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Weld Pool Impedance for Pool
Geometry Measurement:
Stationary and Nonstationary Pools

The most elusive quantity in describing weld pool geometry is the depth, since it
cannot be directly observed; yet it is the most important quantity to be regulated
during welding. This paper addresses the problem of depth feedback measurement
for full penetration welds, where the objective is to completely mell the cross
section. It has been demonstrated that the existence and size of a full penetration
weld can be detected by measuring the mechanical impedance of the resulting weld
pool. Previous work in modeling this phenomenon has been limited to stationary
welds, and experiments have either used impractical measurement methods or have
not provided conclusive results. In this paper, a model of pool motion is developed
that applies to botk the stationary and moving weld case, and the pool motion is
detected directly from changes in the arc voltage. A description of pool motion is
derived from an elliptical membrane model, and the total system transfer function,
including arc and pool dynamics is derived. A series of experiments demonstrates
that the pool motion can indeed be detected for the moving pool case. However, the
exact determination of pool oscillation frequencies requires knowledge of the pool
perimeter geometry, since the elliptical system has many closely spaced eigenvalues
arising from both symmeltric and antisymmetric mode shapes.

Introduction

The study of welding process control has been dominated by
research into methods of in-process sensing of the weld pool
geometry. While it has been shown feasible to measure the
top-side pool geometry using video methods [Sweet et al.
{1983), Richardson et al. (1982)], the penetration or backside
bead width have yet to be measured in a practical fashion,
particulary if a top-side sensor location is required.

The concept of using weld pool motion as a pool geometry
sensing method was proposed by Hardt et al. (1982) and later
‘demonstrated by Zacksenhouse and Hardt (1983) and
Richardson and Renwick (1983), and most recently by
Sorensen (1985). The concept is based on the fluid dynamics
of a pool constrained by a solid container and by significant
surface tension forces (i.e., a small shallow pool, not a
“pond”’ or *‘lake’’). Such a pool will exhibit a surface motion
that is a function of external forces, the properties of the fluid,
the surface tension, and the skhape of the container. Thus, if
this motion can be excited, measured, and related to the pool
geometry, a means of sensing pool shape will exist. -

Further, for the Gas Tungsten Arc Welding Process
(GTAW), since the pool can be forced using the arc plasma
and the pool motion detected using the arc voltage, no
additional instrumentation would be necessary to accomplish
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this sensing. Therefore, the promise of pool dynamics as a
sensing method is to provide topside pool depth information
simply by modulating the current and performing signal
processing on the resulting arc voltage. All work to date has
concentrated on GTAW and extension to other processes are
not clear at this time. '

All of the above work has suggested that the pool motion
exists for both stationary and moving pools, however, neither
models for the pool dynamics while moving, nor a complete
analysis of arc-pool dynamics have been forwarded. This has
in turn led to incomplete, ambiguous or impractical resuits.
This work seeks to rectify these shortcomings by developing a
model of the moving pool case that includes the arc-pool
dynamics, and that examines closely the factors that corrupt
the measurement of pool motion from arc voltage. All
analysis and experiments are on full penetration welds, since
the use of surface oscillations for detecting pool shape in
partial penetration welds has been shown to be impractical,
both analytically [Hardt, (1986)}, and experimentally
[Sorenson (1985)].

Pool Dynamics

Oscillations of a Stationary Pool. The goal of the
following models is to obtain expressions for the dominant
frequencies and modes of oscillation of a weld pool; they are
not intended to predict the complex fluid flow within the
molten region. For this reason, the internal effects of
electromagnetic stirring, thermal gradients, etc. are not
considered. The models only predict the gross motion of the
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molten region based upon boundary conditions imposed by
the geometric constraints.

The welds to be studied are full penetration welds on a thin
steel plate. To obtain a simple model, the molten pool is
assumed to be suspended by surface tension from the
surrounding solid weldment, The stationary weld is modeled
as having a circular surface of radius a, and the thickaess of
the molten region is also assumed to be small compared to its
diameter. The pool can thus be modelled as a thin membrane
that satisfies the wave equation:

1 8#f
Vif=—r — 1
/ ¢ 9 R
where fisthe vertical deflection at point (x, ),
ct=T/p,
p is the surface density of the membrane (mass/area)
and

T is the surface tension.

