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- The application of adaptive, steady-st te control to ba:tch |

E )
[ pt

type manufacturing processes is addressed. An empirical modeling B
tfeachnique ‘basechi on st-eep.esi!; 'as-c'eﬁt ;"i-s.".develeped and the per-
'- T fdr.ma‘.nce of an fopt*imal 'c0r—-1trol ‘s-ys--tem; 1s "é,omﬁe.ifed_ vfitn... tﬁat of an -
qa-@aptiére: control _sy‘stem.A
V A Tantalum Nitride Sputtering Process is simulated and the -
empiri cal _m‘odeltinfgl preceaur”e; s used to thsin a :.pro:'c__e"s:;s ‘model.
| The_ model thus derlved is -ﬁse;'d in both a mod,_e'lhba-,sejd optlmal
control system and a model referenced | adaptbivef'éqﬁic_z:g_l‘ system,
bé’ch of whiich_ a;i_:"e implemented on the .sixsulated batch proee_ss .
| The 1nvest1gat1 on indicated tha‘f the empiri cal .mode;l'___:i_";ng; o
techni 'qﬁ'e— to b,e_ e.ffféctive in the case tested h The 1nd§x of
.pe,rformance of the optimal control system was found to be a
crltlcal factor in control :'s,y.stem' Q‘Iierationi.s The‘_;restuits also
indicated that | the model bﬁased '.th;i?malﬁcfonztrei system per,forméd
- . considerably 'b_e‘tter than the model referenced adaptive contrel

system under all conditions of drift and measurementerrd“r tested.
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1.0 " INTRODUCTION
' The- Sllee ct of this thes:Ls is the appllcatlonfoi‘adapt ive con- |

‘trol to a class of manufactur ing processes. Adaptive control is a

. N

new and powerful concept in the

-

=~ 77
- =

field of ? ja;ult*Qmét ic 'C_io_ni:ro.lz.. An
i.a‘daptive control sy stem ;ré_;a;ct', s to its e‘-nvi.ronémén’t. I_t' automatl-
cally me_.as.ur.e,s the ch a.racterlstlcs of its output?s and the proce.-ss‘? |
being contI'Olled » and, on the bas:LS bﬁf these meaLS-ureme;nt.'s " | a.dJusts
the over-all system “to bett er s ult prevai iing; conditions Tmpor-
tant at‘-trrib utes of Aaﬁ.daptive cén-t_r;ogl ‘are 'performafﬁ-cé cons:Lstency 5
the ablllty to impr'ove" system ;p‘e”r'«fornfxan‘cej, and -ﬁhez ablllty to cope: "
- with unknown :'e-,lér‘né»nts*.-r of a process or its einVironment..

In the past, one approach to automatic process control has o o
been toapply the te Ch'j'ni;qués of | linear :cont”r-.c;l} th eory . Although
most rea;';L pro;ce,s“s_-esA :are de flnltely non-llne ar ) maﬁy display what
ma,y be cf:oI;si;dereiE *tq be ”.}Ii"Lf‘.near- characteristics ."o'.v-erf--: some portion of

their ;op.er:at,izng region. Linear control fﬂthéo‘,x.éy' 1s used to derive a

fixed relationship (transfer function) between the process inputs

T

and the process outputs. Control of the process is maintained

Pl

through a feedforward, feedback, or combined feedforward-feedback.

conflguratlQn of the system. R L

" matically in Figure 1 illustrates the conventional linear control

. <

S T S

T i e
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Controlled o ’Outh.
Controller F\ Signal I Process eb:
G (8) " - :

c . G (5)

Measuring
Device

e
R
4 N
IS 4

_______

'aiprgcesS tofbe.controlled, a,dévice:fbr meaghring the wvalue of the

system output, a comparator for generating an error signal measuring

the deviation of the output signal from the desired value, and.a

controller which modifies the error signal and generates a manipulat- -

| iﬁngign&l for GbrrECtiﬁg-the_State_of the System"iﬂiSUCh;afway'as"tgjﬁ

drive-the error toward zero. The transfer fﬁnétion;fér-the-s¥stem
 is-dérived:by.expresSiﬁg"the system_input;aﬁd-oﬂtput,"ﬁogeﬁhei'Wiih

the characteristic equations of the controller, process, and measur-

ORGSR A

ing &eviCeQaé the'LaplaéeTranstrms~of_the,time“varying_functi@ns; j' '

S

‘Then the ratic of the system input,® (5), to system output,(s) , is




1.1 'CONCEPTS OF ADAPTIVE CONTROL

- Although there exists a substantial amount of literature in

‘the area, there is not general agreement-on how one would formulate -
the definition of adaptive control. Definitions given by the

experts in the fieldurange~from‘broad to specific. As an examplef

S o7

of the broader definitions, Truxal , in his general discussion on-

“the SUbJe ct, descrlbe s an adaptive ;(:_'Qrit_rO'l sys"'tfemz as any control
system Whlch has been designed Wlth an adaptive viewpo'int . A more

precise definition which in essence encompasses the definitions

19

~given by a number of experts is given by Gibson ~ who defines an .~

U [ E e e e
f—— :

adaptive control system as & control system which provides a means

for monitoring its own performance in relation to a given figure of
e i e Qﬁﬁ; L T e e

- merit or optimum condition and’ 4;éi;f_¢means- of automatically modifying

(N

the systems parameters; by closéd loop action, &

RN A

optimum.. e | - ~ BEERES o 2

B2 . .- . SO 5
: v . . VTR W
Yt — —

e S s sz i e e ] o - —r ERe i Lt =y

P - 3 T LT 3 ‘/,

Adaptive control consists of three basic functions —- identi-

21 o6
,;M Although,some eXPeT?S,

RNUURS .

