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Introduction

- This paper examines the use of adaptive control for the real-

Application of Adaptive Control
Theory to On-Line GTA Weld
Geometry Regulation

This study addresses the uses of adaptive schemes for on-line control of backbead
width in the Gas Tungsten Arc (GTA) welding process. Open-loop tests using a
step input current confirm the validity of a nominal first order process model.
However, the time constant and gain prove highly dependent upon welding conditions
including torch speed, arc length, material thickness, and other material properties.
Accordingly, a need exists for adaptive controllers that can compensate for these
process nonlinearities. The performance of two adaptive controllers is evaluated:

Narendra and Lin’s Model-Referenced Adaptive Control (MRAC/NL), and Self-

Tuning Control with Pole Placernent (STC/PP). The addition of a quadratic term
to the adaption mechanisms of MRAC/NL is proposed and preliminary simulations
and experiments clearly demonstrate the stabilizing effect of this added term. The
main experiments compare the performance of the modified MRAC/NL controller
and the STC/PP controller with each other and with linear PI controller and the
STC/PP controller with each other and with linear PI controller under four ex-
perimental conditions: first, where welding conditions are nominal; second, when
conditions are disturbed by a step-wise increase in the torch velocity, and third,
when conditions are disturbed by a step-wise increase in material thickness, In each
case the experimental demonstrates the superiority of the adaptive controllers over
the linear PI controller. However, the STC/PP controller exhibits high frequency
control action in response to severe disturbances of material thickness and the
parameter estimates it generates drift during steady-state operations. The MRAC/
NL controller proves more robust under these circumstances. Analysis demonstrates
that the superior performance of the MRAC/NL is due both to the inherent nor-
malizing effect of the quadratic feedback terms and to the no:se filtering properties
of the adaptive mechanism.

and Kureishi, (1980). For instance, in Leinonen, (1985), the

time control of full penetration Gas Tungsten Arc (GTA) weld-
ing. In this type of welding, backbead geometry is a major
determinant of {inal weld quality. Hardt et al. (1985) show
that a simple heat balance analysis of the idealized weld pool
leads to a dynamic relationship between current input and the
backbead width output by a simple first order model. They
also demonstrate that the time constant and the process gain
are a function of weld conditions such as preheat temperature,
welding speed and material thickness, as well as material ther-
mal properties. Ample literature demonstrates the dependence’
of the process characteristics upon these operating conditions
(Mills, (1979); Walsh and Savage, {(1985); Leinonen, (1985);
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cast-to-cast variations ifi"GTA weld penetration of stainless
steel are shown to be caused by the variations of CaO content
of the workpiece. Vroman and Brandt (1976) and Smith (1974)
attempted simple closed-loop bead width control, but because
of these varying parameters and nonlinearity in the process,
the linear fixed parameter control strategy has not always
proved satisfactory. Hardt et al. (1985) and Oshima (1987)
attest to the need for an adaptive control scheme. Accordingly,
adaptive control is a potential candidate for the real time con-
trol of weld quality.

By 1980 considerable theoretical progress had been made in
the field of adaptive control, resulting in the analysis and design
of Model-Referenced Adaptive Control (MRAC) (Monopoli,
1974; Narendra and Valavani, 1978; Landau, 1979, Goodwin
et al. 1980; Egardt, 1980; and Narendra and Lin, 1980) and
Self-Tuning Control (S§TC) systems (Astrom and Wittenmark,
(1980).

However, the number of experimental studies of adaptive
control has been small compared to the theoretical progress
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Fig. 1 ldealized weld pool geometry for heat balance

that has been made. These studies are typically concerned with
the adaptive control of chemical processes (Clarke and Gaw-
throp, 1981; Kershenbaum and Fortescue, 1981, heat ex-
changers, (Kurz et al., 1980), paper machines. (Cegrell and
Hedgquist 1975), mechanical drive systems (Finney et al., 1985),
and rolling processes (Desrochers, 1981). Each experimenter
chooses his own adaptive control scheme and pays great at-
tention to implementation. [t is believed that these ad-hoc
experiments serve to enhance understanding and evaluation of
the adaptive algorithm on the one hand and result in improved
yet safe operation of large classes of systems, on the other,

The purpose of the present paper is to demonstrate the utility
of adaptive control schemes over the conventional PI controller
in the context of the GTA welding process and to compare
and analyze the performance of two classes of adaptive con-
trollers: Model Reference Adaptive (MRAC) and Self-Tuning
(STC).

