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Automatic Control of Arc Welding by Monitoring Molten

Pool’

Yoshiaki ARATA* and Katsunori INOUE**

Abstract

In order to control arc welding automatically, a new monitoring method is developed. In this method, a flow of
molten metal in a weld pool is observed using an electro-optical sensor and a logic circuit, and the physical ‘position of
the molten pool is measured. Static and dyaamic properties of this measured value is studied experimentally, and pro-
cess variables that are necessary to compose an automatic control system are obtained from these properties. Some ex-
Dperiments on the automatic control system are carried out for the purpose of verifying correctness of this monitoring

method and these process variables.

1. Introduction

In the existing feedback control system for arc
welding, penetration is selected as a controlled vari-
able in most cases?™® Undoubtedly, penetration is an
important factor and weld quality is frequently ap-.
praised based on this variable. However, for arc weld-
ing, enough penetration is a necessary but not suffici-
ent condition.

For example, in narrow gap welding, a satisfactory
result can not be obtained without complete building-
up by filler metal even if enough penetration is achiev-
ed. In such case, the height, width and appearence of
building-up must be monitored by any means. Besides,
there are a number of difficulties in the sensing tech-
nique for penetration. In the use of an infra-red radi-
ation pyrometer, the local differences of ‘the surface
emissibity of the work piece caused an error.in penet-
ration sensing. A conventional thermocouple tech-
nique has the weak points common to the other con-
tact type sensing methods. '

On the other hand, in order to compose a multi-
variable feedback control system, it is necessary to es-
tablish. two or more controlled variables. In such sys-
tem, penetration must be controlled together with the
other variables. Therefore, it is significant to establish
a new controlled variables in a feedback control sys-
tem of arc welding.

Authors developed a new method to sense a new
controlled variable and investigated in this variable to
establish the method. In this method, a molten: pool
is sighted with a specially designed camera, which
consists of a simple optical system, from the back side
during arc welding, and the image of the molten pool
is projected on the focussing screen of the camera by

Their results are satisfactory.

a strong light of welding arc.

The physical position of the image and its moment-
ly change are converted into an electrical signal by the
photoelectric elements installed on the screen.

Such a sensed signal corresponds to the building
up of the deposited metal after weld has been finished
and weld bead of uniform height can be maintained in
a feedback control of this signal.

To compose an optimum feedback control system,
the properties of .a controlled system in connection
with the each controlled variable should be clarified.
Static and dynamic properties of the building-up of the
deposited metal were obtained experimentally on utili-
zing above mentioned technique. And theoretical con-
siderations on such properties were made.

Feedback control experiments were also made to
verify these properties with an automatic control weld-
er of prototype. A manipulated variable which acts
on a controlled system is restricted to welding speed
only throughout this study, but generality is not lost,
because the same technique as described in this report
can be applied to the case where a .different mani-
pulated variable is utilized.

2. Controlled variable and its sensing method
2-1 Principle

Figure 1 shows the illustrative principle of the con-
trolled variable sensing method. The specially design-
ed camera which is interlinked to a welder and travels
with it sights the molten pool from the back side of
arc during welding. A strong light emitted from arc
projects the image of the molten pool on the focussing
screen of the camera.

A typical pattern of the projected image on the
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Welding direction

Fig. 1. Principle of the sensing method.

screen is shown in Fig. 2 and Photo. 1. A bright part
in the figuresis an image of arc and lower part is inter-
cepted by the molten pool that is a dark part. Figures
3 (a) and (b) show this aspect.

Fig. 2. Typical pattern of the image.

Photo. 1. Typical pattern of the image.

If the molten pool changes its physical position
from a solid line to a broken line in these figures, the
image also shifts upward on the screen. The shift
length is proportional to 4h- cose. (for 4h and ¢,
refer to Fig. 3 (b) ).

On the assumption that the physical position of
the molten pool at a certain time, i. e. the height of
the molten pool from a certain datum line, monistical-
ly co’?responds to the deposited height of the filler
metal at that time, the building up of the deposited
metal can be measured by sensing the position of the

borders of a bright and dark parts in the projected
image.

(100)
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(a) Direct and indirect sensed variables.
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(b) A change of the sensed variable.
Fig. 3.