The classical solution of this equation using separation of
variables leads to the expression:
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where J,(£) is a Bessel function of the first kind, and § and w,,,
are the mode shapes and frequencies. To determine the mode
frequencies, the boundary condition of zero displacement
around the perimeter:  fla, 8, t)=01is applied, which requires

(220

where a is the pool radius.

This equation thus determines the oscillation frequencies of

the system w,,,. For this analysis, only the first two modes wiil
be considered, (J, and J,).
The first and second modal frequencies are given by:

wod
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To obtain values of the first two modal frequencies, the
following material properties and dimensions are inserted into
the equation. The values are based on the weldment used in
subsequent experiments—3.1 mm. (0.125 in.) thick mild steel
pipe. The membrane modal assumes a surface density based
on area instead of volume. For the weldment used, the surface
density is found by the product of the density of steel and the
-thickness of the pipe.

T=1.0 N/m
p=7.8x10"% kg/mm?
h=3.1 mm. )

The resulting first and second mode frequencies are given by:
24
wy =— Hz. 6)
w

where w is the pool width in mm. For a typical large stationary
pool with width of 6 mm, wy=26 Hz. and w; =42 Hz.

The mode shapes of the first two oscillation modes are that
of a gross up and down motion of the pool and a sloshing
mode where half of the pool is 180 deg out of phase with the
other half (see Fig. 1). For free oscillations, the coefficients
A, of equation (2) decrease with n, so the amplitude of the
first mode should be dominant.

Extension to a Moving Pool. A similar analysis can be
made for a moving pool. To observe the effect of the altered
pool shape on its natural frequencies, the pool is modelled as
having an elliptical shape. Again, the membrane vibration
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Fig.1 First iwo mode shapes for a circular membrane. The first mode,
Jg. 1s symmetric about the pool center. The second mode, Jy, Is a
sloshing mode and is antisymmetric about a diameter.

must satisfy the wave equation [McLachan (1951)]. Let the
elliptical coordinates be described by the variables £ and 1.
These are analogous to the polar coordinates r and 6, and
£ = constant now describes.points on an ellipse; ¢ has the same
role as 8. With the change of coordinates

x = x cosh(e) cos(x)

y = «'sinh(£) cos(n) 0]
the wave equation becomes
| 1 3 3
ey { =7 7 2 ( / + {> ®)
¢ ot of cosh?(£)—a? cos’(y) \ 382 a9y

This equation can once again be solved by separation of
variables by assuming a product solution of the form

JE 0, )=EEH®T() &)
The separated equations are
E7 + [ofw? cosh3{E} + N]E =0

H” —[o*w? cos?(p) + NJH=0 (10)

T"+w?T=0

The first two of these are forms of Mathieu’s equation. The
general solution has the form

SE u, = Y, CpCepnlk, g)cen(n,q) cos(@nt+€,)

m=0

- ,
+ 27 SmSenlt, @5€,(1.9) COS(@l +€,) 3
m=1\

The mode shapes are as follows:
Ce,, (£, g)cey,(n, @) is symmetric about both the major and
minor axes.
Ce,, . (£, g)ce,, . (n, @) is symmetric about the major axis and
antisymmetric about the minor axis.
Se, (&, g)sey,(n, ) is antisymmetric about both the major and
minor axes.
Sey, (£, Q)ses, ., (1, q) is antisymmetric about the major axis
and symmetric about the minor axis.

Since an ideal plasma jet should coincide with the axis of
travel, (the major axis of the ellipse), the Se(¢, g)se(s, q)
modes should not be excited. However, the arc will be
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Fig. 2 Mode shapes for an elliptical membrane as viewed parallel to
the minor and major axes
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centered over one end of the ellipse and the force distribution
will be antisymmetric about the minor axis. All the Ce(¢,
g)ee(n, q) modes will thus be expected in the pool motion.

