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Arc welding process control 

J - L PAN * 
In this paper a close loop control system of welding arc and weld pool quality developed at Tsinghua University is introduced. It consists of 
three parts, namely, adaptive control of pulse MIG/MAG welding, penetration control of the weld bead and automatic seam traking. 
Principle of operation, special features and experimental results are described. 

What is "process control"? 

W e l d i n g is now u s e d for the fabr icat ion of the most 

critical industrial products in the world, e .g. , nuclear 

p o w e r p lants etc. As it is k n o w n that slightest l e a k a g e 

of the s y s t e m will result in c a t a s t r o p h e for humani ty , 

great efforts a re be ing m a d e now a d a y s in the wor ld 

for a u t o m a t i o n of the p rocess in o rder to ensure the 

quality of the w e l d a n d productivity. A m o n g var ious 

automat ic w e l d i n g m a c h i n e s the most a d v a n c e d o n e 

is robot w e l d i n g sys tems . But f rom the v iewpoint of 

control e n g i n e e r i n g the robotic w e l d i n g is in fact an 

o p e n loop control s y s t e m ( s e e Fig.1) . T h e function of 

the robot is mainly control of the m o v e m e n t of the arc 

torch accord ing to the p r e d e t e r m i n e d requ i rement of 

the t ra jectory , w e l d i n g p a r a m e t e r s a n d torch angle . 

At tempt is n o w be ing m a d e in improving the 

adaptabi l i ty of the torch m o v e m e n t to the actua l s e a m 

path of the w o r k p i e c e , wh ich m a y be different f rom 

p iece to p iece a n d d e f o r m e d d u e to heat distortion 

during we ld ing . In the past ten y e a r s the author has 

c o n c e n t r a t e d his efforts in deve lop ing a c lose loop 

control s y s t e m for the quali ty of arc a n d w e l d pool. 

T h e idea m a y be i l lustrated as Fig. 2. Loop 1 is 

d e s i g n e d for arc control . L o o p 2 is d e s i g n e d for w e l d 

pool q u a l i t y control, specif ical ly, penet ra t ion of the 

b e a d . L o o p 3 is d e s i g n e d for au tomat ic s e a m tracking, 

in w h i c h the arc itself is be ing u s e d as a sensor . T h e 

c lose loop control s y s t e m with the arc a n d w e l d pool 

as the contro l led ob jects is ca l led by the author as 

"Arc W e l d i n g P r o c e s s Control" or simply "Process 

Control". P r o c e s s control will b e o n e of the most 

important subjects of r e s e a r c h in the for thcoming 

d e c a d e s for improv ing quali ty a n d a u t o m a t i o n of arc 

we ld ing process . 
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Fig. 1 : Robotic welding system. 

Fig. 2 : Close loop control of arc welding process. 

Adaptive control of pulsed MIG/MAG welding 

For m a n y y e a r s it h a s b e e n a c k n o w l e d g e d that only 
the p o w e r source wi th droop ing or flat output 
character is t ics c a n b e u s e d for arc we ld ing . T h e arc 
should h a v e sufficient capabi l i ty to adjust itself in c a s e 
arc length is d is turbed by a n y acc identa l factors, e .g. 
uns tab le handl ing of w e l d i n g torch, f luctutat ion of wire 
f e e d rate etc. In this regard flat output character ist ic is 
super ior to drooping character ist ic . But in v iew of 
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stability of m e t a l t ransfer a n d thus quality of w e l d the 

drooping character ist ic is m o r e favourab le . N o 

c o m p r o m i s e c a n be found a n d no other type of output 

character ist ic h a s e v e r b e e n used . T o b reak th rough 

the tradit ional principle of w e l d i n g arc control a n 

original concept , n a m e d Q H - A R C a d a p t i v e control , 

w a s f o r m e d a n d s tudied at T s i n g h u a University [1, 2 , 

3]. R e a l t ime p a r a m e t e r s of the arc a re f e e d back to 

the p o w e r source w h i c h r e s p o n d o n it a n d c h a n g e s 

the type a n d s h a p e of output character ist ics 

adapt ive ly so as to a c h i e v e the most ideal condit ion of 

the arc. 

