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. METHOD AND APPARATUS FOR ELECTRIC ARC SPRAYING
EIELD OF THE INVENTION
_ . This invention relates generally to a method and
apparatus for electric arc spraying of atomized melted
‘metal, and, more particularly, to current and wire feed
speed control in an electric arc spray apparatus.
BACKGROUND OF THE INVENTION
Electric arc spraying is a thermal spray process

in which one or more wires of either similar or dissimilar
materials are nelted,_atomized and the molten particles are
propelled onto a prepared surface building up a metallic
coating. The thermal energy required to melt the wire is
- produced by an electric arc developed at the wire ends. A
high velocity gas stream is used to atomize the molten metal
in the arc and propel the fine droplets onto the surface to
be coated. Arc spray equipment nay'be used to apply
different types of coatings, for example corrosion

protection coating, wear resistant coatings or resurfacing'
coatings.
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An electric arc spray apparatus typically includes
five major components: a wire feeder; a high current DC
power source# a process controllér; a source of high
velocity gas; and an electric arc gun. The wire feeder
continuously feeds one or more consumable metal wires at a
uniform rate of speed. The wire is typically driven by a
wire drive unit and then fed through insulated flexible
conduits into wire guides and through electrode tips on an
electric arc gun. The electrode tips generally guide the
wires to an intersecting point where they meet.

Current from the DC power source is provided to
the consumable wi:e at the electrode tips and an arc is
formed where the two wires meet. The controllet causes the
power supply to furnish the correct electrical energy, wire
feed speeds and gas flow.

_ Located directly behind the arc and positioned in
a line with the arc is a nozzle through which an atomizing
gas flows at high Velocity. The atomizing gas is typically
campressed air or an inert gas, such as argon or nitrogen.
The velocity of the atomizing gas as it leaves the nozzle is
typically up to thousands of feet per second and the
velocity may be regulated over a broad range. The atomizing
gas velocity has major affects on the characteristics of the
coating.

The_tdnpcrature'ot the arc ﬁay be up to the tens
of thousands of'dogrees Fahrenheit. Because of these
temperatures the particles'when acceieratéd, impact and bond
to the minute protrusions of a properly cleaned and
roughened substrate, producing a high coating adhesion to
the substrate and strong inner particle cohesive strength.
In addition:td sttong bond strength, other advantages of
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electric arc spraying are low cost and ease of application
relative to flame spraying.

_ Initially the ionized plasna in the arc is created

. as the two wires advance to an intersecting point and touch.
A high density electric current is applied through the
wires, thus creating extreme heat at the wires contact
point, melting the touching portions of the metal wires and
ionizing the surrounding gas. The ionized materials or
plasma ptovides a relatively low resistance path for the
flow of electric current. The high current flowing through
the plasma and the voltage drop across the arc provide the
necessary sustaining power to maintain the ionized state.
The anode wire is heated by electrons which impact thereon
after being released from the cathode wire surface. The
cathode wire surface is heated by the impacting of poiitive
gas ions. _ .

For a particular application a given voltage, air-
velocity and current will be desired. In order to obtain

~ the desired-voltage the user often adjusts power supply -
voltage settings. The user also selects an air velocity.
The current is usually selected by the user selecting a wire
feed speed, because current speed is generally proportional
to wire feed over most operating ranges. To assist in
selecting the approximate wire feed speed, tables are often
provided that give the relationship between wire feed speed
and current for particular materials and operating
conditions. To fine tune the current magnitude the user
adjusts the wire feed speed.

Such prior art controllers generally have open
loop control. Some prior art arc spray apparatus include a
closed loop drive feeder speed control that monitors drive
feeder speed and idjustsithe speed of the drive motor to
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" energy, Thusge such controllers do not compensate for variations in
' '~ operating conditions such as changes in the wire diameter,
melting point of the wire, Variations in the velocity of the air,
~variations in the alignment of the wire, or irregularities in the
- stiffness, cast or helix of the wire. Accordingly, a controller

that compensates for such factors is de51rable and would solve

many of the problems of the prior art.

Generally speaking in electric arc spraying, conditions
may be characterized by the operating voltage and current and gas
flow rate. At certain voltage and current conditions an arc
outage is likely to occur. At other voltage and current
conditions a wire shortage is likely. At still other conditions
'the process can be performed smoothly, i.e., neither an arc
outage nor a wire shortage is likely to oceur. In the arc
spraying process wire shortages and arc outages can lower the
quality of the coating. _ |

A wire shortage occurs when the wires are pushed too
fast and touch, thereby bonding together;‘ '

When the arc is extinguished by the gas flow, i.e. an
arc outage, popping can occur.

_ ' If the arc spray is smooth (neither shortage nor
outages occur) the resulting metal coating is repeatable and of
acceptable quality. Spitting, popping and pulsing performance
mean the resulting coatings may contain imperfections or not be
repeatable, .or both. Thus, it 1is desirable to detect the
presence of both outages and shortages. As an electric arc spray
operator becomes skilled, he develops both visual and audible
perception of the process and develops a sense of when the spray -
plume is correct (running smooth) or not correct (spitting,
popping and pulsing).
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of the spray plume requires training of new operators by

experienced operators and can take years to develop.

- Accordingly, it is desirable that an electric arc spray product
detect and indicate the existence of wire shortages or arc
outages so that an inexperienced operator may adjust the
pa-fameters if necessary, and also 1learn to recognize the
characteristic sounds of these conditions under many varied uses.

To start the arc in an electric arc spray system the
two wires are brought together until the metal to wmetal
conduction of .electrons begins. Since the touching resistance
is low a large current flow through the wires will heat the Wire
ends until melting of the wire by the wattage produced. When
current and voltage conditions are favourable, i.e. in the
operating range where neither arc outages nor wire shortages
occur, a smooth start of the spraying plasma is accomplished.

However, when the starting current and voltage is at

or near wire shorting conditions, explosive starts can result
because wire feed speeds are high. When the cross section of the
melt becomes sufficiently small and its resulting electrical
resistance very high, large amounts of wattage are produced very
rapidly and an explosion occurs that expels the unmelted wire out
of the gun and.onto the surface to be coated.
' Starting an arc at or near arc outage conditions
requires very low wire feed rates (inches per minute, for
example). Low feed rates cause the wires to just slightly touch
and large amounts of heat to be generated instantaneously. The
ends of the wire then burn off and the arc goes out. The whole
process then starts over as the new wire ends again approach each
other and lightly touch.
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Such prthroagh tbathtésw@ogﬂnemakLy ﬂheemagamtude of an arc parameter
such as current, voltage or power is monitored, and the rate the
wires are fed is controlled in response to the magnitude of the
parameter.

' According to another aspect of the invention an arc
sprayer includes a feed motor that drives the wires and a power
source that provides current to the wires. A controller is

~ connected to the power source and the feed motor, and includes
an arc parameter sensor, such as a current, voltage or power
sensor, and a closed loop control circuit. The closed loop
control circuit receives the output of the sensor and controls
the speed of the feed motor in response to the parameter
 .magnitude. ' ._
According to a third aspect of the invention a
controller for an arc sprayer includes a sensor that senses the
magnitude of a parameter of the arc, such as current, voltage or
power, and provides an output indicative of the magnitude. A
setpoiht selector is also provided and has an output indicative
of a setpoint. A comparator compares the magnitude of the
parameter to the setpoint and an error signal generator controls
the wire feed motor in response to the comparlson. .
"Accoxrding to yet another aspect of the invention a
method and apparatus for arc spraying includes feeding the wires
to an arc at a controllable rate and providing power to the arc.
The arc is monitored and the condition of the arc -- whether
there is a shortage or outagé -- ig indicated to the user.
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Another aspect of the invention is a method of arc
spraying by initially feeding the wires to an arc at a |
predetermined rate for a predetermined length of time. The
wires are subsequently then fed to the arc at different
rates after the predeﬁernined length of time has passed.

Other principal features and advantages of the
invention will become apparent to those skilled in the art
upon review of the following drawings, the detailed
description and the appended claims.

BRIEF DESCRIPTION OF THE DRAWING
Figure 1 is a block diagram of an arc sprayer
constructed in accordance with the present invention;
Figure 2 is a circuit diagram of a controller used
to implement several aspects of the present invention;
Figures 3A-3E show waveforms associated with the
embodiment of Figure 2; ' '
-Figure 4 is a circuit diagram of a peak detector
. used to implement one aspect of the present invention; and
Figure 5 is a circuit diagram of a valley detector
- used to implement one aspect of the present invention.
Before explaining at least one embodiment of the
invention in detail it is to be understood that the
invention is not limited in its application to the details
of construction and the arrangement of the components set
forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments or
being practiced or carried out in various ways. Also, it is
to be understood that the phraseology and terminology
employed herein is for the purpose of description and should
not be regarded as limiting. :
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: shown in Figure 1, electric arc sprayer 100 includes a _
closed loop current control. In accordance with this aspect
of the invention, the wire feed speed of the electric arc
sprayer 100 is controlled in response to the magnitude of
the current in the electric arc and the spray wires.

- . As shown in Figure 1, electric arc sprayer 100
includes a wire feeder 102. Wire feeder 102 includes a
motor 103 which drives a pair of wire drive rolls 104.
Motor 103 may be any type of motor, for example a DC
electric motor, an air motor, or an AC motor. Drive rolls

- 104 drive a pair of virés 105 and 106 which are consumed in
the arc spraying process and deposited on the substrate to
be coated. Wires 105 and 106 are driven from a pair of wire
spools 107 and 108. '

Also shown in Figure 1 as part of electric arc
sprayer 100 is a DC power supply 110. The DC power supply
110 provides an arc current through a pait of conductors 111
and 112. Power Supply 110 is typically a selectable
constant voltage DC power supply and may be a single- or
‘three-phase rectified supply, or any other type ot'power
supply. Power is provided from power supply 110 on
~conductors 111 and 112 to wire feeder 102. Conductors
within wire feeder 102 provide the arc current therethrough
to condnctors'disposed within a pair of conduits 114 and
115. The conductors in conduits 114 and 115 are hollow and
the'spray wires'pass through the hollow center. Both the

- current carrying wires and the spray wires 105 and 106 are
provided to a spray gun 116. Within the spray gun 116
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electrical contact is made from the current carrying wires
to the spray wires 105 and 106. In the preferred
embodiment, contact is made within the spray gun 116 because
arc spray wires 105 and 106 have a much higher resistance
than conduits 114 and 115. Spray gun 116 is typically
activated by pulling a trigger, although activation may be
accomplished by other means. At the tip of spray gun 116 an
electric arc 117 is formed.

A source of high velocity gas 120 is also shown in

. Figure 1, and the gas therefrom is provided to spray gqun-
116. The high vclocity gas is directed through spray gun
116 to arc 117, thereby creating a plasma plume 118. Gas
~source 120 may provide air, argon, nitrogen or any other
gas, and often provides the gas at a controlled velocity.
| As described in the Background of the Invention,
an electric achSptaYer works by providing electric current
as the spray wires 105 and 106 are being.fed. The plasma
plume causes the tips bf'spray wires 105 and 106 to melt and
the high velocity gas from gas source 120 atomizes the
molten metal and sprays it on the surface of a substrate to
be treated.

A controller 122 provides closed loop current
control. Controller 122 receives a signal from a current
sensor 123 indicative of the magnitude of the arc current.
The current sensor 123 is disposed in the arc current path
and thus measures the actual arc current. The current '

. sensor 123 can be a shunt, a Hall effect pick~up, a current
transformer, or any other current measuring device. In
alternative embodiments the closed loop control is based on
other parameters of the arc, such as voltage or power.

The current signal is provided to a current
amplifier 125 within controller 122.. Current amplifier 125
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amplifier 125 is provided to a comparator 126 which also
receives an input from an operator selected current setpoint
127 output. Comparator 126 compares the magnitude of the
-actual current (from current amplifier 125) and the current
setpoint (from current setpoint selector 127) and provides
an output of logic 1 or logic 0, depending upon which input
is greater. The logic signal is provided to an integrator.
129, which time integrates the dynamic string of logic "1's®
and logic "0's.” Integrator 129 functions to increase its
output when the actual current is less than the current
setpoint, and it decreases its output when the actual

 current is greater than the current setpoint. The output of
integretor 129 is provided as an output of controller 122.

The output of controller 122 is provided to a.
motor controller 130.. Motor controller 130 receives the
integrated output signal from controller 122 and provides,
in response, power to motor 103. The speed of motor 103 is
responsive to the amount of power (magnitude of the signal)
provided by motor controller 130. Thus, the speed is also
responsive to the integrsted output of controller 122.

As the wire feed speed increases, the current
megnitude increases and as the wire feed speed decreases,
the current nagnitude decreases. Changes in the current

. magnitude are sensed by current sensor 123 and amplified by'
the current amplifier 125. The changing logic states of the
comparator 126 is then time integrated to develop the ever
changing output of integrator 129. The output of integrator.
129 is the output of the controller 122. The controller 122

()
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wires 105 and 106 Thus, this embodiment of the present

invention provides closed loop control wherein the wire feed
speed is adjusted in résponse to the actual arc current in such
a manner that arc current is maintained at the desired average
value.

_AcCordingly, the present'invention'allows the user to
directly select the arc current. There is no need to revert to
tables showing an approximate arc current-wire speed
relationship. Nor is there a need to "fine tune" the current
level by adjusting a wire feed speéd. Moreover, variations in
the physical properties of the wire will be automatically
compensated for by controller 122. For example, if the wire
diameter decreases, therefor reducing the current, controller 122
will detect the change in current and adjust the wire feed speed
until the current increases to the desired level. Controller 122
will be described below, but as one skilled in the art will
recognize there are a myriad of ways to implement controiler 122.

Referring now to Figure 2, a circuit diagram of part
of controller 122 is shown. In the preferred embodiment, current
amplifier 125 includes a pair of input lines 204 and 205, a
plurality of résistors Rl1, R2, R3, R4 and RS, a plurality of
capacitors Cl1, C2, C4 and C5, and a pair of op amps Al and A2.