Process Dynamics for GTA Welding

A basic process model for GTA full penetration weld control
has been derived in Hardt et al. (1985) and is reviewed below.
Consider the idealized cylindrical weld pool shown in Fig. 1.
Assuming that the pool is isothermal and that the pool phase
change is the dominant dynamics, then the heat balance for
the system is

av
Qin=Qcona + ok _d"t' )
where @, is the heat input to the pool. Q.4 is the heat con-
ducted through the pool, and p, 4, and dV/dt are the density,
heat of fusion and rate of change of the pool volume, re-
spectively. Further, the conduction term is approximated by

do
Qeona =27t k 1 == @

where k is the thermal conductivity of the weld and d6/dr
represents a radial temperature gradient. From these two equa-
tions, we get the relationship between heat input and the pool
radius:

{ph2nt ry %; + (k ‘21rt %)r= Cin 3)
or
C(r, t)dr/dt+G(k, ¢, dO/dr) r=Q4 @
Further, the heat input is given by
Qw=nEl &)

where 7 is an arc efficiency, E is an arc potential, and I is a
welding current. Assuming for the moment that C and G are
constant, then we get the first-order transfer function:

R(S) X

1(5)° = Ts+1 ©
where
nE
= —_— 7
K G{k,t,d0/dr) M
and-

e
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Fig.2 Schematic representation of the GTA welding setup

e C(r,)
T Gk,t,dO/dr)

The implication of this simple model is that, although the
dynamic behavior of the process is essentially first order, it is
in fact anonlinear process in that the time constant is a function
of radius and that the process variables such as thickness and
temperature gradient affect both time constant and system
gain. This dependence of the process parameters on the welding
condition is examined next in a series of open-loop step re-
sponse tests.

)

Experimental Setup

A series of experiments were performed to enhance under-
standing of the bead width dynamics and the examine quan-
titatively the effect of typical welding disturbances. Figure 2
shows the schematic representation is conducted on the 304
stainless steel pipe of 0.109 in thickness, 6 5/8 Q.D. and 12
in. Length.The pipe is held in a chuck mounted on the rotary
table driven by the computer controller D.C. servo motor with
high bandwidth compared to the process. A Heliarc HG-20
water-cooled torch with 2 0.094 in. diameter 2 percent thoriated
tungsten electrode of 3 in. length and a 60 degree include angle
is mounted on a stand. High purity Argon gas is used as
shielding gas at 55 cfg. The power supply unit is a Hobart
Cybertig II1 GTA welding supply with a bandwidth of 0-1 kHz
for operation of up to 150 Amps.

A General Electric (GE) Optomation Instrument Vision Sys-
tem processes the image sent from a GE CID camera viewing
the backside of the pipe through a mirror and a series of optical
filters. The system is capable of computing various geometrical
features of detected images using the GE interpretive Opto-
mation language. A program to find the maximum width was
developed by drawing a rectangle circumscribing the detected
pool image. This program can run at up to 10 Hz. Several
combinations of optical filters were tried to check their ability
to detect the onset of full penetration and its was found that
the combination of neutral density, infra-red filter, and green
filters gives the best agreement measurement and the actual
bead width. This result also agrees with the result in Bennett
and Smith [1976] that the narrow band filter of 0.45-0.55 um
provides the maximum detector sensitivity to the molten pool.
(The CID camera has quite a wide spectral response of 0.4-
0.95 pm (GE Optomation II Manual, 1981)).

The computed width is sent from the GE instrument to an
AT&T PC 6300 microcomputer as an 8 bit number, while the
microcomputer sends a voltage command ranging from O V
to 10 V through a digital to analog converter to the power
supply corresponding to 0 to 200 Amps.

Open-Loop Step Response
The effects of the various welding conditions on the process
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Fig. 3(a) Open-loop step response with arc length =0.125 in., veloc-
ity =3.2 In/min and current = 75A/90A; () open-ioop step response with
arc jength =0.125 in., velocity = 1.6 in/min and current = 65A/75A

dynamics were examined by means of open-loop step response
tests. In each case the weld is first brought to steady state and
then steps in either process inputs (torch velocity, arc voltage
or arc current) or boundary conditions (material thickness) are
applied.

The basic current input step response of the system is shown
in Fig. 3. From this plot it can be observed that the time and
gain vary with the direction of the step (i.e., heating or cooling
of bead) and with time (progressive pre-heating of the weld-
ment). Comparison of Fig. 3(a) and 3(b) illustrates as well the
strong effect of velocity on time response. Indeed, in some
cases, a time constant variation of 2-3 times was observed for
negative versus positive steps.

In Fig. 4, the effect of input magnitude is shown. Clearly
the settling time of the 5 ampere step of Fig. 4(a) is 2-3 times

- longer than the settling time of 4(b) where a 20 amp step is
followed. This process clearly exhibits rapid and large mag-
nitude parametric charges when viewed as a linear, non-sta-
tionary plant. A first-order model was fit to the data {using a
least squares method}), which gives the approximate time con-
stant and the gain for each step in each case.