Principle of Operation 

Multi segmental output characteristic 

T h e adapt ive control of pu lsed M I G / M A G w e l d i n g arc 
is rea l ised by m e a n s of t ransistor ised p o w e r source 
hav ing mu l t i segmenta l output character ist ic wi th a 
scann ing s lope, s e e Fig. 3 . T h e funct ion of e a c h 
s e g m e n t m a y be d e s c r i b e d a s fol lows : a - the o p e n 
circuit vo l tage point, a n d b e - t h e s e g m e n t for 
controll ing b a c k g r o u n d current ampl i tude . It is slightly 
incl ined to the vert ical axis. Th is m e a n s that the higher 
the arc vo l tage or the longer the arc length, the 
g rea te r the current dur ing the b a c k g r o u n d durat ion - a 
factor important for stabil ising the arc burning. T h e cd 
is the s e g m e n t for control l ing m o v e m e n t of arc 
opera t ing point a n d in turn the arc length. Its s lope is 
larger t h a n that of vo l tage- a m p e r e character ist ic of 
the arc. T h e arc opera t ing point cannot be kept stable 
o n this s e g m e n t , but the s p e e d of the m o v e m e n t is not 
fast e n o u g h to p e r f o r m the prompt j u m p f rom point c 
t o w a r d d, or v ice versa . I ndeed , this s e g m e n t o n the 
static output character is t ic d o e s not a p p e a r dur ing the 
actua l w e l d i n g p r o c e s s b e c a u s e it s c a n s all the t ime. 
T h e funct ion of this s e g m e n t a n d its scann ing act ion 
are d i s c u s s e d next , d e is s e g m e n t for controll ing pulse 
current ampl i tude ; a n d ef a n d fg a r e s e g m e n t s for 
adjust ing the short circuit so as to ensure the rel iable 
ignition of the arc. 

Scanning output characteristic 

T h e speci f ied scann ing output character ist ic (F ig .3) is 

uti l ised to direct the arc opera t ing point to leap 

prompt ly b e t w e e n the pulse a n d b a c k g r o u n d current 

levels, it w a s p r o v e d that the m o v i n g s p e e d of the arc 

opera t ing point d e p e n d s o n the d i f fe rence b e t w e e n 

the s lope of output character ist ic of the p o w e r source 

a n d that of the vo l tage a m p e r e character ist ic of the 

arc, in c a s e the fo rmer is g r e a t e r t h a n the latter. T h e 

larger the d i f ference, the fas ter the m o v e m e n t will be . 

H e n c e , the s e g m e n t cd is d e s i g n e d wi th the capabi l i ty 

of scanning a r o u n d the pivot at e i ther point c or d, i .e., 

its s lope c h a n g e in a cer ta in w a y u n d e r cer ta in 

condit ion. 

A s s u m e that the arc opera t ing point c' . g o e s 

d o w n w a r d a n d r e a c h e s the intersect ion of s e g m e n t s 

be a n d cd, i .e., point c. T h e s e g m e n t cd scans swiftly 

a r o u n d the pivot c in a counter c lockwise direction at 

first to f o r m a large slope, m a k i n g arc operat ing point 

j u m p off f r o m c. T h e n it s c a n s b a c k to the static output 

character ist ic posit ion in a c lockwise direct ion a n d the 

arc operat ing point is s e i z e d at point d'. Similar ly arc 

opera t ing point g o e s now u p w a r d f r o m d' a n d touches 

the t ransient intersect ion of s e g m e n t s cd a n d de , a n d 

t h e n it scans a r o u n d the pivot d swiftly in a counter 

c lockwise direct ion first a n d c lockwise direction 

a f te rward . Dur ing this, the arc opera t ing point j u m p s 

prompt ly f rom d to c'. In such w a y the process 

r e p e a t s itself automat ica l ly dur ing we ld ing . F igure 4 

s h o w s a trajectory of the arc opera t ing point jumping 

b e t w e e n pu lse a n d b a c k g r o u n d level t a k e n by 

c a t h o d e osci l lograph. 

