
operation of the other components of the laser cutting
system 10", if necessary. Details of the CNC 12' mirror the
description previously given in greater detail in FIGS. 3, 4,
5A-5B, and 15-20.

[0140] The material processing stream source 14' is a light
source to generate a laser beam. In the present invention, all
intelligence and adjustment controls for configuring the cut
process typically provided in a light source have been
migrated into the CNC 12' and/or the automatic process
controller 16'. Upon receiving an appropriate command
signal from the CNC, the light source 14' transforms an input
signal into an output signal sufficient to generate and main-
tain a laser beam. Several components of the light source 14',
including the output generated by the light source 14' are
controlled by the CNC 12' through a feedback mechanism.
In one embodiment, the light source 14' is a laser power
source, model no. RF050, sold by Rofin-Sinar Laser GmbH,
located in Hamburg, Germany.

[0141] The automatic process controller 16' is designed to
replace the manual gas flow controls that are normally
located at the light source and/or a gas control module. The
automatic process controller 16' includes proportional flow
control valves to control the flow rate of the assist gas and
the shield gas. The automatic process controller 16' also
includes pressure transducers for measuring the pressure of
the assist gas and the shield gas. This pressure information
is provided to the CNC 12', which in turn adjusts the
proportional flow control valves if necessary to change the
flow rates. The intelligence of the automatic process con-
troller 16' is also located at the CNC 12'. The automatic
process controller 16' has been described in greater detail in
FIGS. 8-12.

[0142] The laser height controller 18' controls the standoff
between the laser processing head 24' and the work piece.
Unlike a conventional height controller, however, the intel-
ligence of the laser height controller 18' is migrated into the
CNC 12'. The laser height controller 18' is controlled
directly from the CNC 12' as a separate servo axis in a
manner similar to the drive system 20' in a conventional
plasma arc system. The CNC 12' provides a command signal
to the laser height controller 18' to adjust the standoff, based
on an output measured at the laser processing head 24'. The
laser height controller 18' is similar to the torch height
controller 18' described in greater detail in FIGS. 13 and 14.
In one embodiment, the output signal generated by the laser
height controller 18' is an analog voltage signal that is
proportional to the distance between the laser cutting head
and the work piece. The output signal generated by the laser
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height controller, alternatively, may be a digital command
signal or an analog current signal.

[0143] The drive system 20' receives command signals
from the CNC to move the laser processing head 24' in an
x or y direction over the cutting table 22'. The cutting table
22' supports a work piece. The laser processing head 24' is
mounted to the laser height controller 18' which is mounted
to the gantry 26'. The drive system 20' moves the gantry 26'
relative to the table 22' and moves the laser processing head
24' along the gantry 26'. The information about the position
of the laser processing head 24' is provided to the CNC 12'.
Thus, the CNC 12' allows interactive response and maintains
an accurate cut path. Operation of the drive system 20' and
the cutting table 22' do not constitute an inventive aspect of
the present invention and are well known to those skilled in
the art.

[0144] The CNC 12, just like the CNC 12 described in
FIGS. 1-19, can receive outputs from various components
of the laser cutting system 10', such as the light source 14,
automatic process controller 16', laser height controller 18,
drive system 20', cutting table 22' and a laser processing
head 24'. The CNC 12' can then send an input to the
component that originally sent the output (i.e., a first aux-
iliary device) or any other component (i.e., a second auxil-
iary device) to change the output of the component that
originally sent the output, or any other component in com-
munication with the CNC 12'.

[0145] While the invention has been particularly shown
and described with reference to specific preferred embodi-
ments, it should be understood by those skilled in the art that
various changes in form and detail may be made therein
without departing from the spirit and scope of the invention
as defined by the appended claims. For example, the cen-
tralized control architecture described herein can be useful
in operating other metal processing systems, such as a
plasma arc welding system.

What is claimed is:

1-47. (canceled)

48. A method for supplying gas to a plasma arc torch,
comprising:

providing a plurality of gases to a plasma arc torch;
producing a gas mixture comprising the plurality of gases;

adjusting a flow of at least one of the plurality of gases
with at least a first flow control valve based on a
measured pressure of the gas mixture; and

adjusting the at least first flow control valve to produce the

gas mixture.

49. The method of claim 48, comprising measuring the
pressure of the gas mixture with a pressure transducer
located between the at least first flow control valve and the
plasma arc torch.
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50. The method of claim 48, wherein the plurality of gases
comprises at least a first cut gas and a second cut gas, the
method comprising mixing the first cut gas and the second
cut gas in a manifold and measuring the pressure of the gas
mixture with a pressure transducer.

51. The method of claim 50, comprising adjusting a flow
of'the first cut gas through the first flow control valve and the
second cut gas through a second flow control valve, based on
the measured pressure of the gas mixture.

52. The method of claim 50, comprising adjusting the
flow of the gas mixture by adjusting a flow of the first cut gas
through the first flow control valve and a flow of the second
cut gas through a second flow control valve, based on the
measured pressure of the gas mixture.

53. The method of claim 48, comprising:
providing a shield gas to the plasma arc torch; and

adjusting a flow of the shield gas with a shield gas flow
control valve based on a measured pressure of the
shield gas.

54. The method of claim 48, comprising:
providing a pre-flow gas to the plasma arc torch; and

providing a post-flow gas to the plasma arc torch.

55. A system for supplying gas to a plasma arc torch,
comprising:

a first flow control valve to control a flow of one of a
plurality of gases provided to a plasma arc torch; and

a first pressure transducer to measure a pressure of a
mixture of the plurality of gases,

wherein the first flow control valve adjusts the flow of the
one of the plurality of gases based on the measured
pressure of the gas mixture.

56. The system of claim 55, wherein the plurality of gases
comprises a first cut gas and a second cut gas, the first cut
gas flowing through the first control valve, and the second
cut gas flowing through a second flow control valve to
control a flow of the second cut gas.

57. The system of claim 55, comprising:

a shield gas flow control valve to control a flow of a shield
gas; and

a second pressure transducer to measure a pressure of the
shield gas,

wherein the shield gas flow control valve adjusts the flow
of the shield gas based on the measured pressure of the
shield gas.