2-2 Sensing method

The border position of the image is sensed by the
twenty photoelectric elements (silicon-photo-diode)
which are arranged in a column on the focussing
screen of the camera as shown in Fig. 4. All the
photoelectric elements have their serial number in
order of the position for convenience’s sake and are
connected to the logic circuit whose block diagram is
shown in Fig. 5 (a). Each of twenty photoelectric ele-
ments is connected to the voltage comparator of the

same serial number. The output terminal of a certain

Bl [TTTTTERTTTI B

Arrangement
of

S
creen photoelectric elements

Fig. 4. Arrangement of photoelectric elements of the focussing
screen.
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Photoelectric elements
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(a) Block diagram of the logic circuit.
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electric
element

(b) Connection diagram of the voltage comparators.

Fig. 5.

voltage comparator is connected to the input terminal
of the just beneath one, for instance, the output of
the Nth voltage comparator is connected to the input
of the (N-I)th comparator. ~ All comparator outputs.
-are also connected to the adder, thus, the adder out-
put signal indicates the border position of the image.

If an incident light shines on the Nth photoelectric
element, an electromotive force generates in such ele-
ment and inverts the corresponding Nth comparator
output level from low to high, hereby all the output
levels of the (N —1) ~1th comparators are inverted
from low to high, as a result, the adder output signal
is proportional to N.

Figure 5 (b) shows the connection diagram of the
voltage comparators.

Figure 6 shows an example of the output signal of
the sensing device. The signal level changes accord-
ing to the position change of the molten pool. The
superposed ripple on the signal owes to fluctuation of
the surface shape of the flowing molten metal. The
ripple may be smoothed off .by a conventional low-
pass filter according to the purpose of the control.

it

- Qutput voltage (a.u.)

————> Time (2sec/div)

Fig. 6. One example of an output signal of the sensing device.

If a holizontal angle of the optical axis of the
camera is proper, the image which is the same as
shown in Photo. 1 can be obtained. (¢ =20, where
¢ is a holizontal angle). If not so, the obtained
images become like those as shown in Photos. 2 (a)
and (b).

Photograph 2 (a) is an example in the case where
angle is too small (¢=12) and greater part of arc col-
umn are intercepted by the molten pool, and Photo. 2
(b) is an example where a holizontal angle is too large
(¢=30) and the lower part of arc is in sight.

In both case, sensing the accurate position of the
borders becomes difficult owing to deterioration of -

(a) A holizontal angle is too small.

(b) A holizontal angle is too large.

Photo. 2. Various pattern of the image.

(10D
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Fig. 7. Outside dimension of the camera.

S/N ratio of the image. The outside dimension of the
camera is shown in Fig. 7. The camera is of 8.6 mag-
nifications.

2-3 Static and dynamic properties of sensing
device

The relation between the building up of the de-
posited metal and the sensing device output as a static
property was investigated and dependence of the sens-
ing ability on the various welding conditions was clari-
fied by practical welding tests.

Welding tests were made in a CQ2 atomosphere
on mild steel plates of square ‘groove whose width.
was of 4~10 (mm). Arc power ranged from 225 (A)
~23 (V) to 450 (A) ~36 (V) and welding speed from
20 to 70, (cm/min).

All the other welding tests in the following sec-
tions were made under the same conditions as above.
Effect of change in arc power on sensing ability was
investigated. The result is shown in Fig. 8, where
output voltage of the sensing device corresponding to
a certain value of building. up is plotted against arc
power. From the figure, it is proved that arc power
seldom effects on the sensing ability as the basis, but
the measures of dispersion of the output signal. in-
creases slightly as arc power increases. In Fig. 9, the
same output value as in. Fig. 8 is plotted against
groove width of work pieces. The sensing ability
does not depend on groove width.

Figure 10 shows the relation between output volt-
age of the sensing device and the sensed variable (so
to say, controlled variable, the building up of the de-
posited metal) under various welding conditions. The
experimental errors are within around 10 percent and
have a tendency to converge to zero as the values ap-
proach to the origin, therefore, the accuracy of this
sensing method is satisfactory in a feedback control
system where a null method is usually used. The
building up of the deposited metal after weld had been
finished was measured with a conventional instrument
composed of a dial gauge and two rollers as shown in

Fig. 11.
‘ The output signal of the sensing device has a
slight time lag throughout all the experiments in this
report, because a condenser is added parallel to each
photoelectric element and forms a low-pass filter of
CR circuit to smooth the output signal from the

(102)
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Fig. 11. Instrument for measuring building up.

photoelectric element.