0 1 

Fig 4 : The trajectory of arc operating point. 
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Automatic arc length control 

T h e m u l t i s e g m e n t a l output character ist ic itself 

p o s s e s s e s the ef fect of au tomat ic control of arc 

length, s e e Fig. 3 . S u p p o s e that the arc length is I, a n d 

the arc o p e r a t i n g point is at c'. S i n c e the b a c k g r o u n d 

current at this s tage is very low, the arc k e e p s o n 

burning wi thout a n y meta l t ransfer . T h e arc length a n d 

arc vo l tage t e n d to d e c r e a s e m e a n i n g the arc 

opera t ing point c' t e n d s to g o d o w n w a r d to c. O n c e it 

r e a c h e s the intersect ion be a n d cd, i.e., point c, the 

arc opera t ing point j u m p s prompt ly to d' u n d e r the 

scann ing act ion. T h e w e l d i n g current now b e c o m e s 

very high, so that s p r a y - m o d e t ransfer occurs a n d the 

ate length is gradua l ly increased . U p o n reaching the 

intersect ion of s e g m e n t c d a n d d e , i.e., point d, the arc 

operat ing point j u m p s prompt ly b a c k to c' u n d e r the 

scann ing act ion. T h e s e p r o c e s s e s automat ica l ly 

repeat b e t w e e n pulse a n d b a c k g r o u n d levels so that 

the b a l a n c e of wire f e e d rate with its melt ing rate is 

m a i n t a i n e d a n d thus, the arc length is kept b e t w e e n H 

a n d I2 w h i c h has a d i f fe rence of only a f ine droplet 

d i a m e t e r . 

Special features 

• The arc can automatically determine its pulse and 
background duration in accordance with the realtime value of 
arc length. Hence, it can quickly respond to any variation of 
wire feed rate or any kind of arc length disturbance to ensure 
a stable arc with minimum spatter. 

• The arc length is kept at predetermined value, which can be 
adjusted by changing the parameters or, in other words, the 
position of point c and slope of cd. 

• During the pulse period, metal transfer proceeds under a 
constant current condition, and the magnitude is determined 
by pre-setting the parameters of segment de. Therefore, the 
optimum spray transfer mode can be easily obtained. 

A b o v e m e n t i o n e d points w e r e ver i f ied a n d conf i rmed 

by high s p e e d fi lms. 

Welding technology 

W e l d i n g p r o c e d u r e s h a v e b e e n c o n d u c t e d wi fh 1.0, 

1 .2 a n d 1 .6 m m d i a m e t e r w i res in Ar-r ich mixed g a s or 

pure Ar gas . T h e w e l d e d meta ls include mild steel , 

low-al loy steel , s ta in less steel , Al a n d Al-al loy, C u a n d 

Cu-al !oy. E x p e r i m e n t a l results m a y be s u m m a r i s e d as 

fol lows : 

• Spray transfer arc can be obtained over a wide range of 
welding current for almost all kind of metals. For example, 
the usable range of welding current for mild steel is 45-220 
Amp. for 1.0 mm diameter, 60-320 Amp for 1.2 mm diameter 
and 80-360 Amp. for 1.6 mm diameter wire, respectively. 

• As the system automatically regulates the welding 
parameters, so the system is controlled by operating one 
knob. It is necessary for the operator only to regulate 
wire-feed rate, then all the pulse parameters will be 
automatically optimised. 

• To take advantage of the dynamic property of the control 
system, pulsed wire feed GMAW technique, was developed 
by the author. The wire feed rate may be programmed 
according to the needs of the weld quality control and a 
stable spray metal transfer can always be obtained. 

A b o v e m e n t i o n e d s y s t e m w a s p a t e n t e d in U S A a n d 

C h i n a a n d appl ied in industry for product ion a n d 

market ing . 

Penetration control 

W e l d pool quali ty control is the most important but 

difficult p r o b l e m in the a u t o m a t i o n of arc we ld ing . 