Again, considering just two inodes, the first mode, Ce,, is
analogous to the first mode of the circular membrane with the
whole surface undergoing vertical displacement in the same
direction. The second mode, Ce,, corresponds to a sloshing
mode where half of the surface is raising while the other half is
falling (Fig. 2). The boundary conditions require

Cen(g(h qn) =0

£o=cosh™1(1/¢) (12)
where ¢ is the pool eccentricity and is given by
e=[1—(a*/b*))* (13)

where @ is the minor radius of the ellipse and b is the major
radius of the ellipse.
The natural frequencies arising from these equations are

w, =k (T/m)* (14)
where the nth modal coefficient k,, is given by
2
k, = T as)
ac

This equation must be solved numerically to yield values for
¢, The equations for these modes were approximated using a
series expansion and values of gg and g, were found for dif-
ferent eccentricities. These values may be approximated as
follows:

@ =2.03x10"25%9  0.17<e<0.94
(16)

g, =4.346 2064 0.05<e<0.77

Using the values from equation (5) in equation (15) now
gives natural frequencies of

C
= Hz.

w, =203
w

(7

where C, is dependent on eccentricity and is plotted in Fig. 3.

For zero eccentricity, corresponding to a circular pool, the
values of the natural frequencies reduce to those predicted by
equation (6). As eccentricity increases, the mass of the
oscillating fluid increases, but the perimeter also increases,
leading to a higher system stiffness owing to increased surface
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Fig. 3 Frequency coefficient C,versus eccentricity «. The modal fre-
quency Is given by w, =203 C,/w where w, is in Hz and w Is in mm.

tension effects. The resulting effect of the eccentricity on the
first frequency is small, with a slight decrease as eccentricity
increases. The second mode shows a greater sensitivity to ec-
centricity. Intuitively, this result is valid since the sloshing ef-
fect would be more dependent on the mass of the fluid and less
on the boundary surface tension effects. The increase in pool
mass would thus have a greater effect than the increase in pool
perimeter.

Meodel Limitations. To obtain a simple model the pool
was assumed to be a thin membrane with essentially perpen-
dicular liquid/solid interface. In the real welding situation,
this interface itself is not clearly defined and would more likely
follow a taper from the top surface to the back surface. The
effect of the added dimension was evaluated [Tam (1986)] by
studying a pool with a circular section but with linearly taper-
ing walls. In effect, the tapering wall boundary condition dic-
tates a natural frequency that varies as one progresses vertical-
ly into the pool, bounded by the boundary conditions on the
top surface and those on the bottom surface. However, for
this case, the conflicting boundary conditions indicate that the
membrane model is no longer valid and a continuum model
must be used to accurately predict the actual frequencies.

The elliptical model of the moving pool is also a simplifica-
tion of its actual pear, or tear drop shape of the molten pool.
The “‘eccentricity’’ and ‘‘pool width®’ now must be considered
to vary as one progresses from the front of the pool to the
rear. Once again, whereas a unique frequency is predicted for
the modes, a continuous range of frequencies may be ex-
pected, arising from the differing boundary conditions on the
surface. Also, the effect-of impurities has been ignored in this
analysis, and it is well documented that presence of trace
elements can greatly affect the temperature dependence of sur-
face tension in the molten region and will thus affect the
modal frequencies [Sundell et al. (1986)].

In summary, the model presented predicts the first two
modal frequencies of the weld pool. For a stationary pool, the
frequencies are related to the pool diameter, whereas, for a
moving pool, the elliptical model provides a further relation-
ship between the frequencies and the eccentricity of the pool.
The frequency of the first two modes, along with the ratio of
these frequencies, will provide information about the pool
width and the pool eccentricity. Information about non-
vertical pool walls and varying pool eccentricity may be infer-
red from the range of frequencies about the peaks. The first
mode should provide more information about the nature of
the wall since this mode is less sensitive to eccentricity and is
likely to be more sensitive to the wall taper. Likewise, the
second or sloshing mode would provide more information
about the pool eccentricity.
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Fig. 4 Theoretical frequency response of measured arc voltage to arc
current, Arc dynamics Introduce a second order zero; if the voltage drop
across the pool is small compared to that across the arc, the transfer
function may appear nearly fiat out to the bandwidth of the arc.