Current amplifier 125 receives the current sensor
signal on input lines 204 and 205. In one embodiment, a '
shunt signal is derived across a 50mV shunt. The 50mV drop
corresponds to a currént of approximately 200 amps . Input
‘line 204 is connected to the more positive end of shunt 123
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and is provided through 1,000 ohm resistor Rl to the
noninverting input of op amp Al and the 100K ohm resistor R3
to ground. For smoothing noise the 0.1 microfarad capacitor
€1 is placed across 100K ohm resistor R3.

Input line 205 is connected to the more negative
end of shunt 123 and the signal is applied to the inverting
input of op amp Al through 1000 ohm resistor R2. Again, for
smoothing noise, 0.1 microfarad capacitor C2 is disposed
between the inverting input of op amp Al and ground. The
100K ohm feedback resistor R4 is provided from the inverting '
input of op amp Al to its output to develop a gain of
approximately 100. For damping, 0.001 microfarad feedback
‘capacitor C4 is also provided across the inverting input of
op amp Al and the output of op amp Al.

- _ . . 'The resistance and capacitances of the components
associated with op amp Al were selected to provide
sufficient damping to prevant very short perturbations in
the arc current from affecting the control process. On the
other hand, the time constant is selected'short enough to
effectively control the arc'sprpy process. In this
embodiment, time constants of-about 0.1 milliseconds were
selected. _ | '
' The output of op amp Al is thus an amplified and .
slightly smoothed version of the arc current. The amplified
signal is provided through 5000 ohm resistor R5 to op amp
A2, which acts as a current buffer. One microfarad
capacitor'cs is connected between the noninverting input of-
buffer A2, and ground. Amplifier A2 could alternatively be
designed using different components, for example discrete .
devices rather than op amps, or digital rather than analog
devices. The output of buffer A2 is provided as the output
of current amplifier 125 to comparator 126.
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Accordi ng to anot her aspect of the invention an arc sprayer : i
notor that drives the wires and a power source that provides current to t he

W res. A controller is connected to the power source and the feed notor,
and includes an arc parareter -sensor, sucg4as a current, voltage or power
sensor, and a closed |oop control circuit: The cl osed | oop control

circuit receives the odbhl gbokN;8°018b 2a¢ei%dd U input from an

operator set, current setpoint adjustment 127. As shown in
Figure 2, current selector setpoint 127 includes a +12V
voltage source, a resistor R8, a resistor R10 and a
potentiometef P2. The output of current setpoint selector
127 is determined by the voltage divider of the resistance
conbinatiqn of a 3.3K ohm resistor R8, 150 ohm resistor R10
and the resistance of user adjustable potentiometer P2 (from
0 to 1,000 ohms). In accordance with the preferred .

- embodiment, the maximum selectable current is 124 amps;
which corresponds to a voltage of 3.1V. The ratio of the.
6utput of the current setpoint selector 127 and the actual
current is 25nV per amp. In alternative embodiments other
voltages could be used, as vell as other means to generate
the setpoint voltage, for example, digital components. .

As stated above, the output of current setpoint /
selector 127 is p:ovided_to comparator 126. Comparator 126
includes an op amp A3 which receives at its inverting inpug |
the output of current setpoint selector 127. The
noninverting input of op amp A3 receives, through a 1K ohm
resistor R11, the output of current amplifier 125. A 220K
ohm feedback resistor R12 is provided between the
noninverting input and the output of op amp A3. Resistor
'R12 pravides-a hysteresis in the output of op amp A3 to
prevent oscillation about a particular current. Thus, 'the
output of comparator 126 changes state to a logic 1 when the
actual current increases above the current setpoint plus the-
hysteresis induced by resistor R12. Conversely, the_output
of comparator 126 changes to a logic 0 when the actual
current decreases below the current setpoint minus the
hysteresis induced by resistor R12. As is known in the art,
there are many other ways to implement comparator 126,



the speed of the feed notor in responseto-the—parameter magni t ude.

According to a third aspect of the RS éeiﬁa{lB%en% Legl ler for an arc
ssprayer includes a sensor that senses !ll[ﬁ of- a

arc, such as current, voltage or povve s an o t%?ﬁ'ﬁ"'d’iﬁaw

of the magnitude. A setpoint sélector ded anfl_has’ Qﬁ?kﬁﬁiﬁn

I ndi cative of a setpoint. A conparator conpares t he 'magni Ude of the
paranmeter to the setpoint.'and an error signal generator controls the wire
feed notor in response to the conpari son. Accordi ng to yet another

aspect of the invention a nethod and apparatus for arc spraying.includes
feeding the wires to an arc at a controljgble rate and providing power to

the-arc. The arc is thitored and_the condition of the arc -- whether there
is a short aggeRid D APing dfgitall CébRfohéntscorséther analog
components.

The output of oomparator 126 is provided to
integrator 129 whioh charges or discharges a 1.0 microfarad.
capacitor C17, doponding upon the state of comparator 126.
Integrator 129 also includes an inverting NAND gate AG, a
plurality of resistors R13, R14, R15, Rl16 aad R1S. a pair of
analog switches SW1 and SW2, a pair of variable resistors P3
and P4 and a buffer AS5. The voltage from the charge
accumulated on capacitor Cl17 is provided as an output
through buffer A5 and current limiting resistor R19. 1In the
preferred embodiment current limiting resistor R19 has a
resistance of 2K ohms. As will be explained in greater
detail below, the greater the output of integrator 129 (the
charge on capacitor C17), the greater the RPM of wire feed
motor 103 of Figure 1.

Capacitor Ci7 is selectively charged and .
discharged by selectively turning on one of switches SW1.or
SW2. When the actual current is greater than the ootpoint_.
plus the hysteresis, the output of comparator 126 is a.
logical 1 and switch SW1 is turned ON through 5.6K ohm -
resistor R14. When switch SW1l is turned ON, a current path
exists from capacitor Ci7 through switch swl, 56K ohm
resistor R15, and 1M ohm variable resistor P3. Thus, '
capacitor c17 discharges, lowering the voltage thereon, and
decreasing the output of controller 122 and the speed of
motor 103. As the speed of motor 103 decreases, the actual:
current magnitude will also decrease. Switch SW1 will
remain on and the wire feed speed and arc current magnitude
_continue to decrease until the actual current becomes less
than the setpoint minus the hysteresis.

Y



- 8- Anot her aspect of the inventionis-a-mwethod of arc spr ay| ng
by initially feeding the wires to an arc at a rﬁdeéernlned rate for a

predetern1ned | ength of tine. The Vb ently then fed to the
arc at different rates after the pre

gth of
QO her principal features and advanta ention Wi THISIREEETEHAS BEEN
apparent 'to those skilled in the art upon reV|em/of the f IlomﬁﬂngkGWmngs
the detail ed description and the appended cl ai ns. ' =
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When the actual current decreases to less than the
setpoint minus the hysteresis, the output of comparator 126
changes to a logic 0. This turns off switch SWi. Also,
switch SW2 is turned on because the logic 0 is inverted by
NAND gate A4 and provided through 5.6K ohm resistor R13 to
the gate of switch SW2. When switch SW2 is ON, capacitor -
C17 charges through 56K ohm resistor R16 and 1M ohm variable
resistor P4. Accordingly, when the actual current is less -
than the current setpoint minus the hysteresis, capacitor_
C17 charges, increasing the voltage thereon and increasing
the speed of motor 103. As the speed of motor 103 )
increases, the actual current will also increase. -
Integrator 129 was described above with respect to the
preferred embodinent, but other circuitry, including other
analog and digital components may be used to implement this
control scheme, as well as other control schemes that also
control wire feed speed in response to current magnitude.
Thus, as may bé seen, a closed loop current .
control is disclosed. The closed loop control monitors the -
actual current magnitude and adjusts'wire feed speed in
response to the error between the desired and actual
current. This control will adjust wire speed both in
response to the user changing the desired current and in
response to changes in operating conditions in order to
attain the selected current magnitude.
Referring now to Figures 3A-3E, waveforms showing~
the signals present at various stages of controller 122 are .
shown. Fiqurr 3A is representative of a typical actual arc
- current signal as measured by shunt 123. The signal is
relatively noisy and includes short term perturbations which
are smoothed by the present control scheme. The actual
signal may be much noisier than that shown.



BRI EF DESCRI PTI ON OF THE DRAW NG - Figure t—+s—-a bl ock di agram of

an arc sprayer constructed in accordmghygtg;;geghﬁ;l&éent i nventi on;

Figure 2 is a circuit diagramof a con o i npl enent sever al
aspects of the present invention 3A—3E show_wavef or s

associated with the enbodi nent of Figu Fi gur eff 48 o e
di agram of a peak detector used to |nplenent one aspect offfthe .8
i nvention; and - Figure 5 is a circuit diagram of | __=_§H.o* 2

used to |nplenent one aspect of the present invention.

expl aining at | east one enbodi nrent of the invention in detail it.is to be
understood that the invention is not I|n1h§d inits application to the
detai'l s of construction and the arrangene “of the conponents set forth in

the foll ow ng descri pt | 2 fonis:
capabl e of otgher enbgdraegegéfgr lagcsafsnhg pr% ce ég{@\gafprl c}-&rﬁl i A various
ways. Al so, Thej outpubecofhamplisde &9 el actualhargy

current of Figure 3A but is smoothed and anplified. Also
shown on Figure 3B is the current setpoint. '

Figure 3C shows the ocutput of comparator 126 for
the setpoint and amplified actual current of Figure 3B. As
noted above, the output of comparator 126 produces a logic 1
when the actual current is greater than the setpoint. The
output of comparator 126 is a logic 0O whnn the actual
current is less than the satpoint.

Figure 3D shows the output of integrator 129 for
the output of comparator 126 shown in Figure 3C. As may be
seen, when the actual current is greater than the setpoint
current, the output of the integrator decreases. Also, when
the actual current is less than the setpoint, the output of .
integrator 129 increases.

Figure 3E shows a typical wire speed subject to ,
the control of the present invention. As may be seen, the
control varies over a length of time ranging from 0.3
seconds to 1.0 second, depending upon the condition of wirg

" being fed and the type of wire being fed.

According to another aspect of the present
invention, the controller includes circuitry to detect an
arc outage or wire shortage. In the event the controller
detects the presence of either of these two conditions, an
indication as to the condition present is made to the user
by illuminating an LED on the operating panel.

Réferring back to Figure 1 controller 122 includes
components for detecting the presence of wire shortages or
arc 6utages.' Specifically, a peak detector 132 and a valley
detector 134 each receive as an input the output of
amplifier 125, the smoothed and amplified arc current



enpl oyed herein is for the purpose of description and should not be
regarded as |imting. This SheetHasBeenReilaced

PETAI LED DESCRI PTI ON OF THE PREFERRED The present |
|nvent]pn relates.to electric arc

’ T ewovamtemuny
THIS SHEET HAS BEEN
REPLACED

~signal. Peak detector'lsz dete¢ts the presence of wire
_shorts by monitoring the actual current magnitude for peaks.
The presence of a peak indicates the wires have shorted. ,

-When a peak is detected an LED on the panel is illuminated,.
thereby hoti:ying the user that a wire shortage exists. 1In-
a similar manner valley detector 132 detects the presence of
an arc outage by monitoring the actual current magnitude for
valleys. The presence of a valley indicates the arc has
been extinguished. When a valley is detected an LED on the
panel is illuninated, therehy notifying the user that an arc
outage exists.

Rnfarring now to Figure 4, a circuit diagram of

- peak detector 132 is shown. Peak detector 132 includes a
plurality of resistors R20, R21, R22, R23, R24, R25, R26,

- and R27, a pair of op amps A9 and A10, a diode D1, a
capacitor €20, and an LED D2. Generally speaking, op amps
A9 and A10 are configured to be comparators. When the
actual current rises to a peak, op amp A9 outputs a logic 0.
This causes op amp A10 to also output a logic zero, turning
on LED D2. ' _

In particular, 10K ohm resistor R20 and 33K ohm
resistor R21 form a voltage divider to divide a +12V .

- reference source to a reference voltage of approximately
9.2V. Op amp A9 receives the 9.2V reference signal through
20K ohm input resistor R22 on its noninverting input. Op
amp A9 also receives the actual current signal on its
inverting input. Op amp A9 detects a peak, and provides an
output of logic 0, when the actual current signal is greater
than the reference signal. As scaled, the 9.2 volt

' reference signal corresponds to an arc current of 198 amps.

" The 56K ohm feedback resistor R23 provides hysteresis so



sprayi ng and i ncludes a nmethod and apparatus for erectric arc spraying.
According to one aspect of the invennmﬂmanﬂhﬂ%ﬂl lakjgure 1, electric arc

. sprayer 100 includes a cl osed Ioop_cu In accordance with this
aspect of the invention, the wire fee &!w el ectric arc sprayer
100 is controlled in response to-the magni he Cureenat-—in_the :
electric arc and the spray wires. As shown in H
arc sprayer 100 includes a wire feeder 102. Wre feeder
notor 103 which drives a pair of wire drive rolls 104. R
type of notor, for exanple a DC electri'c notor, an air nDtor or an AC

motor. Drive rolls 104 drive a pair - of mﬁres 105 and 106 mhlch are consuned
in the arc sprayi ng process and dep05|te& on the substrate to be coated.