Finally, the response of the process to an increase in plate

-thickness was examined using the pipe shown in Fig. 5. (It
should be noted that because of imperfect rolling of the at-
tached plates, there is an air gap between the two materials in
some regions. Moreover, the arc length is shortened over the
attached sheet due to to geometry. Therefore, this preparation
is not a pure thickness change but the combination of all these
elements.) In Fig. 6, a step input from 90A to 100A is given
about halfway on the thick part. The effect of thickness is
shown both by both the decrease in width as thickness increases
and the relatively slow step response observed. It is also noticed
that there is a significant change in operating points. Towards
the end, the input was shut off, since 100A of current would
easily melt through the qriginal pipe wall.
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Fig. 4 Effects of input current magnitude on open-loop response (arc
tength = 0.08 in., torch velocity = 1.6 In/min)
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Fig.5 Thickness change disturbance: three pieces of 3 In. x 121n. x
0.06 in. SUS 304 plates are attached on the pipe surface

Adaptive Controller for GTA Welding

Weld Bead Width Contrel. The objective of backbead width
control is to regulate the width to constant values as various
disturbances occur. Because of the inherently nonstationary
process dynamics, a set of adaptive controllers will be examined
for this control task. Later, experiments will compare these
with a conventional PI control loop.

As shown above, the GTA welding process can be modeled
by a first-order system with a time constant and gain that are
sensitive to the welding conditions and material properties.
Therefore, the plant model used for the controller design is:

K
G [ S
(5 Tp5+1 ©)
or in its ZOH equivalence form:
b
G(z)= z+o (10)
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where
a=—g" (T,/sp)

(i

b=K,(i-a) (12)

T,= sample time

In what follows, two types of adaptive controllers are designed:
the STC combined with pole placement (STC/PP) and the
MRAC of Narendra and Lin (MRAC/NL) (Narendra and Lin,
1980). Although the STC and MRAC are based on different
design philosophies, that is, the former is a ‘‘heuristic”’ com-
bination of estimation and control whereas the latter is based
on stability considerations, it has been shown that the STC
can also be derived from stability based approach and vice-
versa (Egardt, 1980)., Nonetheless, the resulting parameteri-
zations in the algorithms are different as in the overall per-
formance of the two systems. Therefore, it is quite meaningful
to test these two representative algorithms from each category.

Among other discrete MRAC:s the algorithm of Goodwin
et al. (1980) is applicable but, since it relies on the dead-beat
control scheme, it is not very favorable under the presence of
modeling error and output noise. Doumanidis and Hardt
(1988), however, applied this algorithm with good success to
control the thermal properties of the Gas Metal Arc Welding
process. This algorithm was chosen because it handles multiple
input and multiple output systems well, and because the ther-
mal system is quite stow. However, to avoid high frequency
action caused by the dead-beat control, it was necessary to
augment the adaptive controller with an outer PI control loop.
This was possible since the open-loop and the desired closed-
loop system bandwidth with relatively small. (Closed-loop set-
tling time was about 15~ 30 seconds.)

STC With Pole Placement (STC/PP). The general design

proceduréfor this scheme has been summarized in Astrom

and Wittenmark (1984). One of the merits of this algorithm

is that it can incorporate an integrator so as to achieve high

loop gain at low frequencies. The controller structure is shown
in Fig. 7.

T{(z) S{(z)

Uzy= ——r(z)—- ——

(z) R(2) r{z) R

The polynomials R{z), T(z), and S{z) for the welding process

are designed as follows:

Y(z) (13)

R(z)=b(z~1) (14)
T(z)=bp{z+a) (15)
S(2) =8+ 38, (16)
where
So=ap—a+a+1 an
Se=a,a+a (18)

96 / Vol. 113, MARCH 1991

PARAMETER .2
ESTIMATION

r{(2) 2 -

R{Z) ) A2}

Fig. 7 STCIPP controller

a= ‘“‘observer’ pole

and a,, and b, are defined by the desired model transfer func-
tion:

O
z+a,

Gpu(2)= (19)
Note the integrator in equation (14).

The controller is implemented by the following recursive for-
mula:

b S K}
Ur=Ui_1+ =2 (et are ) = = O+ =y (20)
b b S
Since @ and b are unknown, they are replaced by their es-

timates a;, and b, which are updated by the recursive least
squares method:

k=01 + Pedbs (Ve —0p =1 b1) (21)
fr=[ab] (22)
Y S P o (23)
T
P= -I-Pk_, _ P10’ Py Q4

A 7\+¢kTPk—1¢/c

where

X e [0, 1} is called for forgetting factor, and P is the covariance
matrix.
Note that the closed-loop system is expressed by:

Y(z) _ B(z)T(z)
R(z)  A(2)R(2) +B(2)8(2)

If @ and b are known or a,=a, b,=b, then closed-loop pole
located at z= ~a,, and z= — « and the second pole is canceled
by the closed-loop zero at z= — «, thus achieving the desired
transfer function. If not (which is always the case), the closed-
loop poles will be located somewhere in the vicinity of z= —a,,
and z= —q, at best, and the second pole is not canceled by
the zero, thereby affecting the closed-loop response if the poles
deviate considerably. Therefore, the o or an ““observer’’ pole
should be neither too slow nor too fast as compared to the
model pole. Thus, w=a,, has been chosen in all the experi-
ments. The consequences of other important design parameters
are discussed below.

MRAC of Narendra and Lin (MRAC/NL). In what follows
we maintain the same notation as in Narendra and Lin (1980)
for convenience. However, during the course of this research,
it was found that a change in the algorithms was necessary to
enhance nominal stability. To illustrate this fact, this algorithm
will be discussed in greater detail.