Arc-Pool Dynamics

Excitation of the Weld Pool. The response of the weld
pool can be measured by applying a force to the pool and
detecting the resulting pool displacement., As has been
established by Converti (1981}, the plasma jet momentum
from the welding arc, resulting from the expansion of the cur-
rent path from the electrode to the weldment, can be used to
provide this force. The change in momentum (force) on the
molten pool surface is given by

F=(u/8%) P[1 +2In(R,/R )} 1))

where u is the magnetic permeability for free space
I is the weld current
R, is the arc radius at the tip
R, is the arc radius after expansion.
This equation illustrates the quadratic relationship between
current and force. If sufficient excitation can be obtained with
small modulation amplitudes, the relationship may be linear-
ized about the average current; however, if large excursions
- are needed, the nonlinearity must be taken into account.
The next step in the signal analysis is the measurement of
the motion of the molten pool surface. The arc length, which
is directly coupled with arc voltage, can be used as a
transducer between the mechanical motion of the pool and
electrical changes. The arc voltage can be broken up into
several components including the anode and cathode drops,
the drop across the arc column. While the voltage drops across
the cathode and the anode can be assumed constant, the drop
across the arc plasma is a function of the distance between the
torch tip and the molten pool surface.
Previous approximations of the effect of pool motion on
arc voltage have taken a rather simple approach [Sorenson
(1985), Zackenhouse (1982)}, and have in effect measured the
voltage change caused by the net elevation change of the
torch, i.e., as if the pool contour did not change shape. This
. approach yields typical voltage changes in the range of 0.8
. V/mm, which should in turn give a strong signal for pool mo-

-tion analysis. In practice this is not the case, however, and can
be explained by the fact that the voltage changes observed are
not only those caused by the displacement of the pool center,
but an average change across the pool surface. For example, if
the surface is assumed to be a half sine in contour, the actual
voltage change integrated over the pool surface is only 46 per-
cent of that obtained for bulk motion of the pool.

Expected Transfer Function/Power Spectrum. If the ex-
cursions of the signals about a mean operating point are small,

the system can be linearized and a transfer function found be-
tween the input current and the measured voltage. This
transfer function reflects the change in arc voltage caused by
pool motion and the voltage change caused by current changes
in the arc column. To include the arc columns response in the
transfer function, one begins with the basic VI relationship for
the system:

AV =Ry, + IR oy (19

where IR, is the drop associated with arc column length
changes caused by pool motion.

Under stable arc conditions, the voltage drops across the
anode and the cathode have been found to be constants and
have been ignored in the dynamic analysis, however, the
plasma arc has its own electrodynamics and cannot be ig-
nored. Converti (1981) has found that the argon arc has a
bandwidth of approximately ! kHz. Since the voltage drop
across the arc accounts for a large component of the measured
voltage, it must be included in the model. The system transfer
function can thus be modeled as a sum of the transfer function
of the arc and the pool:

% .
H(s)= ‘T (5)=H,(s) + Hpool(s) (20)

If both systems are modeled as second order transfer func-

tions, the total transfer function has the form:

As?+Bs+C
*+ 2 arearcS + wavcz)(sz + zfpoolwpools + wpoolz)
— H
where 4 = Carcwarccpool“’rzaool

B= 2‘2')arc";pool(§'arcwpool + g-poo!warc)
C= wnrcmpool(cmc + Cpnol)

H(s)= @n

The effect of including the arc electrodynamics is to in-
troduce two zeros into the transfer function. The natural-fre-
quency of the weld pool was predicted to be below 100 Hz
wheareas that of the arc is 1kHz. The expected frequency
response is shown in Fig. 4, where the first dip corresponds to
the natural frequency of the pool and the second dip cor-
responds to the natural frequency of the arc. From a frequen-
cy of zero up to the natural frequency of the pool, the
response will have a magnitude of C, .+ C,,. The resporise
will then drop, but level off again at a magnitude of C, .. It
will remain at this level out to the bandwidth of the pool, when
it will roll off at a rate of 40 dB/decade.

The magnitude of the dropoff at the pool’s natural frequen-
¢y thus depends on C,,,,/(C,, + Cpoa1)- Also, these constants
may be assumed to be proportional to the voltage drops across
the corresponding section. For argon, the total voltage drop
across the arc in on the order of 10 volts whereas that caused -
by pool motion is less than 1 volt. The dropoff at the pool’s
natural frequency is thus quite small and may be easily
obscured, .

This modified transfer function agrees with the experimen- -
tal results observed by Zacksenhouse {(1981) and the small
magnitude of the pool contribution in argon coupled with the
noisy spectrum explain the inability to detect a dropoff at the
pool’s natural frequency. The direct measurement of the back
bead motion used by Zacksenhouse and Hardt (1983)
eliminates H,, (s), thus the transfer function obtained there
was simple second order.