The time constant of this CR circuit can be set to
an appropriate value of negligible small accroding to
the dynamic properties of the other elements in the
system- by adjusting capacitance of the condenser.
The time lag is, therefore, negligible on the dynamic
analysis of the system.

3. Static property of controlled system

Welds were made under the above mentioned con-
ditions and the static relations between the manipula-
ted variable (welding speed) and the controlled vari-
able (building up of the deposited metal) were obtain-
ed. Figure 12 shows them.

Experimental results at arc power 300 (A) ~ 30
(V), 375 (A)~34 (V) and 450 (A)~38 (V) are shown
together with theoretical calculated results which are
drawn with continuous curves. Theoretical calculation
was made on the basis of the simple fact that the
groove of the work piece is filled with feed wire metal
only.

It is quite natural that the values plotted on the
abscissa are inversely proportional to those on the
ordinate, because the volume of the deposited metal
per unit length along welding direction is inversely pro-
portional to welding speed.

4. Dynamic property of controlled system
4-1 Experimental investigation of dynamic
property
On the assumption that the controlled system was

a first order system, the dynamic property was investi-
gated by a step response method. In this method, the

\ Surface of

Arc current 450A

—_

o

o
T

N
o
T

—_—— Groove width=6mm
_ Groove width= 8mm
Groove width=10mm|

—>Building upof deposited metal(mm)

0 30 40 50 € 70
—>» Welding speed(cm/min)

o
=3
-
o
o

Arc current375A Arc current 300A

ol
o
T

Building up of deposited metal(mm)

o

—> Building up of deposited metal(mm) _,

0720 30 40 50 60 70
—>Welding speedcm/min)

20 30 40 50 60 70
——> Welding speed(cm/min)

=

Fig. 12. Static relation between the manipulated variable (welding
speed) and the controlled variable (building up of the de-
posited metal).

manipulated variable (welding speed) was changed in
steps from Vi to Vi as shown Fig. 13 (a), (hereafter
welding speed before and after change refer to vi and
v2 respectively) and the controlled variable (building
up of the deposited metal) and its sensed value (the
sensing device output) changed correspondingly as
shown in (b) and (c) of Fig. 13.

A transient response of a first order system to a
step input is formalized in the following equation.

Y (t) = Yoo {1_exp<_L>} .................. 1)
. T
where Y(t) is a transient respones at a time t when a
step whose magnitude is Yo is applied at t=0 and =
is the time constant of the system. The experimental
results were approximated by eq. (1).

In order to estimate the time constant from the
transient response curve of the sensing device output,
the response value y; at a time t; (i=1-~n)- sampled
from the curve was plotted on semilog paper with time
on the linear scale where the response y; was sampled

(103)
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V2

——>Time

.up of Welding
'?ed metals ™ speed
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Buildin
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———— Distance

Out put of
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——=Time

Fig. 13. Step response of the controlled system.

so that y;— 0 at t;— t,(i— n) as shown in Fig. 14.
From the fact that a first order system with a time
constant 7 gives a linear response and the slope of this
line is the reciprocal of 7, i. e.

log (y: /¥)
t; — tj

Alogio y
At

_0.434..-
- T

(i¥j)
where i and j are arbitrary within the limit on n, z can

be obtained on using a least square method.  Sampl-

ing was made on so many data of y; (i=1~n) as that

enough reliability on the z value could be assured.
Welding speed was changed by controlling the ap-

aplying voltage to the armature of the carriage motor.

—>Welding speed —Output of sensing deviee

——Time

t

Fig. 14. Sampling of y; from a transient response curve.
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The connection diagram of the control circuit for the-
carriage motor is shown in Fig. 15. The relay R acts
by closing the switch SW , the external resistance of
the symmetrical thyristor unit is switched over from r,

.to ry, and the firing phase of the thyristor changes, as

a result, the DC voltage applied to the armature
changes in steps. At the same time, the relay R acts,
and the light emitting diode is connected to the DC
power source and generates the light signal.