Wres 105 aRfiafOfnd’ Buipuecnd ognagpgger et PP Iogl FUedfP ehe

Al so shown in ure r|c arc sprayer IS a
supply 110. 3¥ﬁe°B€r56ﬁeﬂﬂﬁﬂmH§PSl |4%%w§NR§¢eﬂu t hrough a pair

of conductors 111 andwhéa M@mpl@g by)m tmg)lj_(‘g’:ﬂ]_dgih soe} esdpdettor
C20 is charged very rapidly via diode D1 and 610 ohm.
resistor st, 1owering the voltage at the noninverting input
of op amp Al10. When the voltage applied to the noninverting
input decreases past 9.2 volts, the output of op amp Al0 -
goes to near zero volts. This turns on LED D2 through 2K
' ohm resistor R27, indicating a wire shortage exists.
However, the time span of wire shortages is often
so short that it would be difficult for a user to see LED D2
being illuminated, therefore capacitor €20 has a slower
discharge rate than charge rate. When the arc is.
reestablished and the arc current decreases below 139 amps,
output of op amp AS returns to "1" and capacitor C20 begins
 discharging. The discharge path includes only 200K ohm
variable resistor R25 because diode D1 blocks resistor R26.
Thus, the LED will remain on for an additional 0.1 seconds.
This on time is generally long enough for the human eye to
see the LED on. ' ' | |
Valley detector 134 operates in a similar manner,
except the logic is reversed because valleys are being '
detected. Referring now to Figure S, valley detector 132
includes a plurality of resistors R28, R29, R30, R31, R33,
R34 and 236; a pair of op amps All and Al2, a diode D3, a
capacitor €21, and an LED D4. Op amps All and Al2 are
configured to be comparators. When the actual current:
decreases to a valley, op amp All outputs a logic 1. This
causes op amp Al2 to also output a logic 1, turning on LED
Da. | . ‘
In particular, 1.2K ohm resistor R29 and 22K ohm
resistor R28 form a voltage divider to divide a +12V




constant voltage DC power supply and may be a si ngle-—or three-phase
rectified supply, or any other type ofhis eplacePower i s provided from .
power supply 110 on conductors 111 and eeder 102 Conductors
within wire feeder 102 provide the arc t hrough to conductors
.di sposed within a pai'r of conduits 114 an condugi=e: - 0
114 and 115 are hollow and the spray wires pass t hrough t _
Both the current carrying wires and the spray wires 105 afJd 106RBPEACED
provided to a spray gun 116. Wthin the.spray gun 116

20~

reference source to a reference voltage of dpproxinately '
0.6V. Op amp All receives the 0.6V reference signal through
33K ohm input resistor R30 on its noninverting input. op
amp All also receives the actual current signal on its.
inverting input. -Op amp All detects a valley, and provides
an output of logic 1, when the actual current signal is less -
than the reference signal. As scaled, the 0.6 volt
reference signal corresponds to an arc current of 11 amps.
240K ohm feedback resistor R31 provides hysteresis so that
the output of op amp All returns to a logic 0 when the arc
current increases to more than 39 amps.

When the output of op amp All is logic 1,
capacitor C21 is charged very rapidly via diode D3 and

- resistor R33,_12K—6hn, increasing the voltage at the
noninverting input of op amp Al2. When the voltage
increases past 0.6 volts, which is applied to the inverting
input, the output of op amp Al2 goes to a3 logic 1.. This
turns on LED D4 through 2K ohm resistor R36, indicating an
arc outage exists. As with respect to the peak detector,

 the on time of LED D4 is stretched by using 200K ohm.
resistor R34 in the discharge path of capacitor C21.

Thus, peak detector 132 and valley detector 134
detect the presence of wire shorts and arc outages,
respectively. Moreover, they provide for indicators to be
1lit so that the user may adjust the operiting parameters
and/or learn the characteristic sound of such conditions.
Of course, the outage and shortage detection could be
performed using other circuitry, including analog and
digital devices. -

 Another feature of the present inwunticn relates.
to the start conditions of arc spraying. More specifically,
at times it may be desirable to operate at or near voltage
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el ectrical contact is made .fromthe current carrying wires to the

spray wires 105 and 106. In the prefemmedm&mhndk lace¢ ont act i s made
w thin the spray gun 116 because arc sp and 106 have a nuch

. higher resistance than conduits. 114 and n 116 i.s typically
acti vat ed by pulling a trigger,"althoug ac |va |on may b |
ot her At the tip'of spray gun 116 an electric arc s.é S BEEN
A source of hi gh velocity gas 120 is also shown in Figure R Q

therefromis provided to spray gun 116. The high velocity gas.is di rect ed
- through spray gun 116 to arc 117, thereby creating a plasma plune 118. Gas

source 120 may provide air, argon, nitrogen or any other gas; and often
provi des the gas at a control | ed velocrty21 '

-and currents that are likely to cause wire shortages and arc

outages. While ongoing operation in these regions . is
possible, it is difficult to start the arc spraying process

- under such conditions. A soft start circuit 136 that forces

the initial arc current to be at a more easily starting
value is shown in block form on Figure 1. |

| Soft start circuit 136 is connected, along with
integrator 129, to the output of controller 122 that
determines the wire feed motor speed. When the user begins
the arc spraying process by initially squeezing a trigger on
gun 116, soft start circuit 136 temporarily clamps the
output of controller 122 and the wire feed motor speed, at a
level where operation and start up is easier. After an
initialization period the clamp is released and integrator
129 controls the current and wire feed speed levels.

Referring now to Figure 2, soft arc circuit 136 is
shown schematically and includes a plurality of resistors
R40, R41l, R42, R43 and R44, a pair of NAND gates AlS and
A16, a capacitor C40 and a pair of switches SW3 and SW4.

The input of NAND gate Al5 is connected to the
trigger of gun 116. When the trigger is not being pulled,
i.e. the machine is on but not being used, the input to NAND
gate Al1S is a logic 1. Under this condition the output of
NAND gate Al5 is a logic 0, which is applied to the input of
NAND gate Ai€. Thus, the output NAND gate Al6 is a logic 1.
The logic 1 is applied to the gates of switches SW3 and SW4
through 2K ohm resistors R42 and R44, turning on switches
SW3 and SW4. This causes the voltage divider comprised of a
+12V voltage source, 10K ohm resistor R43 and variable
resistor (0-10K ohm) R4l to be connected across capacitor
C17 (of integrator 129), thereby clamping the voltage on
capacitor C17 and the output of controller 122 at the



As described in the Background of thetmvention, an electric arc sprayer

wor ks by providing electric current1§§shggﬁﬁ e@€s 105 and 106 are

- being fed. The plasma plune causes th y wires 105 and 106 to
melt and the high velocity gas fronlgle atonlze;

-metal and sprays it on the surface of o] be trg

A control |l er 122 provides closed | oop current control - Con
receives a signal froma current sensor 123 indicative of
the arc current. The current sensor 123 is disposed in the arc current path
and thus neasures the actual arc current The current sensor 123 can be a
shunt, a Hall effect pick-up, a current transfornmer, or any other current
measuring device. In alternative enbodi M%< the closed | oop control is

based on ot he araneters of the arc, such .as voltage or, power. '
The current Vgﬁ- EEF HS' gpﬂ'l devels o The vait ‘&Fplqu‘aﬂe Reipsted kol | er
122. Currenprowhdef acvoltage corresponding to a current in the middle

of the operating range, and not near arc outage or wire
- shortage regions.

When.tha pperatbr pulls the trigger of gun 116,
the input to NAND gate AlS goes low, causing the output to
go high. The input to NAND gate Al6 will remain low until
4.7 microfarad capacitor C40 is charged through 22K ohm
resistor R40. In this embodiment that takes apﬁroxinately
0.1 seconds, although in other embodiments it may be

-different. During this delay the wire feeder advances the
wire to the'arc at the rate set by the voltage divider.

_ After the delay the output of NAND gate AlS goes
low, turnxng off switches SW3 and SW4. This allows the
integrator to control the speed of the wire feed motor in
-accordance with the closed loop control described above.
Thus, an initializihg circuit is provided that allows for
‘easy starting of the arc spray process, regardless of the
settings the user selected. Of course, the soft start could
be performed using other circuitry, including other analog
and digital devices.

Thus, it should be apparent that there has been
providgd in accordance with the present invention an arc
spray method and apparatus that fully satisfies the

.- objectives and advantages set forth above. Although the
invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives,
modifications and variations will be apparent to those
skilled in the art. Accordingly, it is intended to embrace
all such alternatives, modifications and variations that

 fall within the spirit and broad scope of the appended
claims

r O| | eR:EQRCED
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amm SHEET HAS BREN
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-11- outputs a signal which has a nagnltude”responsrve to the actual arc
current. As will be described in gréhséhmdﬁnaah YV, current anplifier
125 al so danpens or filters the n0|s t signal . The output of
current anplifier 125 is provided to 26 whi ch_alsa receives
an input froman operator selected curren 127 ouTFfﬁ."S @WﬁﬂQ@EEN]}
126 conpares the magnitude. of the REPLACED

. Hllllll LU Ill!

CLAIMS
The enbodinents of the invention in which an

exclusive property or privilege is claimed are defined as
follows:

1. A method of arc spraying a pair of wires

comprising:

feeding the wires to an arc at a controllable
rate;

providing electrical current to the arc
through the wires;

monitoring a parameter of the arc; and

controlling the rate of wire feedinq in
response to the parameter.

2. The method of olain 1 wherein the step of
monitoring includes the step of monitoring the magnitude of
the current delivered to the arc.

_ 3. The method of claim 1 wherein the step of
monitoring includes the step of monitoring the magnitude of
the voltage of the arc.

4. The method of claim 1 wherein the step of
monitoring includes the step of monitoring the magnitude of
the power delivered to the arc.

S. The nethod of claim 2 wherein the step of
nonitoring includes the step of providing a signal
indicative of the magnitude of the arc current, and the step
of controlling includes the steps of selecting a current
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sotual current (from current sl ity ph@ ﬂ ﬁiﬁ@iﬁ%@f ot erlflllfllﬂﬂﬂlﬂlhﬂlmll

0, depending upon which input is gre c signal 1s prbV|Hedstd
an integrator. 129, which tine integ mc stri "1's
and logic "0's." Integrator 129 functions to increase jts
actual current js less than the current setpoint, and it
out put when theactual current is greater than the current
output of integrator 129 is provided as an output of controller 122
The out put of controller 122 is provided to a. notor.controller -130. Motor
controller 130 receives the integrated output signal fromcontroller 122
and -provi des, in response, power to notor2%93. The speed of motor 103 is
responsi ve to the,apount, of (magni t.ude _of, the naI rOV|ded b
motor cont r oPREPOADE a?ﬁu§°“gﬂ€ DgLhe signad é@é&ﬁi& |ntegrgted
out put of comagnitadeldz. the arc cufrenite td rthef mtmﬁ:a(#etpnm.es, t he
current magnitude increases and as the wire feed speed decreases, the-

current nagnltude decreases. Changes in the current
6. The method of claim 5 wherein the stap of

controlling further comprises the step of providing a signal
responsive to the conparison, and wherein the speed -of the
feed motor is controlled in response to the signal.

i C

7. The method of claim 6 wherein the step of
controlling'furthor comprises the stopoot detecting the
presence or absence of the arc and pfoviding an oﬁtput
indicative of the presence or absence of the arc.

8. The method of claim 6 wherein the step of
controlling further comprises the step of detecting the
presence or absence of a wire shortage and providing an
output indioative'of the presence or absence of a wire
shortage. '

9. An arc sprayer for electric arc spraying a
pair of wires comprising:
a wire feeder including a feed motor operable -
to drive the wires; :
a power source operable to provide cu:rent to
the wires, and
a controller, operatively conneoted to the
power source and the feed motor;
wherein the controller includes a sensor
, disposed'to sense a parameter of the arc and a closed
loop control circuit, further wherein the closed loop
control circuit is operatively connected to the sensor
and the feed motor, and further wherein the speed of



magni t ude are sensed by current sensor 123 and anpllfled by the current

anplifier 125. The changing | ogic states %%r 126 is . then tine
i'ntegrated to devel op the ever changing o H rator The
output of integrator. 129 is the out put o q}mngpETHASBEEN;F

controller 122 - 12- ut p“tRE’P'iACED
applied to the notor controller 130, which determnes the s t—nf-the-—- S

drive not or 103 and t he speed of the arc spray wires 105 and 106 Thus,

3 e e o the o oen LI
WL

the feed motor is responsive to the closed loop control
circuit. )

10. The arc sprayer of clain 9 wherein the sensor
is a current sensor.

11. The arc sprayer of clain 9 wherein tho sensor
is a voltage sensor.

.12. The arc sprayer of claim 9 wherein the sensor
is a power sensor.

13. The arc sprayer of claim 10 wherein the
current sensor is capable of providing an output indicative
of the arc current, and the contrcller further comprises a
current setpoint selector and a comparator, the comparator
having as inputs the output indicative of the arc current
and the current setpoint.

14. The arc sprayer of claim 13 wherein the
controller further comprises a circuit having a signal
output responsive to an output of the comparator, wherein
the speed of the feed motor is responsive to the signal
output.

, 15. The arc sprayer of claim 10 wherein the
controller further comprises an arc outage detection circuit
operatively connected to the current sensor, and having an
output indicative of the presence or absence of the arc.

16. The arc sprayer of claim 10 wherein the
controller further comprises a wire shortage detection



I nvention provides closed | oop control wherern the wire feed speed is

adj usted in response to t he actual arc TaidlSh®ifias BRenReslke@d MaNNer that arc
current is maintained at the desired ave m (HL’E cordingly,
the present invention allows the user to ct th ?H%QME £ i
There is no need to revert to tables ; é HASBEEN '

prOX|
current-wire - speed relationship._hbr |s there a need to "f%
current |level by adjusting a wire feed speed. Mreover, variations in the
physi cal properties of the wire will be automatically conpensated for
controller 122. For exanple, if the wire dianeter decrease

reduci ng the current, controller 122 will detect the changefmlmmlugmn"uujl“‘
adjust the wire feed speed until the curreRé=i ncreases to thd désited"

| evel . Controller 122 will be described below, but as one skilled in the
art will recoifoulit eperatively,eonnectedate the aurrant: SeBRerel ABA 122
Referrlng'“Whif&ﬁﬁgﬂﬁQm@&%&tciﬁ&ﬂéitﬂvagéﬂﬂtﬁ& pPrebefiteCop! aBkbfiteld2 aS
shown. In the preferre odi nent, current anplifier 125 includes a pair

of input lin %EM;EREFﬁﬂst a plurality of resistors Rl, R2, R3, R4 and R5,
a plurality of

17. The arc sprayer of claim 10 further
comprising a source of gas disposed to direct gas to the
arc. '

18. A controller for an arc sprayer wherein the
arc sprayer includes a wire feed motor and a power
source, the controller comprising:

an arc parameter sensor disposed to sense a
parameter of the arc, the'sensor capable of providing
an output indicative of the parameter,

' .a setpoint selector having an output
indicative of a setpoint;

a comparator having as inputs the outputs
indicative of the paramster'and the setpoint, whereby
the comparator has as an output a signal indicative of
the relative magnitude of the inputs, and |

a signal generator disposed to receive the
output of the comparator as an ihput and provide an
ocutput to the feed motor.