P

fication, decisién, and modification
.IUm§ the‘d£CiSioH-and'modificafion,funCﬁidHSfintC'a_Sihglegcontrﬁl:'

7 AN
e

fuﬁCtidn, there is generaliagreement‘thatfthesewiunctioﬁé are

characteristics of an adapbive system. These functions ere defined

e el P . . ) . o, N )
[4 - . . - ) . - . - S ,
: . . ’ - L A - - ."4 - -
- L B "¢ t . . s ) . X

S
Ehaa e

a8 fOllows :

\_"

(1) Tdentification functicd - the adsptive controller must - .

.~ — - periodic basis. This means that the performence quality of the

¢ a continuous or a =

ate of the process on either.
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process 1s evaluated | ThlS requlrea that the performance quallty

“f .
é {“
’be characterlzed by some 1ndex of performance ’(also referred to as_ﬂii‘

the flgure of‘merlt) ﬂheoidehtification function thus involves‘""”f

v S .k
i - : Loy
—— . i

the -cOmputat:iorl- -Of this .index of performance "based on measurements

/of the important process variables.

>

The identificaticn function is required since there is some
aspect of the process which is changing with time. Control systems
would not need to be adaptive if operating conditions remained con-

stant. Unfortunately, most p rocesses are operated Wh:.ere, conditions

are quite unpredictable. There are many .sources of these changes in

v .

~fo§eratingicahditions, The relationships which define the process - .

and its environment may change according to some unknown influence.

There may also be raidom (stochastic) disturbances t6 the process
and /or its env1ronment Which may be time-varying.in nature. | Thes e

chan‘_ges' affect the -‘performa‘n'c'e of the control system, ﬁhatever the

st st

. R ) . . . . § .- . ) ; o : Vv R ‘(’

move wtha 1ndex of per;E@rmance toward an optlmal valte._,

£

e st e e

source. Hence the system must monitor its own performance to maln—

B tain effect,ua_-l operation.

~(2) Decisiun Function -~ once the process performance has

‘beenidentified, a decision must be made as to how the systemshould

o "‘:’f‘

b e altered ( "ad—fag_;tze d_)- 50 as to ?i,mproye- the p_serfo_rman*ce If the per-—

formance is not adequate 1t is the obgectlve of the adaptlve

(M\u@,

L)
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may be to change one or more internal control parameters or to

?édjusf'the'piogess VariabIQS,Ldepending“apon the adaptive strgtegy

employed.

(3) Modification function == The modification function is

e

EE R

 thévmeanS?Qf_implémenting'%he-deCision made:in]theldéciSiQn functicn;'

;T@is involves the Chﬁﬂgingiéf SYStem parameters7or*the.aQJUStmenﬁ
of process varisbles asxrequlred | to force. improvement in system
| pe_-rfdrtm'ailg.e. o .
A;Simplified-bloék.diagrém dfzan adapti&e=pon§ro1‘system,is
‘ShOWﬂinFigureé.‘gNote-thgxwhiletheidentifiéationfcémpufergnd

the i-.c.on't;ro,l computer are shown as separate entities, in actuallity

N

.

?1 Control

' Computer
N L

-— @ ews e ees Qe e o

Inputs!

' . | Outputs
3= Modification= — = ubtputis

Process

| Decision |

[Measurement\ |am
of -
Performance

.

'''''' o rdentification |

— T - [ n— [ et e

. .. L ."wi:p,,‘. EN .
RN o,

i I ”_“_ ~~«..\7\"’v_,_>?°:‘ <
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b oth

functions are 'per‘f‘ome‘d by the same -comput er. The figure “
o

'fshows the three functlons performed by the adaptlve system The

'1dent1f1ca,tlon functlon...‘...,....compares the process outputs (performance)

. to t‘he 5 'des-'ii-.re'd-_ pr-oce»s s performance ( :’:'anutS”f) 5 & d_e'-'c.ji:S}lOn is made

“concerning improvement of performance which is in turn carried out

-~ tion.

by the modi fication funetion.