In the practical welding experiments, the change
of welding speed is not in steps, but has time lag, be-
cause the transient response of the carriage motor
speed to a step change of armature voltage is of first
order and follows eq. (1). Therefore, strictly speaking,
the transient response of the sensing device is of the
second order, and it must be modified by the follow-
ing first order system equation

dY(t)
dt

Ty + Y1) = Z(1)
where 7y is the time constant of the carriage motor
and Y(t) is the original response and Z(t) is the modi-
fied to which time lag compensation has been made.

On .obtaining 7 practically, z; and z; were substi-
tuted into eq. (2) instead of y; and y,, where z; (and
z;, t00) could be calculated out from eq. (4) which
was derived from eq. (3) by the simplest finite deffer-
ence approximation.

TM———ty:_tyi' +yi =z
The relation among Y(t), Z(t), y; and z; is shown in
Fig. 16. The time constant 7w was measured in the
experiment previously made and ranged from 0.2 to 0.4
(sec) depending on vy and v,

to light to to
emitting  fjeld armature \
diode
|R.2
|
D.C. |
1.5V,
I
AC. ! g 1
100V, -

(104)

Fig. 15. Connection diagram of the control circuit for the carriage
motor.
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—> Qutput of sensing device

t t2

tn

Fig. 16. Relation among Y(t), y; and their modified values Z(t), z;.

4-2 Experimental results

An example of the experimentally obtained =t
value which is plotted ‘against increment of welding
speed Av(=v:—v, ) is shown in Fig. 17 where the
welding condition is described. The plot is made for
constant v, for several values of vo. The = value is
constant and does not depend on 4v for 4v<<0, but
depends on 4v for v>>0 and increases gradually as
Av increases. The values of = which were obtained
under the other various welding conditions show a
similar tendency as shown in Fig. 18.

The = value which is defined in the following
equation is required in order to compose an-automatic
feedback control system.

o =1lim (A V)
Av—0

Values of s were obtained in practice by graphical
interporation from Figs. 17'and 18. Figures 19 and 20
are plots of 7, versus v for the constant welding con-
dition for several conditions.

It is proved that arc power effects on 7, versus v,
curves as is seen in Fig. 19 (in this figure, parameter

is expressed in arc current instead of arc power), but
(sec)
30— . : I
Arc current 375A
Arc wltage 34V
Groove width 8mm
e | ® V2=20cm/mil V, =50 cm/mi
e hd o L scmimin 4 80cmimin
o 30cm/min - & 70 cm/min
[ ] 40cm/ min
20+
Q
[ SO == §( — , ‘
(= /,{Y .
O-——— O mammmmmmm———mmmem . ”,’
1.0+ I ol .-a -
[ B e e E L Ly - It
P i PR A
L e it 4
¥ 70 0 é i 20 3
-, - - CMY i
10 S0, (=V2—-V1% 0 (<M/min)

Fig. 17. Relation between 7 and 4v.

groove width of the work piece does not effect as is
seen in Fig. 20. An experimental equation on 7o was
obtained from these results as follows.

9.11
v

45.6

- 19772

To == e 6)
where 7, is in (sec), v is in (mm/sec) and I is arc cur-
rent in (A).

4-3 Supplementary experiments and their results

A few supplementary experiments were made for
explanation of the values of Tand 7,, and their pro-
perties. The experiment to obtain the shape and the
size of the molten pool by an impact method in ex-
pectation that there might exist any relations between
the values 7, 7, and them.

In this method, a sudden impact was applied to the
work piece during welding with the apparatus as
shown in Fig. 21, the existing molten metal in a pool
was driven out in a moment and the shape of the soli-
dus interface was well preserved.

Figures 22 and 23 show the longitudinal sections
of the preserved solidus interface. It results from
Fig. 22 that the groove width of the work piece does
not effect on the shape and the size of the molten
pool within the experimented range. The fact that the
groove width does not effect the 7, value can be ex-
plained by this results. Figure 23 shows the longitudi-
nal sections for various values of welding speea. The
length of the molten pool measured from these sec-
tions does not depend on welding speed.  Figure 24
also shows this fact, where the length is plotted
against welding speed, but the length is effected by
arc current.