19. The controller of claim 1 wherein the
parameter sensor is a current senso:.

.20. The controller of claim 1 wherein the
parameter sensor is a voltage sensor.

21. The controller of claim 1 wherein the
parameter sensor is a power sensor. -



capacitors Cl, 2.

Lnput lines 204

and 205. I n one

Cur r ent anpllfler
The 50nV drop co

Hand %gﬂ a pa, and A2. _
Iﬂ ﬂirﬁﬁ shﬁnfugl M, ﬁﬂﬁi’\"ﬂacr dF s BAEM SRYHEEN

current of apprOX|nater 20 anpsnéﬁmnegn

line 204 is connected to the nore positive end of shunt 12
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' 22. The controller of claim 19 wherein the signal
generator includes an integrating circuit.

23. The controller of claim 19 further comprising an
arc outage detection circuit operatively connected to the current
sensor, and having an output indicative of the presence or

~ absence of the arc.

24, The controller of claim 21 wherein the arc outage
detection circuit includes a valley detector.

25. The controller of claim 19 fﬁrther comprising a
wire shortage detection circuit operatively connected to the
current sensor, and having an output indicative of the presence
or absence of a wire shortage.

26. The controller éf claim 25 wherein the wire

“shortage detection circuit includes a peak detector.

- 27. An arc sprayer for arc spraying a pair of wires
comprising: _ |
a wire feeder, including a motor for feeding the
wires to an arc at a controllable rate;
a power source for providing electrical current
to the arc through the wires;
a sensor disposed to sense an arc parameter;
and
means for controlling the rate of feeding over a
range of ‘nonzero speeds in response to the sensed
parameter. '



op amp A awstenaie sasweaa osi <t of| ININARMIITIEor o6 hingomoieecre=

0.1 microfar is placed &cross*®100K ohm resi sf| opHIRGHEET HAS BEEN |
| nput |ine d to the nore negative end of shulit 12REMAGER -
pl'red to

signal is ap Tnverting inpugg-of op anmp Al throu g0 omm
resistor R2. Again, for snoothing noise, 0.1 mcrofarad capacitor C2 is

di sposed between the inverting input of op anp Al and ground. The | 00K ohm
f eedback resistor R4 is2gr.oviTied spravyerheofi mierim )7 iwipetreii ope agpnadbrt o
its outpgg %chg%g QP s@ndain of approximately 100. For danping, 0.001

m crof ara eedback capacitor C4 is also provided across the inverting

i nput of op anp Al and the output of op anp Al. The resistance
and capacitances of the2gQnpanent a@sSoshPapshW b ORIk Al2ger eusehest ed
to provide suffi;cient danping to prevent very short perturbations in the
arc curr ERPPELEPHFf ecting the control process. On the other hand, the tine
constant is sel ected sheeansyougbnthected to the current sensor, for

providing a signal indicative of a magnitude of the arc current;

means for selecting a current setpoint; and

means for providing a signal output indicative of
the magnitude of the arc current relative to the current
setpoint. '

30. The arc sprayer .of «c¢laim 29 further
comprising: '
means for providing a signal responsive to thé
signal indicative of the magnitude; and
' . means for controlling the rate of feeding over a
range of nonzero speeds in_responsé to the signal output.

31. The arc sprayer of «c¢laim 30 further
cdmprising: ' _

means for_detecting a presence or absence of the
arc; and | '

providing an output indicative of the presence or
absence of the arc. '

32. The arc sprayer of claim 30 comprising'means
for detecting a presence or ébsence of a wire shortage and
providing an output indicative of the presence or absence of a
wire shortage. |



effectively control the arc spray preeess—-ta-thi-s enbodi ment, tine

constants of about 0.1 mlliseconds w%%% gh%%} ﬁ? The out put of

op anp Al is thus an anplified and sI| *er si on]] (e
00 ohm r 21‘%' BRT HAS BEEN
farad ca ERIAGED

current. The anplified signal is provi

op anp A2, which acts as a current buf
connected between the noninverting input of buffer A2, and_grgugg_ﬁ__r_-_“_h‘_
Amplifier A2 could alternatively be designed using different conponents,

for exanple discrete devices rather than op anps, or digitaJﬂu umﬂ

anal og devices. The output. of buffer A2 is provr ded as the ﬂ H"'"Wﬂ””"’
current anmplifier 125 to conparator 126. A .

33. A method of arc spraying a pair of wires
comprising: '

. providing electrical power to the arc through
the wires;
' -detectinq the presence or abcence'ot the arc;
and :
providing an output indicative of the
presence or absence of the arc.

34. The method of claim 33 including the step of
monitoring the magnitude of the arc current.

35. A method of arc spraying a pair of wires

conprising. ' '

feeding the wires to an arc at a controllable
rate; .

providing,electrical current to the arc
through the wires;

monitoring the nagnitude of the current
delivered to the arc;

detecting the presence or absence of a wire
shortage; and | _

providing an output indicative of the
presence or absence of the shortage.

'36. The method of claim 35 including the step of
monitoring the magnitude of the arc current.

37. An arc sprayer for electric arc spraying a
pair of wires comprising'
a wire feeder including a feed motor operable
to drive the wires;



N . e : \_—‘ .
- 14- - Conparator 126 al so receiygsgan input froman operator set,

an
current setpoint adjustnent 127. As shown | ¢ ep Repdaged ent  sel ect or
setpoint 127 includes a +12V voltage sourc i {&m a resistor R10
and a potentioneter P2 The output of curr | ector 127 is
determ ned by the voltage divider of the resistance conbi nati|prt [ _
ohmresistor R8, 150 ohmresistor RLO and the resistance of Tﬁ%ﬁ§EEN
potentiometer P2 (fromO to 1,000 ohns). In accordance with t'ae_pr D_

embodi ment, the maxi num sel ectable current is 124 anps, which corresponas

to a voltage of 3.1V. The ratio of the. 5
- 20— | O e

- a power.source operable to provide'current to
the wires; and ' .

a controller, operatively connected to the
power source and the feed motor, wherein the controller
comprises an arc outage déﬁection circuit operatively
connected to an arc sensor, and having an output
indicative of the presence or absence of the arc.

38. The apparatus of claim 37 wherein the arc
sensor includes a current sensor.

39. . An arc sprayer for electric arc spraying a
pair of wires comprising:

' a wire feeder including a feed motor operable
to drive the wires; _ ' _

a power source operable to provide current to
the wires; and : .

a controller, operatively connected to the _
power source and the feed motor, wherein the controller
comprises a wire shortage detection circuit operatively
connected to an arc sensor, and having an output
indicative of the presence or absence of a wire
shortagé.

40. The apparatus of claim 39 wherein the arc
- sensor includes a current sensor.

41. An arc sprayer for arc spraying a pair of
vires comprising: |
a wire feeder, including a motor for feeding
the wires to an arc at a controllable rate;



output of the current setpoint selector 127 ‘and the actual current is 25nVv

‘per .anp. In alternative enbodi nents otheffhl ldedbe used, as wel |

as ot her neans to generate the setp0|nt v e@ nple ital

conponent s. As stated above, rent S tﬁ{?s@HEETHAS BEEI\
sel ector 127 is provided to conparator 126 Cbnparator 126 incfjudes ﬁgpgncsn
anp A3 which receives at its inverting input the output of cur
sel ector 127. The noninverting input of op amp A3 recei ves,—through—a—tk—
ohmresistor R11, the output of current anplifier 125; A .220

resistor R12 is provided between the noninverting input and mmﬁﬂ “‘
op anp A3. Resistor Rl12 provides a hysteresis in %Ee output

prevent oscillation about a partlcular current T t he out put of
conparator 126 changes state to a | e t n S
above the current setpoint plus thegh erggﬁngﬁdﬁggngBVEaihg Elh%%?&%ﬁﬁ
Conversely, the output of CRBF®REter 963€ﬁaﬁ§§9“9b ﬁhPogiEBSvmhen t he .

actual current decreases bel ow t he sgrggatsgﬁgaglagsgbaaa tbesengecthd arc; and

'nduced by resistor R12. As s knowg [ thg 2hteted to the arc sensor, for

detecting and indicating the condition of the arc.

42. The apparatus of claim 41 wherein the arc
_sensor includes a current sensor.



<

there are many other ways to inplenment conparator 126,

-15-  including using digital conponents or other analog co Been Replaced
The out put of conparator 126 is provided to integrator 129 r"ﬂﬂ
di scharges a 1.0 microfarad

_.32_

METHOD AND APPARATUS FOR ELECTRIC ARC SPRAYING

A method and apparatus for arc spraying a pair of
wires is disclosed. The invention includes feeding the
wires to an arc at a controllable. rate, where the rate is
controlled in response to the current magnitude, or some
other parameter of the arc. The arc is also monitored and _
the condition of the arc -- whether there is a wire shortage
or arc outage -- is indicated to the user.



capacitor Cl17, dependi ng upon the state of conparator 126. Integrator 129

al so includes an inverting NAND gate A4, a plurality of resistors R13, Rl4,

Ri5, R16 and R19. a pair of analog switchess SW. and SW2, a pair of .
vari able resistors P3 and P4 and a buffer A5. The voltage frgpmthe—ch

accunul at ed on capacitor Cl7 is provided as an output througll fubiSHEEAHATREEN
current limting resistor R19. In the preferred enbodi nent c rr ent REPIAGED, ]
resistor R19 has a resistance of 2K ohns. As will be explai n-*#ﬁ#
detail below, the greater the output of integrator 129 (the charge on
capacitor Cl7), the greater the RPM of lMisre feed notor 103 of Figure 1. d
Capacitor Cl7 is selectively charged and di scharged by sel echisBh¢ett {RRECC
on one of switches SWor SW2. Wen the actual current is grea \ l‘ '
setpoint plus th ; 26 is _

and switch SWL i¢$ turned ON ihrough 5. 6K ohmresistor RI4. When switch SW
Is-turned ON, a rrent &gth exists fromcapacggor C17 through switch SW,
56K ohm resi st or fRT,__and~IM ohm vari abl e resi 8T P3. 'ﬂhus,
-
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capacitor Cl17 discharges, lowering the voltage thereon, and
out put of controller 122 and the speed of notor 103. As the

PAag SHEETHAY BEEN
103 decreases, the actual current magnitude will al so decreafe. vatpm@n |

will remain on and the wire feed speed 29 arc current magni e oA

to decrease until the actual current becones |ess than the setpoi nt m nus
the hysterestsi==s-==cscscmcmccccmcooacnmonccmnocosomomccacaomoonmonnnmenenes
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-16- ‘Wen the actual current decreases to |ess than the set p0| nt
m nus the hysteresis, the output of conparator 126 changes |
This turns off switch SW. Al so, switch SW2. is turned on bgcal
0 is inverted by NAND gate A4 and provi ded t hrough 5. 6K ohnf{r

the gate of switch SW2. Wien swi'tch S s ON, capacitor Cli=eh

t hrough 56K ohm resi 3&! r RL6 and 1M oh \i’arl abl e resistor- P4, Accordl ngly,
when the actual curr is less than the current setpoint mnus the
hyst er esi S, capacitor C17 char ges

i ncreasing the vol tage thereon and

actual current wilh A8 ipgreage
respect to th K errefl #MDpdi
anal og and di3 alzconpg
as well as other ggnt sl

response to currerE magpi t ude.
| oop current.

ARC (U

——»| [«— APPROXIMATELY 0.001 SECONDS
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contred is disclosed. The closed | oop control nonitors the actual current
magni t ude and adjusts wire feed speed in response to the error between the
desired and actual current. This control will adjust wire s i
response to the user changing the desired current and in rgsgé6is8HEBT HAS BEEN |
changes in operating conditions in order to attain the sel étt ed dARALAGED

magni t ude. Referring now to Figures 3A-3E, waveforms SHow ng tne
signals present at various stages of controller 122 are shown. Figure 3Ais.
representative of a typical actual ar&jfurrent signal as nmeasured by shunt
123. The signal is relatively noisy and i-ncludes short term perturbations
whi ch are snoothed by the present control schene. The actual signal nay be
much. noi si er than that shown. :

B |
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-17- =i * * Vaveform 3B shows the output of anplifier 125. The output of
anplifier 125 corresponds to the actual arc current of Figure 3A but is
snoot hed and anplified. Al so shown on Figure 3B is the current setpoint.