Special note z-sfh'ou'lc-i,, be made at thlS point conceruf"ing‘ the
importance of t_he index. of performance 1u an adapt ive ' control system |
This is probably the most important afsﬁpe-ct of the adaptive sys tem
1ts own -performan ce. The index of‘ performance may bﬁ_e‘ a dire;_ct.ly
mé;as;ﬁuréﬁle quantity / or -8 cal.cula;‘ted qua.ntlty .. The final sys_‘te‘rnz
rés;p.on‘s‘fe- can be no better than this .._c:_]:"i’_c]e‘r-‘j};»o_n.2 what.eve;w 1ts derlva—

e

Although adaptlve control systems may take ma.ny diverse forms,

| A?control system 1s explalned 1n det all 1n the next sectlon

.'.l 2 | MODEL REFERENCED A)APTIVE COI\ITROL

 operates in the following vay. =

this thesis will focus its a,tteﬁt'io'n on the type of 'ada,pt,igve 'syste_ms
classed as '%mOd-,e,l referenced adaptive control sys tems. As the name

implies, the model referenced system employs a reference model which

sl “

is a. "s"imulstion' of ";_’Ché' system's overall r,es:p‘ou's e (index of perform-

.-anfce. ) as 1ts ;ide'ntiifi_.cs.-tioﬁ fun 'ction:..- - The model -r.e-fereﬁced 'aapti-vé

Model referenced adaptlve control may best be explalned 1n _7{’“

S

| The cont I‘O 1 System L




~ the modlfl cation. functlon is performed by the controller. = |

Input - Controller F ' — _’J Process Outoul

| iP’éframeterv
‘Adjustment

Adaptive

Mechanism . p‘ Brror

Adjustment

/ I -Mogel
| Reference Output
Model |

& “» LoEr
4 -

'TFigure 3. A Model Referenced Adaptive Control System ™

The same- 1np ut signals are applied to both the reference model and

the .process -and the output signals of ea-éh» a,refﬁ c‘or'npa'red. If thv-efp‘r‘o—

cess response differs fromvt}'fie' response of the reference model, then it
is the objective of the adaptive strategy (mechanism) to determine how .
the process should be modified and implement ‘the modification so that

the system. output closely matches that of the reference model In this

'Sij_tem_,_ the identification -fun-'ctiz:on'_ is Iier.fbrmed by t‘he;i:;eferégce model,

~ .

e o

while the decision function is performed by the adaptive mechanism and

f-aal :

W S
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“experimentation necessary is not insignificant. The large cost of

process characterization has been a factor which has “hampered-the

™~ - ' <

indepepdent Varlables of the process t@-the_ dep endent variab les

COIItalHEd in the index of performance. The derivation of such-a model

" could be approached in two ways:

(1) AnaLytiCally-~fhrough”thé app1ication-Of %he'laws‘of

' -’physicé andjbr-chemistny. IfghﬁﬁéVer,‘thebrocesS:is'
;extrgmely‘éoﬁpleX.Qr:{f théﬁprdcésslisnotffullyﬁnder*:
fstdbd,\é{§atisfactofymOdelquuld~béiextremeLY diffiéuitﬁ
“to obtain analytically.

(2) Fmpirically - through controller experimentation on
thefprdcéSQWénq_StaiiS%ical‘aﬁalyses4perform§d70nrthéi
HeXpeTimentalvaata. g‘ -

The: &eiri‘vation,_v of an adequate model of a pr@ ces s usually
réquires.a-ecmbination,ofvtheftw@ modeling teéhniquesgi £h9~analyticélp
to set up the basic model and the empirical to refine the modélaﬁdé |
“fill-infthe éaps6.5~1hexm06eling taskicaﬁ“raﬂge:in,difficultY fFom:
triVi315tc'iméossible§ .Often‘thejamount“of:empirical‘datareriréa;

in'%hefmdaeliﬁgftaék.is ﬂremenéquS;and theAcoétgoffihe se@héntial ”f

g

application;Offadapﬁive-cohtrﬁlit@fménUfaﬁtuTing'Pro@essesf
Basi cally, however, there are two ty}\%\ of con'trrdlv strategi es:

*{

steady state control . and -dynamic optimization and comtrol.. | . . o -

B
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';SﬁeadX Sbat¢jCQntrQif Steaiy stateﬁpﬁimization is

,iﬁifhe'abSGHCéuof'transient effeéts.. Tfme‘is nOt con-

sidered to be a continuous variable in this case.

Steady statefoptimizaiion.ik;'applicable in cases where

external distufbances‘tOthe process are relatively
infrequent és‘cqmparéﬂ to the time.requredﬁer'%hef
SyStem.ﬁO.reaoh,é@uilibrium%aftérﬁthe occurrencé~of

P - s ¢

such aﬂﬁféturbance, This mésns that steady state con-

trol is suitable for proc esses. in which the index of

performaﬂcexcfitéri@n-is.not,sigﬁifigantxy-affected .

"~

by“transient behaVior betWeeﬁ GOntTOl'SGtting

adjustments. Various optimizing machines may be

L

- used as the adaptive strategies when steady state

control is emgloyed-;;«gradiﬁnt;séarchd sequential

searchQ(mathematicalaprogramminga ete. .

Dynamic optimization and control. In ecases where"®

- transient and nonequilibrium conditions are prevalent

and havea} significant éfféct on the index of perform-
ance during processing operations, dynamic optimizing
control should be COHSidéfed,n‘This form of cOntrbI{isf*'

a more advanced control than steady staté optimization.

|
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‘performance subject to operational constraints and to =~

‘The control objective is to determine ﬁhe;optimalftim@}ﬁi,ff;fﬁ&ﬁ:s;
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of adaptive control to manufacturing processes.