The experiment to observe the behavior of the
molten metal at the moment of the welding speed
change was made to investigate dependency of = on
Av. L-shaped wires of diameter 2 (mm) were sets in
the hole drilled at the bottom of the groove of the
work piece as shown in Fig. 25 and weld was made.
The welding speed change during welding was inade
at the Ni wire set position from v, to v, for the vari-
ous of v, and the constant value of v,. After welds
had been finished, the work pieces were cut at their
longitudinal sections and macro etched to clarify the
molten Ni flow pass.

Photograph 3 shows the macro-etching results. In
all cases, Ni flows forward from the welding speed

changed position and this indicates the contribution of

some parts of the molten metal at speed v, to the for-

.mation of the molten pool at speed v,, but in the case

(105}

fordv< 0,i.e.v,>v, and the building up gradually in-
creases after the speed change, the flow rate is kept
constant and nearly equal to the; case of constant
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Fig. 24. Relation between welding speed and length of the molten pool. Fig. 25. Setting of L-shaped Ni wires at the work piece.

Photo.

3. Macro-etched longitudinal section of the work piece.
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welding speed, while in the case.for 4v>0, the flow

rate increases as 4v increases as observed from Photo.

3.

It can be well explained from these results that, in
the case building up increases, tis kept constant be-
cause contribution degree of the molten metal having
existed in the pool before the welding speed change
to the formation of the molten pool after the speed
change does not depend on the increment of the
speed 4v and is kept nearly constant, on the other
hand, in the case building up decreases, this contri-
bution degree depends on 4v and increases with it.
And this means that more time is required to attain
the steady state after the speed change. - The de-
pendency of = on 4v as described about Figs. 17 and
18 can be well explained by the abovementioned fact.

4-4 Consideration and Discussion

Let us consider theoretically the reason why the
time lag generates in the building up phenomena. For
theoretical consideration, we assume the upper part of
the longitudinal section of the molten pool as a rec-
tangular shape as shown in Fig. 26 (a), where L is the
effective length of the molten pool, h is the height of
the building up. .= We also assume that the effective
length L is kept constant during welding independent-
ly of welding speed. This assumption is seemed to be

Rectangular approximation

5
U
_\k
Deposited

tal
\me @ Molten pool (@)
\\Base metal
L
(b)
L v-at

Welding speed

Deposited metal

Vi
V2

h(t)

(c)

L

Fig. 26. Rectangular approximation of the molten pool.

proper from the result of the previous section.

When weld is made with welding speed v and wire
feed rate F, the transfer distance of the molten pool in
a period of 4t is v-4t, the solidificated volume of the
molten metal is h-v- 4t and the transfered volume of
the metal from the feed wire to the work is F-4t in
this period, therefore, in a steady state

(F—v-h)-At=0 0or F=—yeh -seeeereerereeeeans. @

as shown in Fig. 26 (b).

If welding speed changes suddenly from v, to v, in
steps at a time t=0. h begins to change gradually
from the initial steady state value h, to the final one
h, The incremental value 4h of h(t) in a small périod
at a time t is then

Ah(t):—% [vz-h(t)——F]-At. ---------- ®)
as shown in Fig. 26 (c), where L-4h corresponds to
the volume increment of the molten pool.

The limitting form of eq. (8) as 4t—0 is the fol-
lowing first order differential equation.

dh(t)
dt

L

Ve ch(f) —F =0 coeoeerurnrereaeaennnn 9)

Solving eq. (9), substituting the steady state condition:
F=v, ‘h,=v'h,(i. e. eq. (7)) and the initial condition;
t =0, h(t)=h(0)=h,, and rearranging, we obtain,

h(t)= (h, — hy) [ 1—exp (— 2 )} +hy -(10)

Comparing eq. (10) with eq. (1), we can get as the time
constant

where a is constant and b is also constant if arc power
is constant. The from of eq. (6') is different from that
of eq. (11). The former was obtained experimentally
and the latter was theoretically. We ventured two hy-
potheses to explain the difference. One of them is
that the effective length of the molten pool L in eq. (11)
corresponds to L, which can be calculated by the fol-
lowing equation that is derived from eq. (6)

L,=L, —114
L,=a To == —2 eeerereeeeieeiaan. 6"
Li=b-.v

that is to say, the effective length. is not: constant
in eq. (6”), (and therefore in eq. (6) ), but decreases

(109)
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linearly with welding speed.
The other hypothesis is that eq. (6") again rewrit-
ten as follows
L a }—»ro‘l‘fé: ];_1 ............ 6™)
76 =Db
This equation means that the experimental 7,is slightly
less than the theoretical time constant. This is due to
the reason that the measurement of 7, is made tothe
molten pool which responses more quickly than the
molten pool in the the theoretical consideration where
its average behavior is discussed.