Fi gure 3C shows the output of conparator 126 for the setpo MO T ed—}
actual current of Figure 3B. As noted above, the output of %ﬁ%&%”ﬁ%ﬂ

produces a logic 1 when the actual current is greater tha S oLiRty-
The out put of conparator 126 is a |ogic 0 when the actual m?ep'ﬁﬁ‘&'uﬁgsw-
t han the set point. Fi gure 3D shows the output of integrator 129
for :

METHOD AMD APPARATUS FOR ELECTRIC ARC SPRAYING
: r

EIELD OF THE INVENTION
This invention relates generally to a method and

apparatus for electric arc spraying of atomizé® nelted
metal, and, more particularly, to current and wire feed
speed control in an electric arc spray apparatus.
BACRGROUND OF THE INVENTION

Electric arc spraying is a thermal spray process
in vhich one or more wires of either similar or dissimilar
materials are melted, atomized and the molten particles are
propelled-onto a prepared surface building up a metallic
coating. The thermal energy required to melt the wire is
produced by an electric arc developed at the wire ends. A
high velocity gas stream is used to atomize the molten metal
in the arc and propel the fine droplets onto the surface to
be coated. Arc spray equipment may be used to apply
different types of coatings, for example corrosion
protection coating, wear resistant coatings or resurfacing
coatings.



the output of conparator 126 shown in Figure 3C. As may be seen, when the
actual current is greater than the setpoint current, the output of the

i ntegrator decreases Also, when the actual current is | :
setpoint, the output of integrator 129 increases.

a typical wire speed subject to the control - of the prese
may be seen, the control varies over a length of tine ra
seconds to 1.0 second, depending upon the condition of wre elng

the type of wire belng fed. According to another aspect of the
present invention, the controller includes circuitry to detect an arc
outage or wire shortage. In the event the=ntroller detects the presence
of either of these two conditions, an indication as to the condition
present is made to the Lge¢199tr;cuﬁrﬁaspngYaApn!;ntnsthﬁpbgelhruﬁgcbuﬂes

Referring backive wh§orccémpbhbhest el alureNgeades; CaR nésrteatdpeect i ng
the presence of wre shortages or arc OugfﬂfiéfspeCIflc eak

detector 132 PPWeX SOWFEe; (A; BEPGPSE3G0R &i 3c80Urce #pm Bhe out put

of velocity gas; and an electric arc gun. The wire feeder
continuously feeds one or more consumable metal wires at a
uniform rate of speed. The wire is typically driven by a
- wire drive unit and then fed through insulated flexible
conduits into wire guides and through electrode tips on an
electric arc gqun. The electrode tips generally guide the
wires to an intersecting point where they meet. )
Current from the DC power source is provided to
the consumable wire at the electrode tips and an arc is
formed where the two wires meet. The controller causes. the
power supply to furnish the correct electrical energy, wire
feed speeds and gas flow.
Located directly behind the arc and positioned in
a line with the arc is a nozzle through which an atomizing
gas flows at high velocity. The atomizing gas is typically
compressed air or an inert gas, such as argon or nitrogen.
The velocity of the atomizing gas as it leaves the nozzle is
typically up to thousands of feet per second and the
velocity may be regulated over a broad range. The atomizing
gai velocity has major effects on the characteristics of the
coating.

The temperature of the arc may be up to the tens
of thousands of degrees Fahrenheit. Because of these
temperatures the particles when acceleratéd, impact and bond
to the minute protrusions of a properly cleaned and
roughened substrate, producing a high coating adhesion to
the substrate and strong inner particle cohesive strength.
In addition to strong bond strength, other advantages of



anplifier 125, the snoothed and anplified arc current

signal . Peak detector 132 detects the presence of wire shorts by nonitorin
t he actual current magnitude for peaks. The presence of a FreR
the wires have shorted. Wien a peak is detected an LED .on uh&nm@ﬁMENESHEET

illum nated,

13 NOV 1995
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-3-

electric arc spraying are low cost and ease of application

- relative to flame spraying.

Initially the ionized plasma in the arc is creatéd

. as the two wires advance to an intersecting point and touch.

A high density electric current is applied through the
wires, thus creating extreme heat at the wires contact
point, melting the touching portions of the metal wires and
ionizing the surrounding gas. The ionized materials or
plasma provides a relatively low resistance path for the
flow of electric current. The high current flowing through
the plasma and the voltage drop across the arc provide the
necessary sustaining power to maintain the ionized state.
The anode wire is heated by electrons which impact thereon
after being released from the cathode wire surface. The
cathode wire surface is heated by the impacting of positive
gas ions. ' |

For a particular appliéation a given voltage, air
velocity and current will be desired. In order to obtain
the desired voltage the user often adjusts power supply -
voltage settings. The user also selects an air velocity.
The current is usually selected by the user selecting a wire
feed speed, because current speed is generally proportional
to wire feed over most operating ranges. To assist in
selecting the approximate wire feed speed, tables are often
provided'that give the relationship between wire feed speed
and current for particular materials and operating
conditions. To fine tune the current magnitude the user
adjusts the wire feed speed.

Such prior art controllers generally have open
loop control. Some prior art arc spray apparatus include a
closed loop drive feeder speed control that monitors drive
feeder speed and adjusts the speed of the drive motor to



thereby notifying the user that a wire shortage exists. In &stmiar 1
val | ey detector 132 detects the presence of an arc outage b Reft4or MﬁgpgﬁéET

actual current magnitude for valleys. The presence of a vall é i ndi B [TH) SN
the arc has been extingui shed. Wien a valley is detected an BjCory-tiye

panel is illuninated, thereby notifying the user that an ar c-out age exists.
Referring nowto Figure 4, a circuit di-dgram of peak detector 132 is shown.
Peak detector 132 includes a plurality of resistors R0, R21, R22, R23,
R24, R25, R26, and R27, a pair of op anps A9 and Al0, a diode. DI,a
capaci t ormaEamd an CEBENt Gawsireg | \Eeasdan mpeesh anpioNevexd Atbesec

confi gur esbArHELELHPABAIHYLS - dVBEBL 1€ coplted]l QiHd eBhriefes im0 ehdedkc.op
anp A9 outputs a | ogic O. Tﬂs causes og q%Alo to aI SO out put a Ioglc
rt

zero, turfiy ofucED ggntrollers dqng epsatpykEBhm Yastatiingod and
33K ohm rqseﬁaﬁn&bofmnmmnsol sacgke disvi dhangesdiid deha wiié r diamenee,

ource { hEyLBISTENGR X3! LASBlo SRALAIRIA) 4oPeRY ve B ip OF checEiYSS

the 9.2V 1% gnal
varlatlons 1n the allgnment of the wire, or irregularities in the

stiffness, cast or helix of the wire. Accordingly, a controller
that compensates for such factors is desirable and would solve
many of the problems of the prior art.
' Generally speaking in electric arc spraying, conditions
may be characterized by the operating voltage and current and gas
flow rate. At certain voltage and current conditions an arc
outage is 1likely to occur. At other voltage and current
conditions a wire shortage is likely. At still other conditions
the process can be performed smoothly, i.e., neither an arc
outage nor a wire shortage is likely to occur. In the arc
spraying preocess wire shortages and arc outages can lower the
quality of the coating.

A wire shortage occurs when the wires are pushed too-
fast and touch, thereby bonding together.

When the arc is extinguished by the gas flow, i.e. an
arc outage, popping can occur. _

' If the arc spray is smooth (neither shortage nor
outages occur) the resulting metal coating is repeatable and of
acceptable quality. Spitting, popping and pulsing performance
mean the resulting coatings may contain imperfections or not be
repeatable, or both. Thus, it is desirable to detect the
presence of both outages and shortages. As an electric arc spray
operator becomes skilled, he develops both visual and audible
perception of the process and develops a sense of when the spray
plume is correct (running smooth) or not correct (spitting,
popping and pulsing).



20K ohm input resistor R22 on its noninverting input. Op a
recei ves the actual current signal on its inverting input.
det écts a peak, and provides an output of logic 0, when th
signal is greater than the reference q§ymﬂ. As scal ed, t
ref erence signal corresponds to an arc—current of 198 anps.

- T
LIE=A >4

f eedback resistor R23 provides hysteresis so

The visual and audible effects of the spray process
depend on many factors, including the type and size of spray
wires, the arc voltage and current and the gas flow rate. Thus,
reading, or inﬁerpreting the visual and audible characteristics
of the spray plume requires training of new operators by
experienced operators and can take years to develop.
Accordingly, it is desirable that an electric arc spray product
detect and indicate the existence of wire shortages or arc
outages so that an inexperienced opei:‘ator may adjust the
parameters if necessary, and also learn to recognize the
characteristic sounds of these conditions under many varied uses.

To start the arc in an electric arc spray system the
two wires are brought together until the . metal to metal
conduction of electrons begins. Since the touching resistance
is low a large current flow through the wires will heat the wire
ends until melting of the wire by the wattage produced. When
current and voltage conditions are favourable, i.e. in the
operating range where neither arc outages nor wire shortages
occur, a smooth start of the spraying plasma is accomplished.

However, when the starting current and voltage is at
or near wire shorting conditions, explosive starts can result
because wire feed speeds are high. When the cross section of the
melt becomes sufficiently small and its resulting electrical
resistance very high, large amounts of wattage are produced very
rapidly and an explosion occurs that expels the unmelted wire out
of the gun and onto the surface to be coated.

St_arting an arc at or near arc outage conditions
requires very low wire feed rates (inches per minute, for
example). Low feed rates cause the wires to just slightly touch
and large amounts of heat to be generated instantaneously. The
ends of the wire then burn off and the arc goes out. The whole
process then starts over as the new wire ends again approach each
other and lightly touch.
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-19- that the output of op anp A9 returns to a logic 1 '

current” decreases to | ess than 139 anps. When t HereruiACEMENT SbEﬁTn:
A9 ts logic O, capacitor C20 is charged very rapidly viajldi ode E E‘{[W

ohm resistor R26, |owering the voltage.at the noninvert ilngatenput .
A10. When the voltage applied to the nefinverti ng i nput .
volts, the output of op anp AlO goes to near zero volts. This turns on LED

D2 through 2K. ohmy o?[si:ﬁ%(){'egggnﬁ &%’é&ﬂﬁé@ ghd¥d, eailaoEBaG@efébtﬁésmotor

However, the tinme Span of Wre es is often so short that it would be
difficul u.nfeat‘rtla aoer otbeyestpEtipg gé ﬁgCPIlFElﬁFna?Eﬂrt%ﬂgr’élf*%r%r"éa%%c‘?lfor

C20 has dﬁ’éfctﬁﬁrge drirddednos hakee ddisge V‘b@ﬁdihﬁoﬁéc arféas is
reestablls ed and th

e arc current” decreases,  bel ow ﬁ n% é,o of _gp
anp A9 r Sdffisuls - 1"AcHRE Y t e PP RERFHRR o 8 c REPYF é dlaSCh?a]Fge
pat h i nchedes theky 20adiehsnsar anbdec ramtatear widshbetarse thedardl umdecks
resistor R26alThg;§éraE@fnc_:|[‘ ERWsh L5808 An@d" di¥n 2RoREE tbONdle Vads FECQDES.

operating conditions, is desirable.




This on tine is generally |ong enough for the human eye to the LED on.
Val | ey detector 134 operates in a simlar manner, except t ) =7
revef sed because val | eys are being detected. Referring now g&%?é§F®E§TSHEET
val l ey detector 132 includes a plurality, of resistors R28, e F‘%QNqugs
R33, R34 and R36, a pair of op anps All—and Al2, a diode tor:eee- )
C21, and an LED D4. Op anps Al and Al2 are configured to be conparators.

When the actual current t | outputs a logic

1. This causes op anp Al Sr fud ¥REsRT o Iéking on LED D4

In particular, 1.2K ohmresistor R29 and 22K ohn1résistor R28 form a
vol tage divider to gbybf@ingddVone aspect of the invention a method of

arc spraying a pair of wires includes feeding the wires to an arc

at a controllable rate. An electrical current is provided
through the wires to the arc. The magﬁitude of an arc parameter
such as current, voltage or power is monitored, and the rate the
wires are fed is controlled in response to the magnitude of the
parameter.

According to another aspect of the invention an arc
sprayer includes a feed motor that drives the wires and a power
source that provides current to the wires. A controller is
connected to the power source and the feed motor, and includes
an arc parameter sensor, such as a current, voltage or power
sensor, and a closed loop control circuit. The closed loop
control circuit receives the output of the sensor and controls
the speed of the feed motor in response to the parameter
magnitude. -

According to a third aspect of the invention a
controller for an arc sprayer includes a sensor that senses the
magnitude of a parameter of the arc, such as current, voltage or
power, and provides an output indicative of the magnitude. A
Setpoint selector is also provided and has an output indicative
of a setpoint. A Comparator compares the magnitude of the
parameter to the setpoint and an error signal generator controls
the wire feed motor in résponse to the comparison.

According to yet another aspect of the invention a
method and apparatus for arc spraying includes feeding the wires
to an arc at a controllable rate and providing power to the arc.
The arc is monitored and the condition of the arc -- whether
there is a shortage or.outage -- is indicated to the user. |



-20- reference source to a reference voltage of approximately 0 6V. O anp
Al'l receives the 0.6V reference signal through 33K ohn1input resistor R30

on its noninverting input. O anp All also receives the ag
signal on its inverting input. Op anp All detects a valley
output of logic 1, when the actual current signal is |ess tjh 0.t
reference signal. As scaled, the 0.6 volt reference signal Qg P

QO
- 2B
'E

an arc current of 11 anps. 240X ohm feedback resistor R31 provides
hysteresis so that the output of op anp All returns to a logic O when the

arc 8=

Another aspect of the invention is a method of arc
spraying by initially feeding the wires to an arc at a
predetermined rate for a predetermined length of time. The
wires are subsequently then fed to the arc at different
rates after the predetermined length of time has passed.

Other principal features and advantages of the
invention will become apparent to those skilled in the art
upon review of the following drawings, the detailed
description and the appended claims.