Adaptive control systems have been used widely in the aero-

space industry. -In the control of industrial and manufacturing -

-

Ptimé: and state 'dep:‘enfdéﬁ-i ;équatfi;on:s describing the rate o R
of change '.of ﬁlprG)iC'é'S':S s tet‘ef va;r.i.ag;bfl,e,_s; It is desireb le

that the index of pérf ormance b:_,e completely observable

durlng the continuous pro cessing l Cj?P'er'at lon. when .

dynamic control is employed. Where this is possible, |
continuous contr ol P I‘OC edures -- may be applied directly. n
.C'Qntinuonu;sfeontrol '_profc-_e.du::rejs such as. m@@ei 'S earch or

the varlatlonal a‘ppr'oa;éhes 5 .iwh-ic“h Wil ze dynamic

programm ng or the max1mum 'pf?rinfcf"iplie in thelr com— - ;, w
putational scheme, are fsually extremely @i ficult to

apply: For this re ason ;- dyn amlc C.O‘nvt':rO"l' is usually

resorted to only 1f the pI'OJe cted perf ormance 1mp rove-

ment over steady state control is thOug_ht “to justify

the .add':‘i'*t?*i'o:rial effort and -exﬁens_ea.

what restricted. The next.section d‘ens-:'cfri-b es some Current appli cat 1ons

1.3 CURRENT APPLICATIONS OF ADAPTIVE PROCESS CONTROL

The llterature of the past decade contains many dlverse appllca-

!

tions of adaptive control. The aero-space industry, especially, has

N

e

e o

!

applied adaptive techniques extensively in the area of automatic ~ -~~~

et
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In the area of manufacturing process control, adaptive technigies

——

;"”haNe;béen;applied~to"b0th continuous -and diserete:(batch)jprpcessee.

Py

,etibne'of adaptive controlw 'Thefapplicationé to-be'deSCribed?ehdweVefaf“

~~ =

-are.representatiVe-of the applicatioﬁs-of adaptive techhiquesein.the

- control of batch manufacturing processes-

Batch manufacturing processes représent a fertile area for

:the?application of adap§§Ve control. PrbeesseSaef»this typefﬁfée

&

subject to a number of:scurce5<of?variation; Raw materials at the

'prc:)c_es?s* input usually varies from batch to batch; tool and machine

 Wear may cause variationwithin a batch; environmental conditions

may affect both raw materials and machine performance. There have,.

3h0wever,hbee; relatively few applications of adaptive control in
thiseareaa ‘

Some of the str ongest efforts to perfect adaptive control have
been exerted in the machlne tool 1ndustry . An adaptlve control
system, as applled to & madhlnlng process, would attempt to respond
to the Enpr.edictablé changes in the process. and ot the same time .

21

‘attempt to optimize some relevant index of performance” .

~

There are

several sources of unpredictable change in machining procésses.
Variations in We;g”pricefmaterial.(eg.'hardness,fstrength,-GQmpOSitiOQSf

&

Tool wear tHien in turn affects the amotof A

— A P

etc )’affect-%ooliwear,

et - R I U, ——— ——

| metal Wthh could‘be cut Wlth the tool

. \'. N

| o and iepth Qf cuﬁ*due to varlatlens 1n raw stock 81ze and/or 1ntent1¢nal

' e

——y
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. yariations as in profile milling operations must also be account ed for.

“The Bendix Research Laboratories’ has develb,ped ‘an adaptive | e
milling machine controller to optimize operating Pl"Oflts The mlli" R
ing process is & c ompl ex op eration ’ many .aspects of which are under—
stood only through empiric al data tables -rel:atfi‘ng-dto ‘'such ”faé-t_o;_rjs as

" tool wear rate, tool life, surface finish, and milling accuracy .
‘These ‘factors depend on characteristics such as hardnes s and tempera-

ture of the part being processed. Ideally, it is desirable to feed

‘as rapidly as possible thereby meximizing machine output. Feed rate,

however; is limited by avallable power, and increased feed rate -Ojft"eni

results in poor machining accuracy and vibr ation, which in turn

- results ih excessive tool wear. In any practical system a compromose |
between feed rate, surface quality, final milling accuracy, and tool .
life would be required. ”
Bendix developed an index of performance to be optimized by
" the adaptive system which accomplishés the required compromise. - The

index of performance as given in reference 10 is

, MRR \,
= + [ K + K. B. TWR /
p K, J T+ KB
L\
] ~ ,

- e - S

 Where - MRR = metal-removal rate in cubic inches per minute

TWR = tool wear rate in inches per minute

=
"

maximm allowable tool wear in inches

e ) }




to be unstable and explosive if temperature limits were --exfceed'e.d,. If

TK-_:L = direct labor plus overhead in dollars per minute

)

% KQ ='-co$t-per regrind + initial tool cost in-dollars
N | - maximum number of regrinds