The plant with input 4(k) and output y,(k) and the ref-
erence model with input r(k) and output y,, (k) are represented
by the following transfer tunctions:

2%

B
G,{z) =k, A‘—"—-pig (26)
Gl2) =k AB-—-mg @n
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®)

Fig. 8 Controller structure of MRAC/NL algorithm for n-m= 1 and un-
known gain k,;

(a) standard configuration;

{b) with new quadratic term

where B,(z}, B,,(z} and A,,(z) are monic, stable polynomials
of degree m, M, and n, respectively, 4,(z) is a monic poly-
nomial of degree n; &, and k,, are constant (high frequency)
gains. The algorithm described in Narendra and Lin (1980)
assumes, for simplicity, that the plant gain is known, i.e.,
k,=kn; a rigorous proof of stability is also given. The con-
troller structure in that case is depicted in Fig. 8, where the
vector K, (k) and K, (k) are the adjustable controller gains,
v (k) and v (k) are the auxiliary plant state variables, ASG
represents and Auxiliary Signal Generator filter of order n—1
and L™ '(z) is a strictly proper minimum phase transfer func-
tion, which is chosen such that G, (z)L(z) is strictly positive
real.
The scalar control input to the plant is

u(k) =g (k)w(k) (28)
® (k) ~ K, () K, (k)] 29
wi (k) =V VN (30)
The output error is defined by
e(k)=y,(k) —yn (k) (3D
and the augmented error is defined by
Ya(K) =Gn(2)L(2) (- £(k) —alT (k)T (k)e (k) (32)
and
ei(k)=e(k)+y,(k) (33)
where
E(ky=L""(2)¢ (k) w(k) - o (k)L™ (2)w(k) (34)
oy =L (2)w(k) (35)

« and I' are constant adaptation gains.
The following adaptive law has been shown in Narendra
and Lin (1980) to result in lim e;(k)=0:
k->m

¢{k+1)=¢(k)—Te (k) (k) 36)

where

P=rT>0 37
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The proof of boundedness of y,(k) and y, (k) is given in
Narendra and Lin (1980).

If k,, is unknown, as in most cases, an additional adjustable
parameter A(k) must be introduced, as was stated in the orig-
inal paper. However, the introduction of 4 (k) requires another
quadratic feedback term in the augmented error generation in
order to guarantee even nominal stability; this was overlooked
in Rohrs (1982). We have com?Ieted this algorithm with this
additional quadratic term (8y£° ;) illustrated in Fig. 8.

The complete adaptive law for this case given by

¢ (k+1)=¢(k) —Te, (k)$(k)

(38

39)
and .
A(k+1)=h(k) +vye (k)E(k) (40)

where e, (k), {(k), and £ (k) are defined by Equations (33),
(35), (34), respectively and other variables are defined by:

Yalk) =G ()L (2) (= h{k}E (k) ~ T (k)T (k)e, (k)
—ByEi (ke (k) (41)

o (k)Y =K (k), KT (k), K, (k)] 42)
wr(k) =[r(k), v{},7, v@ 1 43)
¥>0 (44)

1k
a> 5;5 45)
8> = 46)

2

and T is defined by equation (37).

The requirement for the additional feedback term is made
clear by examining the Lyapunov function candidate and its
discrete time difference as summarized below. The error equa-
tion for the system yields, after some algebra:

e, (k) = (G, (2)L(2)} (YT (k) — ko*adT (KT (K) e, (K)

~ko*h(K)E (k) — ko*ByE* (K)ey (k)] (47)
where
Y (k) = (k) - ¢° @8)
h(k)=h{k)—h* 49
and
ky* =§—: (50)

¢"* and h* are constant parameters such that when ¢ (k) =¢*
and h(k)=h*, the closed-loop transfer function matches that
of the reference model. Equation (47) is then transformed into
space representation:

e{k+ D)=Ae(k) +buv(k)
& (k) =CTe(k) +du(k)

(51
(52)
where i
(k) =47 (k)£ (k) —ko* ot (k)T te, (k)
—ko*h (K)E (k) — ko*BvE’ (K)e (k) (53)
and )
d+c7(zd-A) b= strictly positive real.

Then, defining a Lyapunov function candidate V(e(k)'.
¥ (k)) for this error system as

V(e(k), ¥(k))=2¢"(k)Pe(k)

+Y (O Y (k) +hT(k)y 'k (54)
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Table 1 Simulation Results of the Effect of 8-term

Adaptation Quadratic Result
gain term CO=stable

T 5% o B X =unstable
#1 1 i 0.1 0 X
#2 1 1 0.2 0 X
#3 1 1 0.41 0 X
#4 1 1 0.45 0 0
#S 1 1 0.48 0 [
#6 i 1 0.41 0.7 0
#7 i 1 0.07 0.6 0
#8 100 100 0.07 0.6 0
where

P=PT>0 (55)

it straightforwardly follows, via use of the Kalman-Yacubovich
Lemma, that

AV (k) = (1-2kg*a) T (K)TH(K)e (k)
+ (1-28v8%(k)e’ (k) (56)

it is clear by now to see the effect of the additional quadratic
feedback signal, i.e., B‘yijz (k), (referred to as S-term there-
after), on the stability. If the 8-term is neglected, there is no
guarantee that AV(k) <0: the sign of AV{(k) depends upon
the relative magnitude of the two signals { (%) and £ (k). Con-
sidering the definition of the £ (k) in Equation (34), £(k) is
essentially a derivative signal. Thus, at the steady state, £(k)=0
and hence it does not affect stability. It is in the transient phase
that the signal £(k) affects the stability, especially when the
magnitude of the derivative signal £ (k) is large, for example
when a big command or big adaptation gain is used.