Figure 27 shows the ratio L, /Lj and L, /L, ,
where L, is the measured length of the molten pool
which was plotted on orginate in Fig. 24, L., and L,
is described in eqs. (6”)and (6”). In this figure, L,/L;
is effected by welding speed and increases with it
while L,/L, is kept constant. The latter hypothesis is
seemed to be proper from this fact. The values of the
time constant difference 7y versus arc current are
shown in Table. 1. It may be allowable that there ex-
ists the difference of such degree in the time constant
between the experimental result and the theoretical
one.

Lo Length of molten pool

Il © Lo/l Arc current 450A
80 A Lo Lz) Arc voltage 38V 4
b ° Lo/Lt) Arc current 300A %
N A Lo/L2/ Arc voltage 30V
3 60 é
5 4 ]
3 {
by
40
. S S S
i i
ol e s o ¢ :
—‘l.—l» 1 L 1 n
20 30 40 50 60 70

Welding speed (cm/min)

Fig. 27. Relation between welding speed and Ly/L; or Ly/L,.

Table 1. Values of the time constant difference T versus arc current.

 Arc current (A) | 225 | 300 | 375 | 450
75 (sec) 0.70 | 0.54 | 0.48 | 0.41

5. Automatic control experiment

5-1 Composing of feedback control system

The parameters of the controlled system are ef-
fected by the input to it as mentioned in the previous

sections. That is to say, when we assume the control-
led system as first order and expresses its transfer

Vol. 1, No. 1 1972.

function as follows (this expression itself has already
been self-contradictory),

Ky

e U OO UU P PR PP 2
itz s (12)

Gs; (S) =

the parameters, k; and 7 depend on the manipulated
variable (welding speed) v, and vary with it.  Strictly
speaking, an optimum control theory where the system
is described by state vectors must be used for analysis
and synthesis on such system®™® However, it'is suffici-
ent to use a theory for a linear.and stationary system
where application of Laplacian transformation and des-
cribing a system by a transfer function are possible in
ordergto analize the system approximately, because
the automatic control experiment was performed only
to verify the properties of the sensing method and the
obtained 7, value qualitatively.

Based on above premise, the automatic feedback
control system was composed as shown in Fig. 28,
where notation is as follows:

D(s) Gd(s)

C@)

M(s)

R(s) :T Eer] & Gsls)

Fig. 28. Block diagram of the automatic feedback control system.

Gs(s): controlled system

Ge(s): control element

Ga(s): disturbance transfer element

Gi(s): feedback element

R (s): reference

E (s): actuating signal

M (s) manipulated variable

D (s): disturbance

C (s): controlled variable

The transfer function of the controlled system was
already described in eq. (12). The control element is
composed of an integrator, a servo-amplifier and a
carriage motor as shown in Fig. 29. This is the third
or much higher order system to be exact, but because
the function of the integrator is dominant in a transi-
ent state and the time lag of the other elements than
the integrator is a negligible amount, the transfer func-
tion of the control element was assumed to be of an
integral element as follows:

K.

Ge (8) =2 oo (13)

The time lag of the feedback element (the sensing
device) is also negligible as mentioned, and its transfer
function is

Gy (s) = l(= CONSLANE) ~+rerrremrrmrcensnsess (14)
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- Servo
> -
amplifier

Integrator —> Motor

Fig. 29. Block diagram of the control element.