T = thlvehangéA%imetin minutes

constant

B
The value of B is chosen relative to the emphasis placed on produc-
tion rate and total cost. When B is one, cost 1s emphasized; when
B‘is;zerd,ﬁpréductionrate.is embﬁaéized; intermediate values of B
Aprﬁ%idea coméromi8§zbetweehthe~tWDéxtremes;‘ Control cﬁ‘tﬁ;‘spera;u
tion i# maintained by a combined feedback-adaptive system. The con-

ventional feedback system maintains control cont inuouisly while the

. N
AN . . N

adaptive ¢ Q'nt'erI Loop peﬁiiodifc.vfa;ily computes values of the fperfdma;né‘ef

variable. The values of the peerrmance'Variable'aré-usedlfo deter-

mine what modifications are to be made on the feedback control ler to
Angther'area_iﬁQWhibhuaﬁapﬁivé c@nﬁﬁdllisjbeinguapplied_is

batch chemical processing. A progessgcgntrcl system representative

of the work being done in this area was ‘developed by the B. F. Goodrich

Company for a batéh.G&@&lytiC:polymerizaﬁionwpfdéessgyfThe prdcessﬁy
sﬁudiéd‘waslhighly exothermic with a réacﬁibﬁ*rate'WhiCh~d@@?lé&
with'eagh téhrdegree,ceﬂtigrade'increaée in temperature. CleSé‘

temperature control tolerances were required since the process tended

-3

.

however; the processing temperature was too 16w unacceptdble bateh——

kS
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rubber within a narrow span of reaction ‘temperature ‘so as to

. . Y

minimize batch to batch- variation while producing ae‘cefpftfab'lé, product.

The control system~d§véldpéd.for'the processfﬁaS»é;mOdél |

and & predictive mode. * When in the adaptive mode, a real time
%model;-dérived aﬁ§1y£iéal1Y fmeAthechemicalkineticS of the process,
 Operates;ip_parailelﬁiththeprocess.‘OutputS'frOm1the model and
'th@gprbcass are compared, and Qpe model-parémeﬁérs-afe~adeSQed=until
the{errbris:zer05 at ﬁhiéh time the model "fits" thegpfo@ess;ﬁ"

Tn the pre&ictiveimodé; the model, updated'by'the adaptive‘

mode, again runs in parallel with the process, but the model now

el .

Myrunsin‘a.féSt'%ime,»repetitive-npera%ion mod§, The euxr¢n£ $tatusﬁ

o, of tne real system provide s the initial conditions for the mOdel |
TheuﬁodﬁlﬁihpUt isﬂafcontrolwaet.p@int which iS}QQMPafedlﬁQ the”;-
models predictedbutput, The difference (error) SignalJis;tﬁenA
uéediEORmOdify £he.inpuﬁ to the‘prééesStHuS ?TQVi@ing a form of
feedforward ¢control.

The two systems deseribed here are by no means all inclusive

of all the applications of adaptive control. Adaptive control

gysténu;similaf t5ith&_Bendinsystém;,have*been;applie&_tg.grinding‘

2k

and injection molding

. mgChineSfand.autdeiic welding;machines
’a;fmachineéfas well. ‘The~systemS‘thus*déScribedq hdﬁeﬁer, areerepresent?
wtive of the spplications of adaptive control in batch processing

Y




“The main objectives of this thesis are:

The procedure to be followed in the realization of the stated

(1) FTGfPﬁeséﬂf'a?ﬂnifiEGSPrOcedure:fdr_%hefaevelOpmentvm

of a general model referenced adaptive control

system for batch type manufacturing processes.

( 2) To compare :f'th::.er operation of a batch process when

controlled by & model referenced adaptive control
system with the operation of the same process when
controlled by a non —-:a;'dv.apt;i_:ve: , model :bas:ed , optimal ,

- control systém. |

objectives is as follows:

process model.,

‘batch process.

The development of a general empirical modeling

procedure for batch processes based on response

surface methodology.

system and an adaptive control system which could be
used as alternative systems to control a batch process.

The application of the empirical modeling technique

to a simulation.of an actual batch process to. pbtain a

s

The simulation of & proc ess control system for the

Pttt

s.

-

The evaluation of the two control strategies using the

. simulated process control system .
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2.1 “THE PURPOSE OF’?HEfPROGESS;MODELf

model.

determine thé frequency and magnitude of control changes which can be . -

“tolerated .

| s

2.0 MODEL DEVELOPMENT . . | S S

Tﬁe‘ability to control requires the ability to predict.  Effec-
tive control action may be taken only if the effects of the control

sétion can be foreseen. uAﬂprediétiVEfmaﬁheméﬁicalgmgdel,is there— .

fore crucial to the development of a model referénced.adaptive”ﬁon—

~trol system. This type model velates the dependent pr¢cs$s-variab1es

to the independent pI‘OCGS s variables thus ensbling one to préedi ct o

process response to changes in the independent variables.