A simulation study was conducted to support this argument.
The foliowing plant and model are used:

0.1 :
G ()= o2 G7
1

Gn($)= 7 (58
with the sampling frequency of 5 Hz.
The plant is initially assumed to be
1

Gp($)limo= T (59

In Table 1, various combinations of (', v) (adaptation gain)
and («, B) (quadratic feedback terms) are used for simulations
and the stability of the system is examined. In cases #1 through
#5, it is immediately noticed that the condition a>k,/k,, 1/2
{=0.054) in equation (45) does not guarantee stability if the
B-term is neglected. Also, « has to be larger than 0.41 in order
to compensate for the effect of £(k) signal in Lyapunov dif-
ference in equation (56). However, case #3 is stabilized by the
addition of §-term as shown in case #6 and because of this 3-
term, o can be reduced to 0.07 in case #7 and adaptation gain
can be increased to a larger value in case #8.

Experiments are also conducted to demonstrate the stabi-
lizing effect of the -term. In Fig. 9, the reference model is
chosen with time constant of 2 seconds and the sampling time
is 0.2 seconds. Initial plant parameters are given so that the
resulting controller yields extremely poor performance without
adaptation (I'=+vy=0) (a), then the adaptation is turned on
T'=y=1) with a=2, 8=0 (unstable) (b), 8 is increased 1o
$=0.5 (c), and =20 (d). It is clearly shown that the stabi-
lization and performance improvement are achieved by the use
of additional S-term. We will see excellent performance of the
MRAC/NL algorithm more in the welding experiments that
follow.

Experimental Results

In this section, the closed-loop control experiments for the
GTA welding are presented. Three controllers: PI, STC with
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Fig. 10 Step response of the Pl controller (K.=0.075, c=0.6). (The
output of the first order model is shown for comparison.)

pole placement (STC/PP, and MRAC of Narendra and Lin
{MRAC/NL) are implemented. Various disturbances such as
welding velocity, thickness and arc length change are intro-
duced to the process so that the process parameters change
significantly and the performance of the three controllers is
compared. .

Standard Conditions. Closed-loop step response tests un-
der nominal conditions are conducted where the welding speed
is 1.6 in/min, thickness is 0.109 in. and arc length is kept at
0.125 in. The desired (model) time constant is chosen as 2 and
the sampling rate is § Hz.

For a linear controller, a Proportional and Integral (PI)
controller was chosen to eliminate steady state error and to
achieve reasonable transient response. The following standard
structure is used:

u(z) _ K (z—-¢)
e(z) z—-1

Since we do not know the exact plant model nor the plant
parameters, the controller gain K, and zero ¢ must be deter-
mined by trial and error tuning to achieve the desired response.
The desired closed-loop specification in this case with the PI
controller is to achieve zero steady state and to achieve minimal
over-shoot while achieving as fast transient response as pos-
sible. Although it is impossible for the closed-loop systea with
PI control to follow the first-order reference model, the output
of the first-order reference model used later for adaptive con-
trol systems is also shown in the same figure for a comparison,.
After careful tuning, the results of Fig. 10 were obtained, using
a gain X'=0.075 and a zero located at 0.6. Since the nominal
process model is first order, one may argue that further increase

(60)
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of the controller gain will achieve faster, underdamped re-
sponse. However, this is not the case because of both transport
delay caused by the finite heat diffusion time from top to
bottom of the weldment, and output noise. A high gain system
will either result in instability due to this transport delay or be
driven by the output noise.«
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In Fig. 11, the command following performance for PI,
MRAC/NL, and STC/PP under nominal conditions is shown.
The initial plant parameter values for the latter two are 7,=6s
and &, =6. The step reference command is r= 100 (=0.28 in)
and r="70 (=0.196 in.). Other specific design parameters are
I'=1.0I and y=1in. (b) and P(0) =0.5I, A=0.95 in. (c). Both
MRAC/NL and STC/PP clearly exhibited better performance
than the Jinear PI controller in that the adaptive system does
not require exact plant parameters but adjusts itself to attain
the desired response. The gain adaptation and parameter es-
timates of these adaptive controllers are shown in Fig. 12. In
the STC/PP algorithm, the estimate of (k) is not very smooth
after each transient because the value of A (forgetting factor)
is too small. The effect of the forgetting factor in STC/PP
and adaptation gains I' and v will be addressed later,