Accord ing of statistics, a m o n g all w e l d quali ty 

p r o b l e m s insufficient penet ra t ion is o n e of the most 

c o m m o n defect , 8 0 % of the rejects in the p e t r o l e u m 

pipe a n d smal l d i a m e t e r p r e s s u r e v e s s e l product ion 

a re d u e to insufficient penet ra t ion . T h e fol lowing 

int roduces a c lose loop penet ra t ion control s y s t e m for 

G M A W d e v e l o p e d at T s i n g h u a Universi ty [4,5] . 

T h e s y s t e m consist of th ree major parts , a n adapt ive 

control led p o w e r source , wire f e e d e r a n d sens ing 

s y s t e m for w e l d pool pene t ra t ion ( s e e Fig. 5) . A s 

d e s c r i b e d in a b o v e p a r a g r a p h , the a d a p t i v e control 

p o w e r source has a d v a n t a g e of high d y n a m i c 

r e s p o n s e to arc length d is turbance . T a k i n g a d v a n t a g e 

of this p o w e r source to vary the wi re f e e d rate, o n e 

c a n vary the heat input to the w e l d pool a n d thus its 

penet ra t ion . In order to obta in high d y n a m i c property 

of the wire f e e d e r , a spec ia l s y s t e m with torque motor 

ins tead of convent iona l D C servo motor w a s 

d e s i g n e d . Exper imenta l results s h o w e d that its 

r e s p o n s e to step inpiJ is r e d u c e d to 1 0 - 2 0 ms, instead 

of 2 0 0 - 3 0 0 ms , so that fast regulat ion of penet ra t ion 

dur ing w e l d i n g process c a n be a c h i e v e d . T h e key 

point of the s y s t e m is to d e v e l o p a penet ra t ion sensor 

w h i c h is ef fect ive a n d appl icable in pract ice. After 

study of n u m b e r of dif ferent kinds of sensors , a l inear 

C C D w a s chosen . Dur ing w e l d i n g a g lass fibre wi th 

opt ical s y s t e m w a s put u n d e r t h e w e l d pool, a l inear 

i m a g e of the back side of the w e l d pool, i.e. the 

t e m p e r a t u r e distribution across cent re of the pool, is 

t a k e n a n d outputs to the C C D w h i c h is m o u n t e d at the 

o ther e n d of the g lass f ibre. S igna ls of the C C D are 

t h e n output to a c o m p u t e r , w h i c h p r o c e s s e s the da ta 

a n d g ives instruction to w i re f e e d e r for hea t input 

control of the w e l d pool. 
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Principle of temperature distribution detection T ( Y ' ) = K . e x p [ - < ; ( ¥ ' . R / |3 ) 2 ] 

A s s u m e that the t e m p e r a t u r e field of a b e a d o b e y s the 

g e n e r a l rules of hea t t ransmiss ion theory , a n d the 

t e m p e r a t u r e distr ibution across b a c k of the w e l d pool 

cent re be e x p r e s s e d as ( s e e Fig. 6a ) 

T ( Y ) = K . e x p ( -<;Y 2 ) (1) 

T h e C C D i m a g e m a y be e x p r e s s e d as ( s e e Fig. 6 b ) 

FTP> 

A temperature distribution on the back side of the weld pool. 

Fig. 6 : Temperature distribution across centre of weld pool and 
C C D output. 

w h e r e 

T - t e m p e r a t u r e 

Y - absc issa o n work p iece 

Y ' - absc issa o n C C D 

<;,K - coeff ic ient 

R - d is tance b e t w e e n C C D a n d w e l d pool 

P - magni f icat ion of opt ical sys tem, w h i c h c a n be 

m e a s u r e d by exper iment . 