Predictive models are either steady-state or dynamic. The

S té:adf)""—-Sjt ate model describes the ‘relationship between the d’ep’enﬁ-denf- |

'?andiindﬁpendent;procéss.variables whéi the system is under gtatic

conditions. A dynamic model is Somewhat more general in that

it desecribes the relationship between the dependent and independent

process variables during transient periods. As time approaches

infinity, however, the dyn amic mOdelreduces to the steady state

-~

;Iﬁgpfactice¢%When appl?ingAéﬁeaﬁyesﬁate control to ‘complex,

multivariable processes, formal dynamic models and extensive studies

47,4"“.

of process dynamics ‘are generally bypassed. Judgement and experience

28

Basically, there are two approaches to'the modeling of & pro-

cess —— analytical a,nd émp.i rical. Analytlcal -pI_;Oc:esé' mOdellnglﬁ«—M

_volv¢s'the;in%gétigatiQanfjthe_physiﬁaiﬁlgws'gomerningvfﬁefunderlyiggaf}f;f; f 

-
< e
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mechanism of the process. From these laws, a more or less exact set

L
L4

"uqf"rélafionshipS{between;thé‘dependent-and;iﬁdependeﬁﬁ variables can

be;déveiqﬁed. ‘The phrase "more or less7exact”.imgiié§ that no matter
how well Known or well defined a process may be, there.aregstill-Para;

meters or constants which cannot be derived via strict theoretical

“analysis. Thus even for processes which lend themselves to’a strict

analytical approach to model development, the model devéioped)in»this -

manner'must‘berverified empirically and the "gaps" filled in via

i

~empirical means.

;There'are:sevenaiuprOblems whiﬁh.érisezin'thefdeVelcpméhﬁgbf;

strictly‘theoretic&l_prdéeés~modéisa First, a théoretical model may

" be extremely complex from & computational standpoint and therefore of

limited use in a céntrql}schemE¢ Sedcnaly,*there,are,many;procésses:_j
for which there is not.a sufficient amount of theory developed to
ailow-cne~to;aeriVe;the:néceséaryftheoretiéal equations describing.

thefreiationshiﬁémbétweenzthe:ﬂEpendént and independent variables.

-For processes of-thi&«naﬁuneuan-empiricai.appfbaCh ig’the;only~féaéiblé

method of model derivation.
| : | ) L - o . . (-
A certain amount of empirical work is required for any process

o

mo&el._’EVen:if’aeproceésfis'weil,definé& and well known, the analYﬁ—f'

ical model must still be verifiedﬁGMpiriCally;to.ésfablish that the

model does indeed describe the actual behavior of the_proceés, -In{

cdsesrwhgre'thegprocés§giélhigh1y‘gomgleX‘dr Qne“fOfVWhiCh.é;fﬂilY"

develQPea"bantOf”theonyﬁis lacking, an empirical mo@él is probably-

[ . | |

-‘Jf.:




% g'f;gl
fihe inykaﬁtaiﬁaﬁleVProﬁeSSrmﬁdelw One may conclude then that the
”7Zempirical~approach'to'§hedevelopment of @ process model forySeﬁin.
.PTOCGSS CQntrOl,is;probably“ﬁhe’more feasibiéfapprdach to model
o the empirical approach tO model devVelopment covers ?«b{’Qa@If_aﬁr}geﬂ

~of applications. This range extends from the "gray area' between the
:&Hélytiﬁal~and:émpiriﬁal,aPPanchesqVWhere theAanalytiéaJ_madel is
verified and/or augmented by experimental means, to the totally

empirical "black box" model.

Theempiriéaiﬁﬁﬁﬁﬁoaxhzis‘not‘wﬁthout itsjprdblemga -Therémpir~l
i cal model. is Valld only within the r@.nge of obs eré'vat-i on. T,—ﬁeref o.'r‘c_e,
“anYéXtTaleétidﬁfbeyond the .area of obSérvation:mUSt bé‘verif;éd
:e'xperiment.ally > othemlse no confldence may be placed in such predlc—

tions. Experimental data used in development of the empirical model

{

"mUStQ§1$b-b€ COlleCth with discrimination, and statistical analysis.
must be applied criti ca,llygsﬁif ‘& meani ngful model is to be obtained.
“fhis apprééch'requires that all évailab1e=khow1edge~andﬁunderstanding'
of the process being studied be applied dUriné the modeling process..

The sﬂbséquentiséctiong of this chapter will explain»é technique:
of applying the empirical-épprqacht@Apr@eess}mbdeling based.on '

Tesponse Afsurfa"c:e[ methodology . S | N

S
aaaaa

.....
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2.2  EMPIRICAL PROCESS MODELING

'The intent of an adaptive control system is to maintain process

performance at its optimum level in the face of disturbances to the. |

N

process and/or its environment. A model referenced adaptive control

system utilizes a mathematical model of the procesg-it controls in

éfderitdéﬁfédigtvgﬂérS%éfé-of—%ﬂé'précéssgfor a given-setquinput,= 

variable settings. If?the'deel:uSed'in“this.COnthl system is
 empiricallydefiVed,'then,.iﬁ.order tQ-pfedici accuraﬁely5.the‘mpdel
musthave'been{derived.framLexperimental-dbservations'Gollectedfin the
vicinity of the optimum level ofproéess.performance; This require-
ment is made due to the fact that, as prevlously stated, an empiri cal
model  is valid Qﬁly“Within the circhmscribed.rangelofeﬁperimen&atioﬁ;zz
'ThisfbeingjthexcaSé; in the derivation of.the‘mg&el byfémpirical
meéné,ﬂthe bptimﬁmvcombinatipn‘of factor levels, with reséect to an
index of performance, must e ‘determined experimentally. The pro cess |
- model is'then;devélopedéfrom;this configuration of 'dependent/indepen~
deHbMPrQCéSs Variables;

SinoeafgenerﬁllyawﬁhetcoSt;of'expemimentation,on.axpnocesgfis

| h
not -insignificant, it is highly desirable to use an experimentsl

technique which would "locate" the vicinity of the optimum operating

b

level of the process most econdmiCalLyak“One,suéh teehniquefis the
WmﬁgéﬁhbGIOf‘stéepesi:aSCént?as,agplied-to~thewexploraii0n of‘résponSe:
surfa ces.