BRIEF DESCRIPTION OF THE DRAWING
Figure 1 is a block diagram of an arc sprayer

constructed in accordance with the present invention;
Pigure 2 is a circuit diagram of a controller used
to implement several aspects of the present invention;
s " Pigures 3A-3E show vaveforms associated with the
embodiment of Figure 2;
- Pigure 4 is a circuit diagram of a peak detector
. used to implement one aspect of the present invention; and
Figure S is a circuit diagram of a valley detector
- used to implement one aspect of the present invention.
Before explaining at least one embodiment of the
invention in detail it is to be understood that the
invention -is not limited in its application to the details
of construction and the arrangement of the components set
forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments or
being practiced or carried out in various ways. Also, it is
' to be understood that the phraseology and terminology
employed herein is for the purpose of description and should
not be regarded as limiting. |



current increases to nore than 39 anps. ~When the output of op anp
Al is logic 1, capacitor C21 is charged very rapidly via di ode D3 and i
reS|stor R33, 12K ohm increasing the voltage at the noninverting input of .

op anp Al2. \Wen the voltage increases past- 0 6 volts, mhi,hﬁéﬁL | ;
the inverting input, the output of op anp Al2 goes to a logic £E5M$§P3h857

‘turns on LED D4 through 2K ohm resistor R36, indicating an ﬁ qtagNﬂV 1995
exists. As with respect to the peak detector, the on tine H """"""""

stretched by using 200K ohmresistor R34 in the discharge path of capaC|tor
C21. Thus, peak detector 132 and valley detector 134 detect the

presence of wre shorts and arc outages, IﬁSpectlver Mor eover, they
provi de for indica h may. _adj ust t he oper ati ng

par anmet ers and/ or , : PREFERRED. EMBOD LMENT
cour se, the out age andmmmmummwumqowmm agcot her

circuitry, Pﬂ%a& anal q gﬂ‘ﬂpﬂegj 4 hRlendQ’ ianas apparatus foén%tlt&%':trf egature

f the resen i nhvention re
© P arc spraying. According to one aspect of the invention,

shown in Figure 1, electric arc sprayer 100 includes a
closed loop current control. In accordance with this aspect
of the invention, the wire feed speed of the electric arc
sprayer 100 is controlled in response to the magnitude of
the current in the electric arc and the spray wires.

: As shown in Figure 1, electric arc sprayer 100
includes a wire feeder 102. Wire feeder 102 includes a
motor 103 which drives a pair of wire drive rolls 104.

Motor 103 may be any type of motor, for example a DC
electric motor, an air motor, or an AC motor. Drive rolls

- 104 drive a pair of wires 105 and 106 which are consumed in
the arc spraying process and deposited on the substrate to
be coated. Wires 105 and 106 are driven from a pair of wire
spools 107 and 108. ' |

Also shown in Figure 1 as part of electric arc
sprayer 100 is a DC power supply 110. The DC power supply
110 provides an arc current through a pair of conductors 111
and 112. Power supply 110 is typically a selectable
constant voltage DC power supply and may be a single- or
three-pgase rectified supply, or any other type of power
supply. Power is provided from power supply 110 on
~conductors 111 and 112 to wire feeder 102. Conductors
within wire feeder 102 provide the arc current therethrough
to conductors disposed within a pair of conduits 114 and
115. The conductors in conduits 114 and 115 are hollow and

. the.spray wires pass through the hollow center. Both the
current carrying wires and the spray wires 105 and 106 are
provided to a spray gun 116. Within the spray gun 116




to the start conditions of arc spraying. Mre specifically, at tines it may
be desitrable to operate at or near voltage :

-21: and currents that are likely to cause wire shortages
Whi | e ongoi ng operation in these regions is
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electrical contact is made from the current carrying wires
to the spray wires 105 and 106. In the preferred
embodiment, contact is made within the spray gunllls because
arc spray wires 105 and 106 have a much higher resistance
than conduits 114 and 115. Spray gun 116 is typically
activated by pﬁlling a trigger, although activation may be
accomplished by other means. At the tip of spray gun 116 an
electric arc 117 is formed. |

A source of high velocity gas 120 is also shown in
Figure 1, and the gas therefrom is provided to spray gun
116. The high velocity gas is directed through spray gun
116 to arc 117, thereby creating a plasma plume 118. Gas
source 120 may provide air, argon, nitrogen or any other
gas, and often provides the gas at a controlled velocity.

As described in the Background of the Invention,
an electric arc sprayer works by providing electric current
as the spray wires 105 and 106 are being fed. The plasma
plume causes the tips of'sprgy wires 105 and 106 to melt and
the high velocity gas from gas source 120 atomizes the
molten metal and sprays it on the surface of a substrate to
be treated.

A controller 122 provides closed loop current
control. Controller 122 receives a signal from a current.
sensor 123 indicative of the magnitude of the arc current.
The current sensor 123 is disposed in the arc current path
and thus measures the actual arc current. The current
sensor 123 can be a shunt, a Hall effect pick-up, a current
transformer, or any other current measuring device. 1In
alternative embodiments the closed loop control is based on
other parameters of the arc, such as voltage or power.

The current signal is provided to a current
anplifier'lzs within controller 122. Current anpiitier 125




possible, it is difficult to start the arc spraying process under such
conditions. A soft start circuit 136 that forces the initial arc current to
be at a nore easily starting value is shown in block for : re-1

Soft start circuit 136 is.connected, along with integrato ;ﬁgmAamMEMﬁSHEET
out put of controller 122 that determnes the wire feed notjor speee‘t
t he user begins the arc spraying process by initially squidegigg. & ?nger ______

on gun 116, soft start circuit 136 tenporarily cl.anps the loutiput
controller 122 and the wire feed notor speed, at a |evel wher e operatlon
and start up is easier. After an initialization period the clanp'is

rel eased and integrator 129 controls the ®&Tent and wire feed speed

ehemat i cal | PUFRPSE A G Hhich HaH oF e iiad Fadpdiplve B2 tin 3 o

R44, a pair cctumD aps mtmd Neg Byild chma‘lescm:l.m hndgmmr détail

fWetfrﬁaggy\BoW%W nu%e%ger |s n%ﬁpﬁll edﬁl rvﬁg%ed He

machi ne i s oM
: enplifier 125 is previded to a cenperetor 126 which also

receives an input from an operator selected current setpoint
127 output. Comparator 126 compares the magnitude of the
actual current (from current amplifier 125) and the current
setpoint (from current setpoint selector 127) and provides
an output ot logic 1 or logic O, depending upon which input
is greater. The logic signal is provided to an integrator.
129, which time integrates the dynamic string of logic "1's"
and logic "0's." Integrator 129 functions to increase its
output when the actual current is less than the current
setpoint, and it decreases its output when the actual
current is greater than the current setpoint. The output of
integrator 129 is provided as an output of controller 122.
The output of controller 122 is provided to a.
motor controller 130. Motor controller 130 receives the
integrated ocutput signal from controller 122 and provides,
in response, power to motor 103. The speed of motor 103 is
responsive to the amount of power (magnitude of the signal)
provided by motor controller 130. Thus, the speed is also
responsive to the integrated output of controller 122.

- As the wire feed speed increases, the current
‘magnitude increases and as the wire feed speed decreases,
the current neghitude decreases. Changes in the current
magnitude are sensed by current sensor 123 and amplified by
the current amplifier 125. The changing logic states of the
comparator 126 is then time integrated to develop the ever
changing output of integrator 129. . The output of integrator.
129 is the output of the controller 122. The controller 122



gate Al5 is a logic 1. Under this condition the output of NAND qate AlS5 is_
a logic’ 0, which is applied to the input of NAND gate Alf: gyt
NAND gate Al6 is a logic 1 The logic 1 is applied to the §W%§
SWB and SWA through 2K ohmresistors R42 and R44, turninfy on sJ&Pcﬁ@t

and SWI  This causes the voltage di vi conprlsed of a_4¥5vmvm """""""""""

source, 10K ohmresistor R43 and variabl e resistor (0-10K ohm R4l to be
connect edyehes$aCapagsbal colfné dhot OF CHSRAS1 19134 NY1pfth et BinikhddIe

vol t age on cCapacl e output _of controller_ 122 at the
J the sgeed of the drive motorp103 and the speed of the arc spray
wires 105 and 106. Thus, this embodiment of the present

invention provides closed loop control wherein the wire feed
speed-is adjusted in response, to the actual arc current in such
a manner that arc current is maintained at the desired average
value.

Accordingly, the present invention allows the user to
directly select the arc current. There is no need to revert to
tables showing an approximate arc current-wire speed
relationship. Nor is there a need to "fine tune" the current
level by adjusting a wire feed speed. Moreover, variations in
the physical properties of the wire will be automatically
compensated for by controller 122. For example, if the wire
diameter decreases, therefor reducing the current, controller 122
will detect the change in current and adjust the wire feed speed -
until the current increases to the desired level. Controller 122
will be described below, but as one skilled in the art will
recognize there are a myriad of ways to implement controller 122.

Referring now to Figure 2, a circuit diagram of part
of controller 122 is shown. In the'preferred embodiment, current
amplifier 125 includes a pair of input lines 204 and 205, a
plurality of resistors R1l, R2, R3, R4 and RS, a plurality of
capacitors Cl, C2, C4 and C5, and a pair of op amps Al and A2.

Current amplifier 125 receives the current sensor
signal on input lines 204 and 205. In one embodiment, a
shunt signal is derived across a 50mV shunt. The 50mV drop
corresponds to a current of approximately 200 amps. Input
line 204 is connected to the more positive end of shunt 123



-22- voltage divider level. The voltage divider is selected ta.nrOV|de a
vol tage corresponding to a current in the mddle of the Operat”q&ﬁ&ﬁE%&ENTSHEET

and hot near arc outage or wire shortage regions.

operator pulls the trigger of gun 116, the input to NAND gate
causing the output to go high. The input to NAND gate Al16 wi ||
until 4.7 mcrofarad capacitor C40 is charged through 22K ohm

........
------------------

reS|stor R40 ‘f

| bgteg_de’a‘ NGy, 1995

In this enbodi ment that takes approxinmately 0.1 seconds, although in other
enbodi ments it may be-different. During this delay the wire feeder advances

the wire to the arc at the rate set by Lhg.voltage divider.

After

the-delay the output of NAND gate Al6 goes low, turning off swtches SWB
and SW. Thaadaligoprovided through 1,000 ohm resistor Ri to the

noninverting input of op amp Al and the 100K ohm resistor R3

to ground. For smoothing noise the 0.1 microfarad
Cl is placed across 100K ohm resistor R3.

capacitor

Input line 205 is connected to the more negative
end of shunt 123 and the signal is applied to the inverting
input of op amp Al through 1000 ohm resistor R2. Again, for
smoothing noise, 0.1 microfarad capacitor C2 is disposed
between the inverting input of op amp Al and ground. The

100K ochm feedback resistor R¢ is provided from the
input of op amp Al to its output to develop a gain

inverting
of

approximately 100. For damping, 0.00% microfarad feedback

capacitor C4 is also provided across the inverting
op amp Al and the ocutput of op amp Al.

input ot

- . _The resistance and capacitances of tha gomponents

associated with op amp Al were selected to provide

sufficient damping to prevent very short perturbations in

the arc current from affecting the control process.

on the

other hand, the tine constant is selected short enough to
effectively control the arc spray process. In this
embodinent, time constants of-about 0.1 milliseconds wvere

selected.

The output of op amp Al is thus an amplified and-

slightly smoothed version of the arc current. The
signal is provided through 5000 ohm resistor RS to

amplified
op amp

A2, vhich acts as a current buffer. One microfarad

capacitor CS is connected between the noninverting

input of-

buffer A2, and ground. Amplifier A2 could alternatively be
designed using different components, for example discrete .
devices rather than op amps, or digital rather than analog
devices. The output of buffer A2 is provided as the output

of current amplifier 125 to comparator 126.



integrator to control the speed of the wire feed notor in accordance with
the cl osed | oop control described above. Thus, an initializing CIrCUIt is
provided that allows for easy starting of the arc spray pr offess; $
of the settings the user selected. O course, the soft star} &ﬁﬁumm

performed using other circuitry, including other anal og ano!digl

devi ces. Thus, it should be apparent that there
in accordance with the present invention an arc spray mnethod and
that fully satisfies the objectives and advantages set forth above

Al t hough the invention has been descrlbedﬂyh:conjunctlon W th specific
enbodi nents thereof, it is evident that nmany alternatives, nodifications

and variations will be GIRRARALOX 136, ks Feqeives, amcinput fxemanngly,

it is intendespdrats s, Wdﬁﬂmlmﬁ&l&lIﬂJ O%s abwn in

variations thafofally willn e SPididy Wekdd e SFPPEaCludds SPRGRFET
voltage source, a resistor R8, a rosistor R10 and a
potentiometer P2. The output of current setpoint selector
127 is determined by the voltage divider of the resistance
combination of a 3.3K ohm resistor R8, 150 ohm resistor R10
and the resistance of user adjustable potentiometer P2 (from
0 to 1,000 chms). In accordance with the preferred .

- embodinent, the maximum selectable current is 124 amps;
which corresponds to a voltage of 3.1V. The ratio of the.
output of the current setpoint selector 127 and the actual
current is 25aV per amp. In alternative embodiments other
voltages could be used, as vell as other means to generate
the sotpoint voltage, for example, digital cenpon.nts. .

As stated above, the cutput of current s-tpoint /
selector 127 is provided to comparator 126. Comparator 126:
includes an op amp A3 which receives at its inverting input
the output of current setpoint selector 127. The .
noninverting input of op amp A3 receives, through a 1K ohm
resistor R1l, the ocutput of current amplifier 125. A 220K
ohm feedback resistor Ri2 is provided between the
noninverting input and the cutput of op amp A3. Resistor
R12 provides a hysteresis in the output of op amp A3 to
prevent oscillation about a particular current. Thus, 'the
output of comparator 126 changes state to a logic 1 when the
actual current increases above the current setpoint plus the- -
hysteresis induced by resistor Ri2. Conversely, the cutput
of comparator 126 changes to a logic 0 when the actual
current decreases below the current setpoint minus the .
hysteresis induced by resistor Ri2. As is known in the art,
there are many other ways to implement comparator 126,



The enbodi nents of the invention in which an exclusive property or
privilege is claimed are defined as foll ows:
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including using digitﬁl'components or other analog
components. .