Torch Velocity Change as Disturbance. It was indicated
earlier that the increase in torch velocity causes a decrease in
both process gains and the time constant. Thus, if the torch
velocity is changed during welding, the effect is reflected as a
change in process dynamics, as well as in the process output
as a pure disturbance. Therefore, the disturbance rejection
property of the fixed PI control may not be satisfactory since
it treats the disturbance as only a pure external disturbance.
In Figs. 13-15, the torch velocity is increased stepwise at =40
sec. from 1.6 in/min to 4 in/min, and the sampling time is 5
Hz. Figure 13 demonstrates the performance with PI control.
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Once the step velocity change occurs, the backbead width starts
to decrease and after approximately 13 seconds the width is
about 56 pixels (0.156 in.) below the command value, despite
the controller’s effort to increase the input current. In Fig. 14,
the performance of MRAC/NL is shown where the width starts
recovering only 6.7 seconds later the step velocity change occurs
and the maximum deviation from the command value is only
22 pixels (0.061 in.) (60 percent reduction of the effort com-
pared to PI). The gain is adjusted smoothly but reasonably
quickly (Fig. 14(b) and the control input is shown in Fig. 14(c).
The adaptation gains are © =1 and vy =1. Initial plant param-
eters are 7,= 6 seconds and K, =6.

Figure 15 depicts the response of the STC/PP algorithm.
Again the significant adjustment and improved performance
are observed. After about 7 seconds, the width losses only
about 14 pixels (=0.039 in.), even better than the previous
MRAC case (74 percent reduction compared to PI). Plant
parameter estimates are adjusted very quickly (Fig. 15(b).
However, the estimate b(k) decreases to a very small value
which causes essentially high feedback as well as feedforward
gain (refer to equation (19), resulting in a large high frequency
component in the input (Fig. 15¢). The same initial plant pa-
rameters as in the MRAC/NL (Fig. 14) are used. The forgetting
factor and initial adaptation gain (covariance matrix) are
A=0.98 and P{0)=0.1], respectively.

Thickness Change as Disturbance. Thickness change af-
fects the process gain inversely according to the model in equa-
tion (7) and it has beenwerified by the experiments in Hardt,
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et al. (1985). We have also observed how the open-loop re-
sponse is deteriorated by the thickness change in our specially
prepared pipe shown in Fig. 5. In this experiment, the backbead
width on this pipe is regulated by the same three controllers
as before. The weld is made over the entire width of the at-
tached sheet. We remark again that the disturbance involved
in this preparation is primarily the thickness change but also
the arc length change (shortened by the added thickness of
0.06 in.), different material properties and the possible exist-
ence of an air gap between two materials.

Figure 16 demonstrates the regulation performance by the
PI control. After the torch enters the thicker region, the width
keeps decreasing until it decreases by 37 pixels (0.103 in.). On
the other hand, as the torch leaves the end edge of the thicker
part, too much heat starts to melt the base material and the
width increases by about 57 pixels (0.159 in.), and the regu-
lation is oscillatory. The regulation or the disturbance rejection
property of the PI controller is slow and poor as displayed in
this figure. The torch velocity is 1.6 in/min, arc length is 0.08
in. over the attached sheet and the sampling frequency is 5
Hz. These are the parameters used in the next two figures.

Figure 17 shows the performance of the MRAC/NL. The
bead width deviates from the target width as soon as the torch
reaches the edge of the attached sheet but the controller gain
is quickly adjusted so that the output width starts recovering
after it has lost only 16 pixels (0.044 in.) 56 percent reduction
of the error compared to PI). At the end of the attached sheet,
the width starts increasing but again the controller gains are
adjusted so that the maximum width is only 24 pixels (0.67
in.) above the target value (57 percent error reduction). The
controller gains and control input are adjusted fast enough but
smoothly as well. The adaptation gain was ' = 1.0l and y = 1.0.

In Fig. 18, the performance of the STC/PP with pole place-
ment is exhibited. The width deviation is kept within 15 pixels
(0.042 in.) (59 percent error reduction compared to PI) at the
entrance and 23 pixels (0.064 in.) (59 percent error reduction)
at the exit, which is about the same as in the MRAC/NL, but
the settling time is much faster than that of the MRAC/NL
of the previous figure. This is because of high controller gain-
caused by a small estimated value of b(k) as shown in the
same figure.

Despite this excellent performance, it is necessary to examine
Fig. 18 in more detail. At the edge of the attached sheet, the
estimator sees the process gain decrease and thus b(k) gets
smaller while ¢(k) is almost unchanged. After #=40 seconds,
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the parameter estimates start drifting because of a small for-
getting factor (A=0.98) combined with output noise and a
steady state situation. Then, at the other edge of the attached
plate, the estimator recognizes that the process gain is increas-
ing but at the same time constant has also increased because
the whole area has been heated up (hence a smaller temperature
gradient and an increased volume of the pool). Therefore, the
estimate a(k) is decreased (slower time constant) but the di-
rection of (k) (increase or decrease) depends upon the ratio
of the change in a(k) and the change in k, since &, since
kp(k)=b(k)/1—a(k). In this case b(k) at the exit edge has
decreased. High frequency components in the input signal and,
hence, in the output signal are simply caused by high controller
gains driving the output noise. One of the drawbacks of the
STC with pole placement, or most STCs in combination with
other control laws, is that the updating of the controller gain
involves the direct division by b(k) or an equivalent b(k)
dependent quantity. The consequence of this is that the sen-
sitivity of the closed-loop system to the parameter estimate
increases dramatically when & (k) becomes smaller. The initial
covariance matrix was P{0)=0.021 in Fig. 18. The rest of the
conditions are the same as in the previous two figures. Pho-
tographs of the final backbead by three controllers are shown
in Fig. 19.