Actual ly the C C D d o e s not rece ive the s ignals of the 

t e m p e r a t u r e itself, but heat or light emiss ion of the 

w e l d pool. T h e relat ion b e t w e e n C C D output O s a n d 

the t e m p e r a t u r e m a y be de r i ved a s 

Os = K c . e x p [ - C 2 / Ao . T ]/ R 2 + D 

Kc - constant , w h i c h m a y be de r i ved f r o m e x p e r i m e n t s 

C - constant , f rom S t e n f e n - B o l z a m n equa t ion 

Ao - a v e r a g e w a v e length of opt ical filter 

D - noise signal d u e to b a c k g r o u n d light 

T h e r e f o r e in o rder to obta in informat ion about 

t e m p e r a t u r e field, m a t h e m a t i c a l der ivat ion has to be 

m a d e . A s s u m e that the relat ion of C C D outputs O s 

a n d its absc issa Y" be e x p r e s s e d as s h o w n in Fig. 6b. 

It c a n be p r o v e d that there a re two, a n d the only two, 

symmetr ica l points ± Y' o n the absc issa Y' w h e r e O s / 

Y') t a k e m a x i m u m va lue . T h e n the fol lowing relat ions 

m a y be found 

F = / Os/ Y7 max./Y'VO's 

F = 1 + 2 <;(Y"R/p)2 

T" = C 2 ( F - 1) / lo. F) 

(4) 

(5) 

(6) 

Fig. 5 : Block diagram of penetration control 

w h e r e O s " is C C D output at ± Y". F r o m these 

equat ions o n e c a n der ive K, q , R a n d the full picture of 

t e m p e r a t u r e distribution across the w e l d pool. Direct 

m e a s u r e m e n t s wi th t h e r e m o c o u p l e s w e r e c o n d u c t e d 

in o rder to c o m p a r e with the results o b t a i n e d f rom 

compute r . C o i n c i d e n c e of t h e m p r o v e d cor rec tness of 

the theoret ica l ana lys is of the s e n s i n g s y s t e m . 

Control system 

D e g r e e of penet ra t ion is t h e n a s s e s s e d by the 

c o m p u t e r accord ing to the w id th of the b e a d w h e r e 

t e m p e r a t u r e is a b o v e mel t ing point. Accord ing to 

e x p e r i m e n t a l results the penet ra t ion responds to 

w e l d i n g current as a first o rder lag p rocess plus d e a d 
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Fig. 7 : Product welded with penetration control system 

time process. Therefore a feedback control system 
with non-linear controller of on-off relay type was 
designed to achieve the best result. Welding was then 
carried out in practice. Percentage of insufficient 
penetration was reduced to almost zero, see Fig. 7. 

Automatic Seam Tracking [6,7] 
Principle of operation 

The system was developed on the basis of welding arc 
sensor. As it is known that the the torch to workpiece 
distance of two parts, i.e. wire extension and arc 
length, when the torch to workpiece is varied the arc 
length changes according to characteristics of the 
welding system. Therefore to oscillate the torch across 
the groove of the weld, arc length varies in relation 
with the groove shape. To record the parameters of 
the arc during oscillation of the torch, one can obtain 
the information of the relative position of the torch with 
the centre line of the weld path and thus realise the 
feedback control of movement of the torch during 
welding. 

Welding arc sensor 

The welding torch is hung on a ball bearing and driven 
by a motor via a pair of gears, see Fig. 8. in the centre 
of the gear there is an eccentric hole which the 
welding torch passes through. Therefore the torch 
performs a conic rotation while the gear rotates. 
Eccentricity of the hole is designed to be adjustable, 
so that the angle of the cone or the diameter of the 
rotation of the arc may be regulated according to the 
requirement of welding technology. Together with the 
gear an encoder is mounted, on which a single hole is 
made on the inner circle, for detection of the relative 
position of the torch with the axis of groove line, 90 
holes are made on the outer circle evently for 

detection of the angle of rotation. Two pairs of infrared 
ray emission and receiving devices are mounted 
above and under the holes, so that the angle and 
relative position of the torch tip with regards to the 
groove line can be determined while parameters of the 
arc are detected. A F/V converter device is connected 
with the photoelectric circuit in order to obtain the 
signal of the real time rotating speed of the torch. In 
present design the rotating speed of the arc may be 
regulated from 0-3000 RPM. Rotation diameter of wire 
tip may be regulated from 2-8 mm. 