The output of comparator 126 is provided to
integrator 129 which charges or discharges a 1.0 microfarad.
capacitor Ci17, depending upon the state of comparator 126.
Integrator 129 also includes an inverting NAND gate AA, a
plurality of resistors R13, R14, R15, R16 and R1S. a pair of
analog switches SW1 and SW2, a pair of variable resistors P3
and P4 and a buffer AS. The voltage from the charge
accumulated on capacitor C17 is provided as an output _
through buffer A5 and current limiting resistor R19. In the
preferred embodiment current limiting resistor R19 has a
resistance of 2K ohms. As will be explained in greater
detail below, the greater the output of integrator 129 (the
charge on capacitor C17), the greater the RPM of wire feed
motor 103 of Figure 1. -

Capacitor C17 is selectively charged and .
discharged by selectively turning on one of switches SWi.or
SW2. When the actual current is greater than the setpoint
plus the hysteresis, the output of comparator 126 is a.
logical 1 and switch SW1 is turned ON through 5.6K ohm -
resistor Ri14. When switch SW1 is turned ON, a current path
exists from capacitor Cl17 through switch SWi1i, 56K ohm )
resistor R15, and 1M ohm variable resistor P3. Thus, °
capacitor C17 discharges, lowering the voltage thereon, and
decreasing the output of controller 122 and the speed of
motor 103. As the speed of motor 103 decreases, the actual:
current magnitude will also decrease. Switch SWl will
remain on and the wire feed speed and arc current magnitude
continue to decrease until the actual current becomes less
than the setpoint minus the hysteresis. '



1. A method of arc spraying a pair of wires conpri si ng:

feeding the wires to an arc at a controllable rate;

providing electrical current to the arc t hrough t he 'fﬁ%ﬁACEMENTsHEET
‘moni toring a paraneter of the arc; and - contfral l'i jQ&u[ate
of wire feeding in response to the paraneter -ﬂ ......

sk d,
...............

met hod of claim 1 wherein the step of nonitoring includes the
nonitoring the nmagni tude of the current .delivered to the arc.
3. The nethod of claim1 wherein the step of nonitoring includes t he step
of nmonitoring the magni tude of the voltggp of the arc.

When the actual current decreases to less than the
setpoint minus the hysteresis, the output of comparator 126
changes to a logic 0. This turns off switch SW1i. Also,
switch SW2 is turned on because the logic 0 is inverted by
NAND gate A4 and provided through 5.6K ohm resistor R13 to
the gate of switch SW2. When switch SW2 is ON, capacitor -
C17 charges through 56K ohm resistor R16 and 1M ohm variable
resistor P4. Accordingly, when the actual current is less -
than the current setpoint minus the hysteresis, capacitor
C17 charges, increasing the voltage thereon and increasing
the speed of motor 103. As the speed of motor 103
increases, the actual current will also increase. -
Integrator 129 was described above with respect to the
.preferred embodiment, but other ci:cuitty, including other
analog and digital components may be used to iggheument this
control scheme, as well as othir control schemes that also
control wire feed speed in response to current magnitude.

Thus, as may be seen, a closed loop current .
control is disclosed. The closed loop control monitors the -
actual current magnitude and adjusts.wiro feed speed in
response to the error between the desired and actual
current. This control will adjust wire speed both in

. response to the user changing the desired current and in

response to changes in operating conditions in order to
attain the selected current magnitude.

Referring now to Figures 3A-3E, waveforas -hawing\
the signals present at variocus stages of controller 122 are .
shown. Pigure 3A is representative of a typical actual arc
current signal as measured by shunt 123. The signal is
relatively noisy and includes short term perturbations which
are smoothed by the present control scheme. The actual
signal may be much noisier than that shown.



4. The nethod of claiml1 wherein the step of nonitoring includes the step

of nonitoring the magnitude of the power delivered to the arec.

5. The nmethod of claim2 wherein the step of nonitoring incfudes the Step -

|
of providing a signal indi.cative of the nagnitude of the arc éUf%@ﬁ?Mﬁ%ﬁ#ﬁEET

the step of controlling includes the steps of selecting a cufrent
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Waveform 3B Qhows the output of amplifier 12S.
The output of amplifier 125 corresponds to the actual arc

current of Figure 3A but is smoothed and amplified.
shown on Figure 3B is the current setpoint.

Also

Figure 3C shows the output of comparator 126 for
the setpoint and amplified actual current of Figure 3B. As
noted above, the output of comparator 126 produces a logic 1

when the actual current is greater than the setpoint.
output of comparator 126 is a logic 0 when the actual

current is less than the setpoint.

!hs_

Figure 3D shows the output of integrator 129 for
the output of comparator 126 shown in Figure 3C. As may be
seen, when the actual current is greater than the setpoint .
current, the output of the integrator decreases. Also, when
the actual current is less than the setpoint, the output of .

integrator 129 increases.

Figure 3E shows a typical wire speed subject to
the control of the present invention. As may be seen, the

control varies over a length of time ranging from 0.3

seconds to 1.0 second, depending upon the condition of wirg

being fed and the type of wire being fed.
According to another aspect of the present

invention, the controller includes circuitry to detect an
arc outage or wire shortage. In the event the controller
detects the presence of either of these two conditions, an
indication as to the condition present is made to the user

by illuminating an LED on the operating panel.

Referring back to Figure 1 controller 122 includes
components for detecting the presence of wire shortages or
arc outages. 'Specifically, a peak detector 132 and a valley

detector 134 each receive as an input the output of

amplifier 125, the smoothed and amplified arc current




-24- setpoint and conparing the signal indicative of the magnitude of the
arc current to the current setpoint. 6. The nethod of claim5

wherein the step of controlling further conprises the step
si gnal’ ‘responsive to the: conparison, and wherein the speed
nmotor is controlled in response to the signal.

claim®6 wherein the step of controlling further conpri ses

detecting the presence or absence of the arc and providing an output
i ndicative of the presence or absence of the arc.

-‘1-2-

signal. Peak detector 132 detects the presence of wire
shorts by monitoring the actual current magnitude for peaks.
The presence of a peak indicates the wires have shorted.
-When a peak is detected an LED on the panel is illuminated,
thereby notifying the user that a wire shortage exists. In -
a similar manner valley detector 132 detects the presence of
an arc outage by monitoring the actual current magnitude for
valleys. The presence of a valley indicates the arc has
been extinguished. When a valley is detacted an LED on the
_ panel is illuminated, thcrcby notifying the user that an arc
outage exists.
Referring now to Pigure 4, a circuit diagram of
peak detector 132 is shown. Peak detector 132 includes a.
plurality of resistors R20, R21, R22, ims, R24, n;s,.nzs,"
~ and R27, a pair of op amps A9 and A10, a diode B, a
capacitor C20, and an LED D2. Generally speaking, op amps
A9 and A10 are configured to be comparators. When the
actual current rises to a peak, op amp A9 outputs a logic 0.
This causes op amp Al0 to also output a logic zero, turning
on LED D2. , -
In particular, 10K ohm resistor R20 and 33K ohm
resistor R21 form a voltage divider to divide a +12V .
reference source to a reference voltage of approximately
9.2V. Op amp A9 receives the 9.2V reference signal through
- 20K ohm input resistor R22 on its noninverting input. Op
anp A9 also receives the actual current signal on its
inverting input. Op amp A9 detects a peak, and provides an
output of logic 0, when the actual current signal is greater
than the reference signal. As scaled, the 9.2 volt
reference signal corresponds to an arc current of 198 amps.
The 56K ohm feedback resistor R23 provides hysteresis so



8. The nethod of claim6 wherein the step of controlling further conprises
~the step of detecting the presence or absence of a wire shortage and
provi di ng an out put indicative of the presence or absence

short age. 9. . An arc sprayer for electric arc 4PREBPLACEMENT SHEET
pair of wires conprising: awre feeder I nd] udi ng f %p

not or oper abl e to drive the wres; a Wesag’@ms
operable to provide current to t he wires; and -
controller, operatively connected to the power source and the feed

not or ; wherein the controller includes a sensor

di sposed to sense a paraneter of the ar C18% a cl osed | oop control

oo ot o S B e 90 a8, Y o
wher ei n t he axeeetirarient decreases to less than 139 amps.

When the output of op amp A9 is logic 0, capacitor
C20 is charged very rapidly via diode D1 and 610 ohm.
resistor R26, lowering the voltage at the noninverting input
of op amp Al10. When the voltage applied to the noninverting
input decreases past 9.2 volts, the output of op amp Al0 -
goes to near zero volts. This turns on LED D2 through 2K
ohm resistor R27, indicating a wire shortage exists.

However, the time span of wire shortages is often
.80 short that it would be difficult for a user to see LED D2
being illuminated, therefore capacitor C20 has a slower
discharge rate than charge rate. When the arc is. )
reestablished and the arc current decreases below 139 anps,
output of op amp A9 returns to "1" and capacitor C20 begins
discharging. The discharge path includes only 200K ohm
variable resistor R25 because diode D1 blocks resistor R26.
Thus, the LED will remain on for an additiocnal 0.1 seconds.
This on time is generally long enough for the human eye to
see the LED on.

Valley detector 134 operates in a similar manner,
except the logic is reversed because valleys are being '
detected. Referring now to Figure 5, valley detector 132
includes a plurality of resistors R28, R29, R30, R31, R33,
R34 and R36, a pair of op amps All and Al2, a diode D3, a
capacitor €21, and an LED D4. Op amps All and Al2 are
configured to be comparators. When the actual current-
decreases to a valley, op amp All outputs a logic 1. This
causes op amp Al2 to also output a logic 1, turning on LED
D4. _ o '

In particular, 1.2K ohm resistor R29 and 22K ohm
resistor R28 form a voltage divider to divide a +12V



- 25- the feed notor is responsive to the closed | oop control
circuit. '
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reference source to a reference voltage of approximately
0.6V. Op amp All receives the 0.6V reference signal through
33K ohm input resistor R30 on its noninverting input. Op
amp All also receives the actual current signal on its
inverting input. Op an§ All detects a valley, and provides
an output of logic 1, when the actual current signal is less
than the reference signal. As scaled, the 0.6 volt
reference signal corresponds to an arc current of 11 amps.
240K ohm feedback resistor R31 provides hysteresis so that
the output of op amp All returns to a logic 0 when the arc.
current incteases to more than 39 amps.

When the output of op amp All is logic 1,
capacitor C21 is charged very rapidly via diode D3 and .
resistor R33, 12K ohm, increasing the voltage at the
noninverting input of op amp Al2. When the voltage
increases past 0.6 volts, which is applied to the inverting
input, the output of op amp Al2 goes to a logic 1.. This
turns on LED D4 through 2K ohm resistor R36, indicating an
arc outage exists. As with respect to the peak detector,
the on time of LED D4 is stretched by using 200K ohm
resistor R34 in the discharge path of capacitor C21.

Thus, peak detector 132 and valley detector 134
detect the pfesence of wire shorts and arc outages,
respectively. Moreover, they provide for indicators to be
1it so that the user may adjust the operating parameters
and/or learn the characteristic sound of such conditions.
Of course, the outage and shortage detection could be
performed using other circuitry, including analog and
digital devices.

Another feature of the present invention relates

" to the start conditions of arc spraying. More specifically,
at times it may be desirable to operate at or neaf'voltage



10. The arc sprayer of claim9 wherein the sensor is a current sensor.
11. The 'arc sprayer of claim9 wherein the sensor is a voltage sensor.
12 The arc sprayer of claim9 wherein the sensor is a powgFsser
13. The arc sprayer of ciaim 10 wherein the current sensor 9
provi ding an output indicative of the arc current, and the controller SHEET
further conprises a current setpoint selector and a conpar t@ate tbQ Nuv ]995
conmpar at or having as inputs the output indicative of the a —ang

the current setpoint.

‘--.. -——l
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and currents that are likely to cause wire shortages and arc
outages. While ongoing operation in these regions.is
possible, it is difficult to start the arc spraying process
- under such conditions. A soft start circuit 136 that forces
—- the initial arc current to be at a more easily starting
value is shown in block form on Figure 1.

Soft start circuit 136 is connected, along with
integrator 129, to the output of controller 122 that
determines the wire feed motor speed. When the user begins
the arc spraying process by initially squeezing a trigger on
gun 116, soft start circuit 136 temporarily clamps the
output of controller 122 and the wire feed motor speed, at a
level where operation and start up is easier. After an
initialization period the clamp is released and integrator
129 controls the current and wire feed speed leveis.

Referring now to Figure 2, soft arc circuit 136 is
shown schematically and includes a plurality of resistors
R40, R41, R42, R43 and R44, a pair of NAND gates AlS and
Al6, a capacitor C40 and a pair of switches SW3 and SW4.

The input of NAND gate AlS is connected to the
trigger of gun 116. When the trigger is not being pulled,
i.e. the machine is on but not being used, the input to NAND
gate A1lS {s a logic 1. Under this condition the output of
NAND gat"31s is a logic 0, which is applied to the input of
NAND gate A16. Thus, the ocutput NAND gate Al6 is a logic 1.
The logic 1 is applied to the gates of switches SW3 and SW4
through 2K ohm resistors R42 and R44, turning on switches
SW3 and SW4. This causes the voltage divider comprised of a
+12V voltage source, 10K ohm resistor R43 and variable
resistor (0-10K ohm) R4l to be connected across capacitor
C17 (of integrator 129), thereby clamping the voltage on

. capacitor C17 and the output of controller 122 at the



14 The arc sprayer of claim 13 wherein the controller further conprlses a
circuit having a signal output responsive to an output of [Fezwmmps Q.
whefein the speed of the feed notor is responsive to the s
15. The arc sprayer of claim 10 wherein the controller furffher conprlses ag
arc outage detection circuit operatively connected to the ﬁh&enilgﬁngv_mms
and having an output indicative of the presence or absence ol 2
16. The arc sprayer of claim 10 wherein the controller further conprises a
wi re shortage detection

—Ez-

voltage divider level. The voltage divider is selected to
provide a voltage corresponding to a current in the middle
of the operating range, and not near arc outage or wire

- shortage regions.

When the operator pulls the trigger of gun 116,
the input to NAND gate Al5 goes low, causing the output to
go high. The input to NAND gate Al16 will remain low until
4.7 microfarad capacitor C40 is charged through 22K ohm
resistor R40. In this embodiment that takes approximately
0.1 seconds, although in other embodiments it may be
different. During this delay the wire feeder advances the
wire to the arc at the rate set by the voltage divider.