Experiments

To examine the actual response of the arc-pool system, a
series of experiments were performed using autogenous Gas
Tungsten Arcs, A schematic of the apparatus is shown in Fig,.
5. The weldment used throughout the experiments was 171
mm {6.75 in.) diameter, 3.1 mm (0.125 in.) thick mild steel
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Fig. 5 Schematic representation of experimental setup

pipe. The section to be welded was clamped in a three jaw
chuck mounted on a vertical rotary table. A Heliarc HG-20
water cooled torch was mounted on a stand which could be
moved to position the electrode, a 2.4 mm (0.094 in.) diameter
2 percent thoriated tungsten electrode with a 60 deg included
tip angle. The power supply was a Hobart CyberTig 11l GTA
welding supply rated up to 150 A continuous current with a
peak capacity of 200 A. The unit is a state-of-the-art inverter
design current controller capable of the high bandwidth
(- 3dB @ 2 kHz) required in the modulation used in exciting
the weld pool. The gas shielding used was either high purity
Argon fed at 50 ¢fh or high purity Helimum fed at 160 cfh.

To obtain 2a measurement of the back-bead width, a General
Electric Optomation Instrument Vision System was used to
view the back-bead directly, The back-bead width was
measured on the scan line passing through the centroid of the
molten region and then sent out through a parallel port to the
host computer,

The arc voltage was measured across the ““cold’” end of the
welding electrode and a point on the weldment {(analog
ground). The arc current was measured by sensing the voltage
drop across a shunt placed in series between the power supply
and the torch, Sampling rates ‘during experiments were all
above 500 Hz, and all signals were passed through 150 Hz
fourth order low pass Butterworth filters.

Several different waveforms for modulating the current and
therefore the force were considered including pure sines,
pulses, white noise, and pulse modulated white noise. The first
two allow simple time domain identification, but tend to
modify the welding process directly and also lead to slow iden-
tification, while pure white noise leads to a lack of separation
between electrically and mechanically induced changes in the
arc voltage.

Pulse modulated white noise was developed in an attempt to
separate the dynamics of the molten pootl from those of arc. It
is created by amplitude modulation of an offset square wave
by ‘band limited white noise. Each pair of positive-negative
pulses has the same random amplitude determined by a white
sequence. The modulation and its frequency spectrum is
shown in Fig. 6. The advantage of this modulation is that the
pulse frequency can be chosen to be greater than the band-
width of the pool but less than of the arc. The pool will then
only see a white noise input while the modulation would be
providing much more energy input than the equivalent white
noise. Meanwhile, the voltage changes caused by the nonlinear
arc resistance will tend to cancel out.

Both the white noise and pulse modulated white noise
signals were generated in sof{tware by the computer. The ran-
dom sequences were found to satisfy Chi-squared tests and
were good approximations to a white sequence. The output
sample frequency determined the maximum bandwidth of the
sequence.

Power Spectrum Estimation. If the arc-pool system were
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Fig. 8 {a) Pulse modulaled white noise Input. (b} Theoretical power
spectrum contains power of band limited white noise as well as power
of puises.

indeed linear, or if small curent modulation levels could be
used, the system transfer function could be found (as done by
Zacksenhouse and Hardt (1983)) from:
&g o)
d’f; (jw)
where H(jw) is the transfer function between the system in-
put, f(#) and the output g{1),
&, (jw) is the DFT of the cross-correlation ¢y, (1),
and &, (jw) is the DFT of the auto-correlation ¢ (/).

This calculation has the advantage that it is insensitive to
noise in the input or in the measurement as long as the each
noise is uncorrelated with the input. Therefore, if the input
and output of a linear system can be sampled, their values may
be processed to obtain a discrete system transfer function.

Unfortunately, the voltage-current relationship is non-
linear as is the current-plasma force relationship. The relation-
ship between the system input, arc current, and the system
outpus, arc voltage, is only linear, therefore, for very small
current excursions. The current modulations necessary to ex-
cite the weld pool may not fall into this region and equation
(22) may be invalid.