Fig. 8 : Structure of arc sensor. 

INDIAN WELDING JOURNAL. JULY, 1992 
42 



Physical-mathematical model of arc sensor 

The physical model of the welding arc sensor may be 
presented as shown in Fig. 9 where H is torch to work 
distance, U is wi re extension, La is arc length, U s is 
voltage drop on wire extension, U a is voltage of the 
arc, U is vol tage drop across H, Vf is wire feed rate 
and I is weld ing current. Obviously, the input signal of 
the system under d iscussion is H and output signal of 
the systems I. In order to derive the mathemat ical 
model of the system, state equat ions of the system 
should be eatabl ished. Assume the weld ing power 
source has a straight but dropping output voltage of 
power source can be wri t ten as 

U P = U o - K d l 

OD a'ire f e e d e r 

v r 

Power 
source U: ] s H 

Ua A la 

ezzzzzzzzzzzzzza 
Fig. 9 : Physical model of arc sensor. 

where U 0 is open circuit voltage of the power source 
and Kd is drooping slope of the output characterist ics. 
Voltage U across H is 

U = Ua + U s 

and vol tage drop on wire extension Us is 

Us = K s . L s . I 

(8) 

(9) 

where K s is specif ied linear resistance of the wire. Arc 
voltage can be wri t ten as 

Ua = KaU + Kpl + Uc (10) 

Where Ka is gradient of vol tage drop in arc, K p is 
equivalent resistance of the arc on cathode and anode 
and U c is constant. The melt ing rate of the wire V m 

may be expressed as 

Vm = Km I + KnILs + Cn (11) 

where K m , K n , Cm are constants. For the stability of 
the arc length, the fol lowing condit ion should be 
satisfied V m = Vt (12) 

Take Laplace t ransform of above equat ions and 
simplify them, the transfer funct ion representat ion of 
the system may be expressed as 

G(s) = l(s)/H(s) = 

Ka(S+ Kr).P(s) 

[1 - K n p ( s ) ] s + Kq . P(S) + Kr 
(13) 

where K r , Kn , K q are constants. P(s) is transfer 
funct ion of dynamic property of the power source. 
Experiments were conducted to verify the theorit ical 
analysis with a transistorised power source having the 
transfer funct ion 

Po 
P (s )= l(s)/U(s) = (14) 

[ 1 = TpS] 
where P 0 is constant and T p is t ime constant. The 
exper imental results together wi th the theoretical 
curve are plotted in Bode d iagram as il lustrated in Fig. 
10 which shows excellent consistency between them. 
The derivation of the physical- mathemat ical model of 
the arc sensor wil l be of great signif icance for further 
development of the arc sensor. 
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Fig 10 . Bode diagram for arc sensor. Wire diameter 1 0 mm, 
shielding gas Ar + 10% CO2. 
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Control system 

T h e block d i a g r a m of the s e a m tracking m a c h i n e is 

i l lustrated in Fig. 11. T w o servo motors a re u s e d to 

drive the w e l d i n g torch or arc the sensor a long 

horizontal a n d vert ical a x e s to adjust its posit ion. A 

single m i c r o c o m p u t e r 8 0 3 1 of M C S - 5 1 ser ies is u s e d 

for contro l of the sys tem, see Fig. 12. 

Fig. 11 Seam tracking system with arc sensor 

• I • • US • • • 
• I m • mm HP SI • 
Ml m IX u M 

IK mm mm 
rjfti! 

M m 
• i m • mm m 
• I • • mm • 

error=l.25mm 20ms/DIV 
(A) Acctually detected 

error=1.25mm 

20ras/DIV 
(B) Theoretical 

Fig 13. Waveform of welding current detected by arc sensor. 

S 
f 

T h e r e a r e th ree inputs to 

the mic rocompute r . T h e 

first is "position impulse" 

f r o m e n c o d e r of the arc 

s e n s o r w h i c h tells the 

c o m p u t e r relat ive angle 

posit ion of the arc to the 

w e l d pool , o n e impulse is 

g e n e r a t e d for o n e rotation 

of the sensor . T h e s e c o n d 

is "angle impulse" w h i c h 

tells the m i c r o c o m p u t e r the 

real t ime rotat ing ang le of 

the sensor . 