After the delay the output of NAND gate Al6 goes
low, turning off switches SW3 and SW4. This allows the
integrator to control the speed of the wire feed motor in
accordance with the closed loop control described above.
Thus, an initializing circuit is provided that allows for
easy starting of the arc spray process, regardless of the
settings the user selected. Of course, the soft start could

" be performed using other circuitry, including other analog
and digital devices. - _

Thus, it should be apparent that there has been
provided in accordance with the present invention an arc

 spray method and apparatus that fully satisfies the

- objectives and advantages set forth above. Although the
invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives,
modifications and variations will be apparent to those
skilled in the art. Accordingly, it is intended to embrace
all such alternatives, modifications and variations that
fall within the spirit and broad scope of the appended
clains.



-26- circuit operatively connected to the current sensor, apd having an
out put i'ndicative of the presence or absence of a wire shor t [lie—===

17. 'The arc sprayer of claim 10 further conprising a source 5
-to direct gas to the arcs
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CLAINMS
The embodiments of the invention in which an

exclusive property or privilege 1- clainnd are defined as
follows:

1. A method of arc spraying a pair of wires
comprising:
feeding the wires to an arc at a controllable
rate;
providing electrical current to the arc
throuqh the wires;
monitoring a parameter of the arc; and
controlling the rate of wire feeding in
response to the parameter.
2. The method of claim 1 wherein the step of
monitoring includes the step of monitoring the magnitude of
the current delivered to the arc.

3. The method of claim 1 wherein the step of
monitoring includes the step of monitoring the magnitude of
the voltage of the arc.

i. The method of claim 1 vherein the step of
nnnitoring includes the step of monitoring the magnitude of
the powver delivered to the arc.

S. The method of claim 2 whersin the step of
monitoring includes the step of providing a signal
indicative of the magnitude of the arc current, and the step
of controlling includes the steps of selecting a current



18. A contro
wire feed not

an drc parameter sensor disposed to sense a - par anmet er of
sensor capabl e of providing an out put indicative of the

| er for an arc sprayer wherein the arc sprayer includes a _
or and a power source, the controller conprd =

ey

{HEPLACEMENTSHE

a setpoint selector having an out put indicative of 'a Sef| [Et@IR. .. mreemreereseeenier? |
a conparator having as inputs the outputs I ndi cative of
and the setpoint, whereby t he conparator has as an output a signal

“indicative of

the rel ative magni tude of the inputs, f n
a si'gnal generator disposed to receive the out put of " ulmﬂmwuums
* [

an i nput and provi de an output to the-Z4ed notor.

control |l er of

L MO9S The
claim1 wherein the parameter sensor is a current sensor.
setpoint and comparing the signal indicative of the

magnitude of the arc current to the current'setpoint.

6. The method of claim 5 wherein the step of
controlling further comprises the step of providing a signal
responsive to the comparison, and wherein the speed .-of the
feed motor is controlled in'response to the signal.

7. The method of claim 6 wherein the step of
controlling further comprises the step of detecting the
presence or absence of the arc and providing an output
indicative of the presence or absence of the arc.

8. The method of claim 6 wherein the step of
controlling further comprises the step of detecting the
presence or absence of a wire shortagé and providing an
output indicative of the presence or absence of a wire
shortage. '

9. An arc sprayer for electric arc spraying a
pair of wires comprising: .
' a wire feeder including a feed motor operable
to drive the wires;
- a power source operable to provide current to
- the wires; and
a controller, operatively connected to the
power source and the feed motor;
wherein the controller includes a sensor
~ disposed to sense a parameter of the arc and a closed
loop control circuit, further wherein the closed loop
control circuit is operatively connected to the sensor
and the feed motor, and further wherein the speed of



20. The controller of claim1l wherein the paraneter sensor is a voltage
sensor. 21. The controller of claim1 wherein thesparaneter

Sensor is a power sensor. REPE/??EME;;SHEET
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the feed motor is ruponsive to the clos.d 1oop control
circuit.

-25=~

10. The arc sprayer of claim 9 wvherein the sensor
is a current sensor.

11. The arc sprayer of claim 9 vherein the sensor
is a voltage sensor.

12. The arc sprayer of claim 9 wherein the sensor
is a pover sensor. '

13. The arc sprayer of claim 10 vherein the
current sensor is capable of providing an ocutput indicative
of the are current, and the controller further conprius
current setpoint selector and a comparator, the comparator
having as inputs the output indicative 6f the arc current
and the current utpoint.

14. The arc sprayer ot claim 13 vherein the
controllcr further comprises a circuit hnving a signal
_output responsive to an output of the comparator, wherein
the speed ‘of the feed motor is responsive to the signal

output.

'1S. The arc sprayer of claim 10 wherein the
controller further comprises an arc outage detection circuit
operatively connected to the current sensor, and having an
output indicative of the presence or absence of the arc

16. The arc sprayer of claim 10 wherein the
controller further comprises a wire shortage detection



22. The controller of claim19 mhereln t he signal generator

integrating circuit. mmnmmumum cl ai

connected to the

i ncl udes an
m 19 further

conprising an arc outage detectlon ci
current sensor, and having an output inditative of the pr

of the arc. 24. The controller of claim 21 whd
out age detection circuit includes a valley detector.
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controller of claim19 further conprising a wire shortage
operatively connected to the current sensor, and having an
I ndicative of the presence or absence of a wire shortage.

.ﬁ.

out put

circuit operatively connected to the current sensor, and

having an output indicative of the presence or
wire shortage.

17.

absence of a

The arc sprayer of claim 10 further

comprising a source of gas disposed to direct gas to the

arc.

18. A controiler for an arc sprayer

wherein the

arc sprayer includes a wire feed motor and a power

source, the controller comprising:

an arc parameter sensor disposed to sense a
parameter of the arc, the sensor capable of providing -

an output indicative of the parameter,

' a setpoint selector having an output

indicative of a setpoint;

a comparator having as inputs the outputs
indicative of the parameter and the setpoint, whereby
the comparator has as an output a signal indicative of

the relative magnitude of the inputs, and

a signal generator disposed to receive the
output of the comparator as an input and provide an

output to the feed motor.

19.
parameter sensor is a current sensor.

20.
parameter sensor is a voltage sensor.

21.
parameter sensor is a power sensor.

The controller of claim 1 wherein the

The controller of claim 1 wherein the

The controller of claim 1 wherein the



26. The controller of claim25 wherein e deffecEian=cir.

i ncl udes a peak detector. Ii ﬁﬂﬁmﬁ' iﬂr fo Mmymf@”ﬂ

pair of wres conpri si ng: eder |ncluphqu?
1995

notor for feeding the wires to an arc at a controllabl~

a power source for providing electrical current t 0 t he arc=theaug
W res; a sensor disposedeto sense an arc par,ameter,
means for controlling the rate of feediTg over a range of nonzero
speeds in response to the sensed par anet er .

22, The controller of claim 19 wherein the signal
generator includes an integrating circuit.

23. The controller of claim 19 further comprising an
arc outage detection circuit operatively connected to the current
sensor, and having an output indicative of the presence or
absence of the arc. ‘

24. The controller of claim 21 wherein the arc outage
detection circuit includes a valley detector.

25. The controller of claim 19 further comprising a
wire shortage detection circuit operatively connected to the
current sensor, and having an output indicative of the presence

or absence of a wire shortage.

26. The controller of claim 25 wherein the wire
shortage detection circuit includes a peak detector.

27. An arc sprayer for arc spraying a pair of wires
comprising:
' a wire feeder, including a motor for feeding the
wires to an arc at a controllable rate;
a power source for providing electrical current
to the arc through the wires;
a sensor disposed to sense an arc parameter;
and
_ means for controlling the rate of feeding over a
range of nonzero speeds in response to the sensed
parameter. ‘



20, The arc eprayer of ol aima2a i ure nAENIRI ML " "

connected to the current sensor, for ptoviditng*a 8i ghal indi JpPEPLAGEMENT SHEET

magni tude of the arc current; means for sel ectifjng a r k
setpoint; and means for ﬁE&Viding a signal out ugmpngtggﬁﬁ.fﬁﬁﬁm
of the magnitude of the arc current relative to the current setpornt.

28. The sprayer of claim 27 wherein the sensor

is a current sensor.

29. The arc sprayer of claim 28 further
comprising:
' means, connected to the current sensor, for
providing a signal indicative of a magnitude of the arc current;
means for selecting a current setpoint; and
means for providing a signal output indicative of
the magnitude of the arc current relative to the current

setpoint.

_ 30. The arc sprayer of claim 29 further
comprising: '
means for providing a signal responsive to the
signal indicative of the magnitude; and =
means for controlling the rate of feeding over a
range of nonzero speeds in response to the signal output.

31. The arc sprayer of claim 30 fﬁrther
comprising:

means for detecting a presence or absence of the
arc; and _

providing an output indicative of the presence or
absence of the arc. ' '

_ 32. The arc sprayer of claim 30 comprising means
for detecting a presence or absence of a wire shortage and
providing an output indicative of the presence or absence of a

wire shortage.



30. The arc sprayer of claim29 further means for
provi diig a signal responsive to the si gfmwma uﬂu" t he magni t ude;
and - means for controlling gx
nonzero speeds in response to the signal output. L&

arc sprayer of claim 30 further conprising: rreahﬁ 1995
detecting a presence or absence of the arc; and Datp OAVA NI [ aYo M- Y2 il
out put indicative of the presence or absence of the arc.

32. The arc sprayer of claim30 conprising nmeans for detecting a presence

or absence of a wire shortage and providing an output indicative of the
presence or absence of a -29~-

33. A method of arc sprayinq a pair of wircs

comprising: :

providing electrical power to the arc through
the wires;
' detecting the presence or absence of the arc;
and |

providing an output indicative of the
presance or absence of the arc.

34. The method of claim 33 including the step of
nonitoring the magnitude of the arc current.

35. A method of arc spray:l.ng a pair of wires
comprising:
g feeding the wiru to an arc at « téntrollable
rate;
providing electrical current to the arc
through the wires; |
' monitoring the magnitude of the current
delivered to the arc;
detecting the presence or absence of a wire
shortage; and . '
- providing an output indicative of the

presence or absence of the shortage.

| 36. The method of claim 338 including the step of
monitoring the magnitude of the arc current.

37. An arc sprayer for electric arc spraying a
pair of wires comprising:
a wire feeder including a feed motor operable
to drive the wires;



wire shortage. . : - 20-

broviding ol ectrical powr o the arc through ]| REPLACEMENT sHEeT
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a power.source operable to provide current to
the wires; and '

a controller, operatively connected to the
power source and the feed motor, wherein the controller
comprises an arc outage detection circuit operatively
connected to an arc sensor, and having an output
indicative of the presence or absence of the arc.

38. The apparatus of claim 37 vherein the arc
sensor includes a current sensor.

39. An arc sprayer for electric arc spraying a
pair of wires comprising:

.a wire feeder including a feed motor operable
to drive the wires; ' :

a pover source cperable to provide current to
the wires; and ' .

a controlier, operatively connected to the
power source and the feed motor, wherein the controller
comprises a wire shortage detection circuit operatively
connected to an arc sensor, and having an output
indicative of the presence or absence of a wire
shortage.

40. The apparatus of claim 39 wherein the arc
sensor includes a current sensor.

41. An arc sprayer for arc spraying a pair of
wires comprising:
a wire feeder, including a motor for feeding
the wires to an arc at a controllable rate;



the wires; detecting the presence or absence of the arc;

and . . : prOV|d|ng an output indicative of the presence or
absence of the arc. 34. The nethod of claim 33 iff

step of nonitoring the nagnltude of the arc current.

met hod of arc spraying a pair of wires conpri si ng:

feeding the wires to an arc at a controllable rate;

providing electrical current to the arc through the w

nmoni toring the magnitude of the current delivered-to the arc

detecting the presence or absence of a\Mlﬁﬁl-

a powor ‘source for providing clectrical
curront to the arc through the wires;
an arc sensor disposed to sense tho arc; and
. means, connected to the arc sensor, for |
" detecting and indicating the condition of the arec.

~ 42. The apparatﬁl of claim 41 wherein the arc
sensor includes a current sensor.
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shortage; and provi di ng an out put indicative of the

presencé or absence of the shortage. 36. The nethod of claim 35
i ncl’'uding the step of nonitoring the nagnitude of the ar =
37. An arc sprayer for electric arc spraying a pair RERLAGEMENT SHEET
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- 30- a power source operable to provide curfent—Fom—_ _

W res; and a controller, o
poweir source and the feed notor, wherein
arc outage detection circuit operatively
and havi ng an out put I ndi cative of _t
38. The apparatus of claim 37 wherein h
sensor. -

. [~
peratively connect:tﬁ?ﬁi&ﬂﬁm
the controller
a
connect ed to [an”ar'e-Lobqr
he presence or absencé ofF—Hhae~s3
e arc sensor includes a current
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39. An arc sprayer for electric arc spraying a pair of wf=es.

conpri sing: ~awre feeder including a feed not g

to drive the w.res; a power source operable tojfprovi

current to the wires; and - - acontroller, OprBétéy“_J
connected to the . power source and tBe feed notor, \/\herel """""""
controller conpri 4884a wire shortage detection circuit operat ively
connected to an arc senspr, and having an out put i ndi cative of the

presence or absencejof a wire
claim 39 wherein t 300

An arc sprayer iir rc sp
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a wre feeder, including a notor for feeding t he mnresw;v
control tabl e rate

power source for providing el ectri cal current to the a
W res; an arc sensor disposed to sense the a
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means, connected to the arc sensor, for detecting and indicating the
condition of the arc. 42. The apparatus of claim41l wherein the
arc 38ensor includes a current sensor.

HEEEDANN)APHWMEUSIMR.EUKEKHJARC SPRAYING
ABSTRACT OF THE DISCLOSURE

A method and apparatus for arc spraying a pair of
wires is disclosed. The invention includes feeding the
wires to an arc at a controllable rate, where the rate is
controlled in response to the current magnitude, or some
other parameter of the arc. The arc is also monitored and
the condition of the arc -~ whether there is a wire shortage
or arc outage -- is indicated to the user.