Accordingly, for all the experiments described here, the
system is described by the ratio of the power spectral density
of the output voltage to the input current, This allows for both
high levels of current modulation and for nonideal frequency
content in the input waveform,

The power spectral density (PSD) of a signal can be
estimated by taking the DFT of the autocorrelation of the
signal [Tretter (1976)]. This resulting individual PSD has an
extremely high variance and is by itself a poor estimate of the
actual power in the signal. One way to obtain a better estimate
is to average a series of estimates. The data can be blocked off
into separate sections, each of which provides a separate
estimate. Certain ‘*data windows’' may be used to obtain a
smooth estimate and eliminate leakage effects [Brigham
(1974)). The average of these estimates then provides a good
representation of the actual PSD.

The problem with this method of analysis is the difficulty of
providing an accurate magnitude for the power at a given fre-
quency. However, this analysis for pool shape is interested not
so much in the magnitude of the peaks as in their existence and
the frequencies at which they occur, thus such estimates ob-
tained are adequate for our purposes.

The sampled signals were broken up into blocks, each of

H{jw) = C(22)
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Flg. 7 Voltege-current relationship for a tungsten arc on a water cool-
ad copper plate

which was then windowed and the PSD calculated by taking
the FFT of the autocorrelation. A running average was kept of
all the PSDs to provide the final estimate. The ratio of the
- PSDs was then obtained by the dividing the value of the
voltage PSD by that of the current PSD at each discrete fre-
quency. Standard values used were: a FFT length of 1024,
window length of 256, with 2048 data points sampled at 1024
Hz. The Hanning window was determined to yield the
smoothest PSD estimate and was used for most of the
analysis. The signals were also high pass filtered prior to the
estimate to ensure numerical stability in the summations
necessary for averaging the PSDs.

A typical experiment would be conducted as follows. The
arc was struck, and after a set delay, the current was
modulated and the voltage and current signals sampled. A
representative section of the digitized signals could be viewed.
The initial and final widths obtained from the vision system
were used to predict the frequencies of the first two modes
based on equation (17).

Results

Are Voltage-Current Relationship. It has been assumed
‘that the arc is essentially a simple gain over the frequency
range of expected pool oscillations. To precisely determine the
_nature of this response for our particular system, the dynamics
of the arc were measured independent of pool motion by using

‘between 50 A and 150 A and the corresponding arc voltage
measured. This test was performed for arc lengths of 2.54 mm
(0.100 in.) and 2.032 mm (0.080 in.}. Both helium and argon
were used as shielding gases. The result is shown in Fig. 7.

As can be seen, the relationship is not linear and the
nonlinearity is different for each gas. The heltum arc has a
decreasing slope up to approximately 100 A, after which the
curve becomes nearly independent of current. The argon arc
has a positive slope for currents greater than 60 A. The conclu-
sion is that variations in the measured voltage will have com-
ponents caused by this nonlinear arc resistance.

The voltage-current relationship also provides an indication
of the magnitude of the voltage change caused by pool mo-
tion. As shown earlier, the voltage change can be estimated by
measuring the change caused by a change in arc length and
scaling the number by a factor of 0.46. The expected voltage
difference is 1.6 V/mm for a helium arc and 0.4 V/mm for an
argon arc. As noted by Sorensen (1985), since the helium arc
has roughly twice the arc voltage of an argon arc of the same
length but provides four times the voltage sensitivity, pool mo-
tion should be easier to identify with helium shielding.
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{8} argon shielding;

{b) helium shialding

The pulse modulated white noise (PMWN) was selected as
the main excitation for further testing and its parameters were
optimized for both argon and helium shielding. Tests were
performed studying the effect of current amplitude and
average value changes, as well as the average frequency.

These tests show that although helium shielding is
preferable for its higher sensitivity to pool motion, the helium
arc has detrimental voltage-current characteristics (compare
Fig. 8 (@) and (b)) which would hinder detection of the natural
frequencies of the pool. The argon arc provides a much
smoother relationship but is less sensitive to pool motion, and
the average current should be above 100 A with maximum
amplitudes above 30 A and output frequency between 200 and
500 Hz. :

Detection of Pool Motion for a Stationary Weld. Initially
a white noise input test was performed to determine the arc-
pool PSD. This was chosen to be consistent with the excitation
employed by Zacksenhouse (1982) in her arc voltage output
test. However, extremely erratic results were again en-
countered, and often no discernable response was obtained.
The variance in the calculation of the power at each discrete
frequency caused a certain amount of noise in the resultant
PSD plot and this noise level may be sufficient to drown out
the expected step. :

As an alternative, pulse inputs similar to those used by Ren-
wick and Richardson (1983), and Sorensen (1985) were
employed. A steady state pool was developed with a constant
current and with with argon shielding. A positive pulse was
then applied and sampling started after the trailing edge of the
pulse. Thus, during the sampling time, the system “‘sees’’ no
excitation and the frequency peaks present in the voltage PSD
should be caused solely by pool motion. Various average cur-
rents, current amplitudes, and arc lengths were used to obtain
different pool sizes.