‘The eprOTéiion;0£kré5ponsersurfaqes via;thé metth;wasterg5t;*




1950*s. Since this method is well documented

. of the independent variables. Starting at a given "set point

of steepest ascent. Obsérvations are then made to determine if .

/

_ ascent was developed by G.E.P. Box and his co-workers -in the early

5

~ only a brief :dé‘fs-cri;ptiton will be given here. The basie idea is

that a. response is con81 dered to be influenced by a number of
independent variables . The response, which may be an actual amount
of product yielded by the .p,?ovc-eiss‘ or some other measure of ~.proiicf‘e"3"s‘..
performance, may be considered to represent a surface in the space
of the independent %rar<i'ab‘;le.s, the gradient of the response surface
is estimated by a carefully Select ed experimental design, chosen
specifically for its "clean" statistical prqpertigg>and;efficien¢y

in dEﬁECtiqg;significant Efféctsf -ﬂSually all independent variables

~ thought to have significant influence on the process are combined

into two level factorial or fractional factorial‘designJcombinatiOHS;
Thergra&ien% is esﬁimated*by*least squares regression‘©n~the_experi=
mental data and a,direction'df steepest-ascentdﬁtermiﬁed from the
regression -equation of ﬁhe.”local? xeéponsefsurface, The independent
process variables are ﬁhéhnadjnstediaggiveﬁ;amouﬂt‘in.fhe,directioh

;

improvement in the respotisé is obtained at the "new" operating
J | . . - ,

‘point. If so, a second step is taken in the direction of the

gradient . This;prQCeduTEgéQntiﬂuesgﬁntil,the.respansefbggins_to“

{

decrease, at which time the independent variables aré adjusted
“back to the highest level of response and a new experimental design . -

- is centered at this point. A new estimate of ‘the gradient is them -~

-~ .
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Calculated and the procedure I’epeated wntil no: further 1mprovement
In response can be obtained ., | _; L

The response ‘as a function of the independent p-rQC'eS;S;_"'Vﬂal‘izablegf
defines the response surface. Since the process model ‘derived as
a result of the experimentation will be used as the reference model

e

in an adaptive control system, the resporse being optimized via

this experimentation is necessarily the I“e’,spo_ns.fe which will be .opjtim—
ized by the control system It is thé£'¢ fore cruc1 al that the response
chosen be some single, unambiguous, and cbjective measure. of process
performence.

The process under study may have Séverafl dependent, ‘variables
thereby requlrlng that the process md‘dé’}l contain a numbef Qf equations
equal to the number of " dependent variables. " The chanees of optimizing
each dependent wvariable separately and fi ndi hg that each such response
has the s ame set point of the independent vari ables are s needless 10
say, extremely small. Thus the need for a single index of perform-

'* ance, 'Wh_e’»-ft‘h'e’f' 1t be a rc';dinp;osﬁite of* the dependent process v;jari}a;b;lgs
or a eontrive d function of the .tniePen;d‘.ent‘ Var‘-i_-ab'le-S'f.,- is an absolute

ne Cffe"fs_-;Sii_tyz_- The next section introduces one Pi;(.)'»s-isj_bl_eu inde X of perform—

e

~ ance for a process hav1ng & imu’;lti-;-eq.uat-i on model and d?e'V.elQp'Sz an

automated steepest ascent modeling procedure.
2.3 AN AUTOMATED MODELING PROCEDURE —~
'''''' " relates the dependent to the independent process varisbles in the E
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one of searching hypersurface formed by the index of performance of

‘7Tﬁe'method-of~Steepestrasqent,has been shown to be most effective

.émong:empiricalDptimizaiion'techniques-atleCating“theviqinity@fP
Cochran and Cox :

reach the optimum with 1léss total experimentation .- .".

‘The implementation of a steepest ascent strategy in the explor--
‘ation of a response surface involves a great deal of computational L

&

vieinity of the optimum level of process performance (as measured
by»the_procéssindeX'of'pgrformaﬂce)-isibywnafmééns trivial. Most
;prOCeS$és'fér“Which a ‘eontrolisystem is to be déVélQped possess a

large number of independent variables and, usually, more than one

- dependent variable. Although the set,Qfgindépéndent.Variabiés;may’

be reduced in number through prel iminary experimentation and/or

knowledge of the process,; there are usually more +ha.n two elements

in £he subéet of the independeﬁ£ process variables which can be

termed the'cqnﬁroihvariables of the process. Thus the problem is

the process expressed as aAfUHction~of~thefcontrol'variableg of the

proceSs N |
The problem in the search of the index of performance hyper=

.Surfacg is to find, in as few expériments s pOSSible,°a»set of

operating cOnditioﬁs for the cOntT@l*vériablgs‘yielding,a'value~of

the performance criterion'which iS close to the best obtainable.