Discussion

The performance of the three controllers — the PI, the
MRAC of Narendra and Lin, and the STC with pole placement
— has been compared in three different situations: 1) consec-
utive step command (square wave) following; 2) step velocity
change as disturbance; and 3) step thickness change as dis-
turbance. In 1), even under the nominal conditions, the ad-
vantage of adaptive control was demonstrated in that it does
not require the tedious fine tuning process required by PI
control. Furthermore, with the PI control it is difficult to
achieve both fast transient and smalil overshoot, whereas with
the adaptive controller they are easily achieved even without
knowing the process parameter values. In 2) and 3), the two
adaptive controllers exhibit excellent adaptation and improved
performance over PI control. In particular, the performance
improvement of the adaptive controllers over the PI for the
thickness change distaurbance was dramatic. MRAC/NL
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showed, even in that case, smooth adaptation while retaining
quick gain adjustment. However, the STC/PP exhibited a
deadbeat-like response owing to a small estimate of b(k) (es-
sentially process gain) and an increased sensitivity of the con-
troller gain to the parameter estimate.

The forgetting factor A in equation (24) has an important
effect on the performance of STC system. Note that the for-
getting factor \ corresponds to remembering N numbers of
most recent data,

where N= S (61)

1-»
Thus A=0.98 and A =0.998 correspond to N= 50 and N =500,
respectively. Therefore, a stepwise change in process dynamics,
such as caused by thickness change, requires a reasonably small
forgetting factor.

For example, if A=1 is used for the thickness change dis-
turbance, we observed that the adaptation ability is lost by the
end of the thick portion and the output and input signals are
deteriorated. However, a small forgetting factor has other
drawbacks. In Fig. 20, A =0.005 is used and the system is kept
running at steady state for a long period of time. We observe
a sudden burst of the system. This is explained as follows.

In the estimate algorithm of equation (21), the estimation
gain or covariance matrix (P(k) is proportional to parameter
estimate covariance) defined by (Astrom (1983a);

P v
P(ky= Y3 N g (i)e7 (1) (62)
Je=1
where ¢ (k) is a regressor vector. If A= 1, then P(k) ~ >0 as
K-~ > and the adaption ability is lost. Consider the case
where A< 1 and the system stays at steady state. P(k) is re-
written as (Astrom 1983a):

P(k)=[8 (k)¢ (k) + NP~ (k= D)] ™" (63)

At steady state, ¢ (k) is almost constant and the system is
poorly excited. It is then shown after some aigebra that the
second term dominates equation (63), hence
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Pt =5 Plk=1) (64)
and P(k) grows exponentially (Astrom, 1983b). Figure 2G{a)
exhibits the diagonal elements of P{k). Until about ¢= 100
seconds, the parameter keeps drifting because of the increasing
Pk} and existence of noise in the signal and the output starts
to decrease (point T, in Fig. 20(z). Then an increase in the
output error combined with the large P(k) quickly recover the
parameter estimates back to the normal value range. However,
the estimation gain or covariance P(k) has grown so large that
the recovery is carried out with large bandwidth and, thus, the
output jumps until the parameter estimates settle down. Such
phenomena are not uncommon in STC applications and have
been reported, for example, in Fortescue et al. (1981) and
Kershernbaum and Fortescue [1981] as a sudden “‘blow-up”’
after a period of good regulation.

Parameter Drift. A similar long running test is conducted
with the MRAC/NL and parameter drift is not observed at
all. The welding conditions are the same as in the STC ex-
periments with a sampling frequency of 5 Hz. in eguation (61),
the signal £(k) vanishes at the steady state, hence

e(k)
1+ag (F)T¢ (k)
We have seen that in the transient phase of the system response
the quadratic term took the normalizing role of the adaptation

and now at the steady state the a-term becomes dominant. The
gain adjustment mechanism of equation (39) is expressed by

e(k)
—— (k
Trar (0Te0) £
By comparison with the estimation mechanism of equation
(1), restated here:

' 8(k+1)=0(k) + Pudre(k) )
it is easy to see the noise attenuation effect in the MRAC/NL
algorithm.