A typical voltage PSD is shown in Fig. 9. The plot displays
many peaks, several of which are near the frenuenciac
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predicted by the model. Peaks were chosen based on the model
prediction of the first two frequencies and these frequencies
plotted versus the inverse of the pool size. Figure 10(a) shows
the relationship of the first modal frequency to pool size. A
linear regression gives

176
f0=-'-2.1+“ww Hz (23)

where f; is the first modal frequency and
w is the measured back pool width in mm.
Figure 10(b) shows the relationship of the second modal fre-
quency to pool size. A linear regression gives

213
f;=3.l+“—;’-— Hz (24)

where f; is the frequency of the second mode.

These relationships agree fairly well with the relationships
predicted by the circular membrane model (equation (6)), and
the negative offset in equation (23) accounts for the somewhat

Journal of Dynamic Systems, Measurement, and Control

P50 RATIO

wl g ‘,‘
LA™ ]
M

‘g W
S i
W
§ w01
&

s sot w 10!

Frequency {Hz.}

'SD RATIO

Fower Spectral Density

-1

102 ' — T
0? 108 10t s}

Frequency {Hz.}
Fig. 11
frequency = 500 Mz, average curment =80 A, current amplitude =20 A,

torch velocity = 134 mmimin. {b) Cutput requency = 400 Hz, average cur-
rent = 100 A, current amplitude = 30 A, torch velocity = 195 mmimin.

high value of 176 whereas the positive offset in equation (24)
accounts for the low value of 213.

Though this experiment shows that the model can be used to
predict a natural frequency given a pool size, the convérse
prediction is the one required in the measurement scheme
necessary for a closed loop controller. The size and other
geometric parameters of a pool must be deduced from the fre-
quency plot. Figure 9 shows that the peaks caused by the pool
are hidden among many other peaks, causing such a predic-
tion based on the PSD alone to be almost impossible without
other data. Moreover, such an excitation scheme is
undesirable in a control sense since it is based on adding a
pulse disturbance to an equilibrium state. The excitation also
impies a nonsteady average heat input and may not be har-
monious with a control strategy.

Detection of Oscillations of a Moving Pool. To develop a
moving pool, the pipe was rotated by a servo motor to provide
relative motion between the torch and the weldment. The
relative velocity provided another parameter used to obtain
weld pools of different sizes and eccentricities. The control
program was able to read in a back bead width from the vision
system and predict the first two frequencies based on the pool
eccentricity. )

Pulse modulated white noise (PMWN) was used as the cur-
rent modulation, with helium as the shielding gas. Peaks were
present in the ratio plot corresponding roughly to the
predicted resonance vlaues, but these peaks were again hidden
in a forest of peaks. Typical PSD plots of the signals and their
ratios are shown in Fig. 1]. Since these tests were done with
helium shielding, each ratio plot shows a roll-off in frequency
above 20 Hz. For some cases, this roll-off obscured a
predicted peak in the range. However, when these peaks were
detectable, they occurred at points slightly below those cor-
responding to a circular pool, thus confirming the eccentricity
concept.
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PSD plots of voltageicurrent with PWMN and helium. (5) Cutput .
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frequency = 300 Hz, average current = 120 A, current amplitude = 30 A.
{8} torch velocity = 93 mm/min.

{b) torch velocity = 100 mmimin,

{c) torch velocity = 127 mm/min.

Though helium provides a better signal to noise ratio for
peak detection, the copper block experiments show that argon
~ provides a much flatter spectrum ratio. Tests were thus made
with argon shielding and the optimized PMWN parameters of
120 A average current, 30 A amplitude and 300 Hz output fre-
quency. The welding speed was varied from 94 mm/min to {27
mm/min (3.7 to 5 in/min) to obtain pools of different widths
and eccentricities.