The reference does not change during welding, there-
fore
R(s)=0— C(s)=—E(s)
Thus, we can obtain the relation between the con-
trolled variable C (s) and the disturbance D (s) as fol-,
lows:

Gy (8)

=11 maeae P¢
_ Ga(s)
— TR D(s)
s(1+7 +s)
LS
=| 1— z - Ga(s) - D(s)
2 S K
Sttt T
= Gw (s) . D(s) ....................................... (|6)

where K=K, K,

5-2 Disturbance and disturbance transfer
function

A change of the groove width of the work piece

was supposed as the disturbance to the system. The
change was in steps and in ramps.
Then, it is expressed
X 1 1
D(s) = _s__ or ? ................... (17

Weld was made on such work and the .time constant
7z of the sensing device output was investigated by
the same method as the case of welding speed change.
Figure 30 shows an example of the weld result.

The time constant 7 is also effected by welding speed
and is reciprocals of it

12.2

v

Td = (18)

where v isin (mm/sec). The disturbance transfer
function is expressed as first order
Ks

Ga® =775

5-3 Transient behavior of the system

Substituting eqgs. (17) (D (s) =%) and (19) into eq.
(16), we obtain eq. (20) as a step response of the sys-
tem.
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Fig. 30. Example of disturbance to the system.
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Performing reverse Laplasian transformation of C(s),
the transient behavior of system is obtained as a func-
tion of time. '

C(t) = — E(t)= L7 (C(s))

t _£ Z A(s1)
= K3 .[—e"z—a_H A(s1) | -edTE
R B =

J1=¢2
ZA(s1)

. si __ 52 _£Als1)
sin | /1= o (04 =gy )
+tan_1—_"1+§2}] ............. @1

e
<
where w»n= /-T—
1 1
¢ = 2 r K
Als) — 1

©= TS

s1i= —& wnt+if 1= - wn

The behavior of C(t) to t depends on £ as shown
in Fig. 31. The values of £ must be set properly
within the region of 0.4~0.6 in order to make the sys-
tem weli behave in a transient state.
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——— Time (t)

Fig. 31. Theoretically calculated transient response of the controlled
variable in the feedback system and effect of the value & on
it.

5-4 Examples of automatic control experiment

Figure 32 shows an example of the automatic feed-
back control experiment, where weld was made on the
work piece whose groove width changed in steps as
illustrated in the figure under the described welding
condition. The broken line of the graph in the figure
corresponds to the case without feedback control.
The value £ was set in 0.5 in this experiment. Com-
parison of the experimentally measured controlled
variable with theoretically calculated result from eq.(21)
is shown in Fig. 33. They are well agreed with.

vz L Al
10mm 6mm 10mm
T
—_ ,r 500mm Gl ﬂx f -
£ E
LEEI.O Arc current s
£ =300A 3
~ Arc voltage ¢
530 30V oE ¥
U ;s
%20 gﬁ
g 58
= =0
5§ 158 °
> [
4 10
5 = 10
'_LB_ 5
2 . 0
3 0 100 200 300 400 500
<28 ————> Distance from weld start (mm)

Actuating sigi

Fig. 32.. Result. of the automatic control experiment.

Photo. 4. Appearance of the automatic control welded work piece.

Photograph 4 shows an appearance of the work piece
on which the experiment was made.

Figure 34 shows another example of the control

where the groove width changes in ramps. The result
is more satisfactory than the fomer example.
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Fig. 33. Comparison of the experimental transient response with
theoretical.
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Fig. 34. Result of the automatic control experiment.

Conclusion

A new controlled variable other than penetration
was developed in an automatic control system of
arc welding.

The sensing method for this controlled variable was
established. Its accuracy was tested experimentally
and verified to be satisfactory for using it in a feed-
back system.

Static property of the controlled system for this
controlled variable was investigated experimentally
and well coincide of the experiment with a theory
was recognized.

Dynamic property of the controlled system was



Automatic Control of Arc Welding by Monitoring Molten Pool

investigated experimentally by a step response
method on assumption of the first order system, and
the time constant of the system was obtained. This
time constant is remarkable effected by welding
speed and slightly by arc current. Experimental
equation was obtained from these results.
Theoretical consideration on the time constant was
made, and comparison of the theoretical consider-
ation with the experimental result was also made.
The difference between both was well explained by
a ventured hypothesis.

Automatic control experiments were made in order
to verify the investigated properties of the sensing
method, the controlled system and the controlled
variable, qualitatively. Their results are satisfactory.
It is a subject in the next step to synthesize the
much better automatic feedback control system on
using an optimum control theory based on the pro-
perties investigated in this study.
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