Suppose at the steady state, the output noise n(k) is dom-

inant in the output error e{%). Then in the estimation algorithm
of equation {67), the second term on the RHS becomes:

d(k)etk)y= Ly(k)+n(k)}n(k)
= nt(k) +n{k)y(k)

-
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e (k)= (65)

¢+ 1)=o(k)-T (66)

(68

Thus the quadratic noise term nz(k) will cause drift en-
couraged by the growth in the covariance P(k) aforemen-
tioned. On the other hand, in the adaptation mechanisms of
the MRAC/NL of equation (65), two attenuation effects exist:
an attenuation of the noise in the output error e{k) by the a-
term and an attenuation of the noise in the output y{(k) by
the proper choice of the filter L™ '(z). In our design, L' (2)
is chosen as L™'(z) = G, (z) with the bandwidth of 0.5 rad/
second, enough below the dominant noise range. Thus, MRAC/
NL has inherent attenuation and filtering effects within the
adaptation mechanism itself.

The final remarks on the experimental results are the com-
ments on the adaptation gain in the MRAC/NL. The adap-
tation gains I' and v in equations (39) and (40} do not affect
the speed of adaptation significantly since they also appear in
the denominator in e,{k) as a normalization factor. This is
also verified in the velocity change disturbance experiments
using ['=vy=1, 51 and 20I. In most experiments I'=vy=1 is
used unless otherwise specified. The speed of adaptation is
rather affected by the value of a and the 8. The smaller the
a and the j are, the faster the adaptation speed but at the
same time, the more oscillatory the system. With the same
velocity change disturbance experiments, the effect of « is

" examined by changing the « from 2.0 to 1.0 and 0.5. The

system gets oscillatory with a= 1.0 and unstable with «=0.5.
In most experiments, the o and the # are set to 2.0 and 1.0,
respectively.

Conclusions

This paper contributes a demonstration of the application
of adaptive control theory to the GTA welding process. The
control system design essentially utilized the first order model
with variable plant parameters derived in Hardt et al. (1985).
Step response tests demonstrated that parameters responsible
for the nonlinear nature of the process depend heavily on
operating condition including torch velocity, arc length, input
magnitude, input direction, and the material properties of the
different batches. This dependence suggested the need for an
adaptive compensation scheme.

Two algorithms have been chosen as the representative adap-
tive contro! algorithms: the MRAC developed by Narendra
and Lin (MRAC/NL) and the STC with pole placement (STC/
PP). Scrutiny of the former algorithm suggested the need for
an additional quadratic term (3-tefn1) to enhance nominal sta-
bility through Lyapunov analysis. Both simulation and ex-
periment revealed the dramatic effect of the B-term.

The performance of the adaptive controllers was compared
to the performance of the PI controiler in three situations: (1)
under the nominal conditions; (2) under conditions of step
torch-velocity change; and (3) under conditions of step thick-
ness change--In case (1), the two adaptive controllers showed
excellent transient response while the PI controller exhibited
more overshoot and slower response even after a tedious tuning
process. In cases (2) and (3), both adaptive controllers greatly
improved disturbances rejection. The response of the MRAC/
NL to a thickness change was especially impressive, adjusting
the controller gain smoothly, yet quickly. However, the STC/
PP algorithm exhibited a response similar to the effect of a
dead beat controller. This was partly due to the increased
sensitivity of the controller gain to the parameter estimates.

Analysis showed that the two quadratic terms in the ad-
aptation mechanism of MRAC/NL resuit in a normalizing
effect on the generalized error signal, hence allowing the
MRAC/NL controller to achieve a constant adaptation band-
width. In particular, the normalizing effect of the g-term is
significant in the transient phase of responses. Although the
STC/PP algorithm possesses a similar normalization factor as
well represented by the regressor vector, it does not possess
an equivalent to the S-term. Further, the normalizing effect
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of the regressor vector becomes less effective when the esti-
mation gain P{k) grows under steady state with a forgetting
factor less than unity. .

Also in contrast to the STC/PP, the adaptation mechanism
in the MRAC/NL algorithm filters out the output noise. Be-
cause of this inherent filtering effect, the MRAC/NL did not
exhibit any drift under steady state, whereas in the STC/PP
the choice of a forgetting factor less than unity resulted in
covariance growth under steady-state conditions, This cov-
ariance growth, combined with the lack of noise filtering,
caused parameter drift resulting, in the worst observed case,
in a sudden output burst.

The primary purpose of an adaptive control system is to
maintain a constant closed-loop bandwidth despite the vari-
ations in process dynamics. The controller should accomplish
this by means of adjusting the controlier bandwidth without
altering the *‘adaptation bandwidth.’”’ The adaptation band-
width” should never vary. It should be insensitive to all op-
erating conditions, including command magnitude and noise/
disturbance. The adaptation mechanisms should include ef-
fective normalization factors within the mechanism itself, and
MRAC/NL does, so that it is capable of controlling the ‘‘ad-
aptation bandwidth.”” The adaptation mechanisms also should
function to filter noise as in MRAC/NL in order to control
the frequency content of the signal used in the adaptation
mechanism.

We have not observed instability of drift when using the
MRAC/NL algorithm. Still, since certain algorithms such as
the STC/PP are more likely to suffer from parameter drift,
it is a good idea to have a third loop, namely a supervisory
loop, which detects the poor excitation situations such as oc-
curred in the steady state.
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