Figures 12 (a), (b}, and (¢} show the results of these tests. As
expected, the PSD ratio was flatter, and in most cases, the first
two peaks above 10 Hz correspond closely to those predicted
‘by the model. Since an eccentricity measurement was not
available, the predicted frequencies could only be expressed as
a function of the eccentricity. The frequency peaks all occur-
red below the values predicted for zero eccentricity, agreeing
with the negative coefficients in the equations. Also, whereas

some tests displayed fairly clear peaks at the predicted fre-
quencies (Fig. 12 () and (b)), some displayed many peaks
(Fig. 12 (o).

In all the moving weld cases, the peak corresponding to the
second or “‘sloshing’” mode was almost as strong as that cor-
responding to the first mode. Since the torch tip is not posi-
tioned exactly above the minor axis, the arc momentum would
be off center and would strongly excite this sloshing mode.
Considering the origin of arc voliage changes at the pool sur-
face, this mode would tend to average to zero because of its
antisymmetry. However, in this case, the position of the torch
tip off the minor axis would tend to make the contributions in
leading half dominate, lessening the contributions of the trail-
ing edge. :

The PSD ratio plots of almost all the moving weld cases
disptayed many peaks besides those predicted by the first two
modes. Some of these peaks may originate with higher order
modes, or with the modes anti-symmetric with respect to the
axis of torch motion. In the ideal case where the torch momen-
tum is centered on the major axis, these modes should not be
strongly excited. However, the centroid of the actual pool may
not Jie on the major axis, so that these modes are present.

Conclusions

Two models relating pool geometry parameters to frequen-
cy characteristics of pool motion have been presented. The in-
tent is for the models 1o act as estimators or observers {in a
closed loop system) that infer geometry information from the
available measurements. The moving pool model provides a
relationship between the first two modal frequencies and pool
width as well as pool eccentricity. Deviations from these
predictions may be used to identify the effects of a tapered
solid/liguid interface, varying pool eccentricity, or surface
tension changes caused by impurities.

Experiments have validated the presence of the predicted
peaks in the frequency spectrum, but these peaks are often
obscured in the noisy process. Contrary to other results
{Sorenson (1985)], argon appears to be superior to helium
since it provides a much flatter frequency relationship between
arc voitage and arc current, although it does produce a jower
output signal.

For a moving pool with an argon arc, the first two predicted
peaks were often clearly identifiable. However, besides the
first two predicted peaks, higher order modes were also often
present in the power spectrum. The proximity of all these
peaks makes a unique identification unreliable without other
correlating data. The variance/resolution trade-off inherent in
tis measurement scheme makes it only good for a rough
measurement. Also, the time required to calculate the
geometry parameters may cause too great a delay in the con-
trol scheme if this measurement were the only one available.
With these exceptions in mind, weld pool impedance can be
empioyed to augment other geometry measurements such as
top-side vision and/or infrared measurements. This approach
could provide valuable geometry information not otherwise
obtainable for full penetration welds, ‘

it is also well to notice that the presence of the higher order
as weil as the antisymmetric modes was not expected insucha &
strong showing. These modes could provide additional data
for calculation of pool geometry, and their frequency values
could be predicted by further numerical analysis of the
Mathieu functions, thereby aiding in uniquely determining the
alignment of the frequency peaks with the modes. Also, the
arc dynamics played a strong hindering role in the analysis.
Zacksenhouse (1982) attempted to eliminate this effect by
estimating an arc resistance and subfracting a predicted
voltage drop caused by this resistance from the voltage signal. :
However, the arc resistance is by no means linear and is at ¢
times a strong functinn nf the mwe——aes - .o -



modulated white noise was an attempt to circumvent the arc
dynamics and was somewhat successful, What is needed to ob-
tain a good pool motion reading is to construct an observer
that would predict the voltage contribution caused by arc
dynamics and subtract this from the measured voitage. Like
the pool oscillation predictions, this observer is non-linear and
may require the need to measure nominal arc length as well as
arc voltage and current.

Finally, what may be considered the greatest limitation with
this measurement scheme is the fact that the voltage compo-
nent from pool motion is actually an average drop across the
whole pool. Further research is necessary in developing a
measurement scheme which would either only reflect motions

" of the pool centroid, or better yet, motions at various points in
the pool surface. The measurement of pool impedance
through analysis of the arc voltage may always have the above
problems associated with it. A better approach may be to
somehow directly measure the motion of the pool surface us-
ing high speed video means.
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