8 

Fig. 12. Diagram of computer system. 
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Fig 14 Outside v i rw ot welding mac.hme 

Fig 15. Zig zag seam welded with automatic tracking system. 

9 0 impulses a re g e n e r a t e d per o n e rotation of the arc. 

T h e s e two signals a re u s e d in the c o m p u t e r for 

tr iggering of the sampl ing of the we ld ing current a n d 

m e a s u r i n g the rotat ion s p e e d of the arc. T h e latter is 

u s e d for f e e d b a c k control of the arc sensor motor. 

T h e third input is the we ld ing current . T h e r e a re four 

outputs f r o m the compute r . T h e first is fo rm P1.0, P1.1, 

for control of th ree vert icle m o v e m e n t of the torch. T h e 

s e c o n d is f r o m P i 2, P1.3, for control of the horizontal 

m o v e m e n t of the torch. T h e third is the m e a s u r e d 

rotating s p e e d of the sensor u s e d for f e e d b a c k 

control of its servo motor. T h e fourth is d a t a 

ca lcu la ted by the c o m p u t e r w h i c h may b e u s e d for the 

purpose to d isplay t h e m o n the c a t h o d e osci l lograph. 

W a v e f o r m s of the w e l d i n g current recorded during 

rotation of the arc are dif ferent f rom e a c h other for 

different w e l d g r o o v e s h a p e a n d d e p e n d s o n m a n y 

technologica l factors. L a r g e a m o u n t of e x p e r i m e n t s 

w e r e c o n d u c t e d by the author in order to set up 

recognit ion m o d e l s of the g r o o v e s h a p e a n d its 

position. F igure 13 s h o w s actual ly recorded a n d 

theorit ical current w a v e f o r m for V - g r o o v e butt joint 

w h e n the error is 1 . 2 5 m m . For different g roove 

s h a p e s , di f ferent ar i thmet ic a n d logic m e t h o d s should 

be a d a p t e d . For e x a m p l e , for V - g r o o v e joint 

integrat ion of the w e l d i n g current d a t a is carr ied out 

separa te ly for both s ides of the arc whi le it swings 

a long the front half circle. T h e d i f fe rence of these two 

integrat ion va lues is u s e d for control of the horizontal 

m o v e m e n t of the arc a n d s o m e of t h e m is u s e d for 

control of the vert ical m o v e m e n t of the arc. Filtering of 

the digital d a t a of the w e l d i n g current should be 

p r o c e s s e d first for increasing the s ignal -noise ratio. 

T h e outside v iew of the m a c h i n e is s h o w n in Fig. 14. 

T h e e x p e r i m e n t a l results of the s y s t e m is s h o w n in 

F ig .15 , the s e a m has a z i g z a g pa th of ± 1 5 ° 

inclination in both vert ical a n d hor izonta l p lane . It c a n 

be s e e n that quali ty of the s y s t e m is'excel lent. 

CONCLUSION 

T h e idea of s e g m e n t a l a n d scann ing output 

character ist ics is not only a w a y for real isat ion of pulse 

G M A W process , but m o r e significant, it broke through 

the tradit ional principle of we ld ing arc control a n d 

provided a broad w a y for deve lop ing var ious n e w 

weld ing arc control m e t h o d s in the future. 

Qual i ty control of the w e l d pool is a n important but 

difficult task in the future for further ing au tomat ion of 

arc we ld ing process. Penet ra t ion control is a n 

a c h i e v e m e n t in this field w h i c h is very useful in 

industries. 

W e l d i n g arc sensor is o n e of the most prospect ive 

sensor for s e a m tracking of au tomat ic we ld ing 

m a c h i n e s . Des ign of the w e l d i n g arc sensor a n d 

theoret ica l a n a l y s e s of its d y n a m i c propert ies 

p r e s e n t e d in this p a p e r are original wh ich is helpful for 

further a d v a n c i n g this techn ique . 
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