theﬁcptimumsof~a;response—surfacegn@st quickly . As desecribed by

12 - "The method of steepest ascentipr05e54mﬁré

thorougﬁly-and:is saﬁer:ahdgﬁgre informative. It should ffe@ﬁently
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;Qﬁ - : - o .1 | .?
effort. An eff1c1 ent mdellng procedure utlllzmg this ‘method. should
’be‘@s’éﬁtamated-as;possiple.to take»advantage;of the speed and ‘#
accuraey of the digital compuier. Ag:autdmatédSteepest ascent
mcomputaﬂienaifyrﬁce&ureinvolves;

1. Obtaining a mathematical model of the system from o | L

2. Determination Qf'thezgradient:af the'iﬂdékfof'
;performance»fun0£ion,

3. Maklng corrective adjustments in the c'onttro:l
variables proportional to the gradient of the
perforimance function.

., .A;Cdndiﬁion%fbr“stdpping, usually when the magnitude
of the gradient vector is less than a predetermined
constant.

5. Printing out of the values of the control variables
:at»the-optimﬂm.level.éfthe inﬁéx;offperfOrmanee,;qr-”
the values of ‘the control varidbles at which the
next ‘e’Xperime-ht in the -S--eque'ﬁc,e is to be c 'e,nt;.e‘:réd :

There are several steps in the development‘afan.aﬁtomated

steepest ascent computational procedure. These steps are defined as

follows: =~ - o -
1. Determigatidn-af’thé’pr@cess:mbdei_e+-The:farmgef:£hez

— ., process must be determined at the outset. .The‘madél

may be expressed -as:

n
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.. oo th . | e e . e
Yj315 the 17 @ependegtfvariab16r1n=the process

model .

Ql (Xl 5 X2 s oy -Xn ) i s a polynomial efcmatf'ionw

of first or second order in the n control varisbles.

formance s a difficult funeti@nftguéhooség,yet‘its
zselectionfis.Cruéiéi; Thegpéxfgrmanae function selected
must have the Qualitﬁ~of'béing;easilycalculablé=frbmﬁ%hé
process model .
The index of performance used in the autamatéd steepest
7aseeﬁt-computatiogal.procedure~is residualfgrror,;-This

function is described as follows:

For a process with K dependent: variables and n inde-

-pendeﬁt-variablesr

Y =qQ 15 %o )

n’ | | i

Variablgs:of}ﬁheﬁprdcess?mo@élﬁwhiCh havefbeen;eStabliShéd -

as b@ihg-the7d€SiredwCh&raCﬁeristicsfbffthélprocﬁss QUﬁpuﬁgw

“““““

Define the indei of performance to be.the residual e

rror - -
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Hence the objective is the minimization of the

residual error E. This minimization presents no

problem, since the method of steepest ascent is
<¢@ﬁverted to‘thé‘métﬁéﬁ,OfTStEépeéﬁ ascent simply
fby~Changing‘ﬁhe‘Sign-of“thé-bbjéctiV§-quCtiohﬁor“

wfbywmovihg-the:contrcl“va;iableswin the direction
_éf‘ﬁhe:negative gradient.

Definition of all constraints which must be satis-

fied.:—~fordinarilyitma& bémassﬁmed;that the
-thimumflevel of fhe_perfermance fﬁnction'Will be
located well within the boundaries of the establlshed
limits of‘the.contro1JVafiables}jThis;assumptidn is
not as "w11d" as it may at f 11"stappea.r . Processes
and their models tend tofbefwellbehaVed;'baSedﬂas
theylareon.natufél'iawsg:and theif“performance

;functi@ﬁﬁ;uSUﬁll&"do:not-dem@nstrate'ﬁhé.irreguiar#

ities of some artificially contrived reségnsé sﬁrfg9§29,’
Thérefore,_an.unconstrainediappr03¢hto thé:search
:fopﬁthe;optimum,shoﬁfd‘usualiy.yield'the;optimﬁﬁu
~l€vel;Qi"P@ribrmanGéVWiﬁhQﬁtViélatingiset~péiﬂt? .

'limits, which are in many cases not what-may be

considered absolute constraints.- If, however, it

“isffbundfthat one of the set point ;gyﬁtS'isgviolabeag




theféimpiéétrfemedy~isito;fiXsﬁheréluefo“ﬁhe-
. violating variable”@t itslimitipg value,;as long
)bias its.vaIUe iSJbeyOnd it521imi£,in the'searQh
gprodédureg and continue tﬁéssearch@
I Choeseﬂand/or'deVelQpthe~¢gﬁpuﬁational/algorithmsT
~ to be used, —- Basically there are three major
;algorithmsﬁhichxéreﬂused[innthe;autgmatéd-search
proeedure,‘-Firgt,,thé-algqiithm;to’perfbrm:the
least squaresafit~0f po1yanial equatib;s to the
*éxperﬁmental.data, Thié*fittiné-is acﬁdeliShéd‘
mQSt.éfficiently byimEéﬁS:of‘multiple'liﬂé&r'fégréSe
.sionf'Therefére,:aéurréﬁtly avallgble multiple

BOfWHS incorporated as the

linear regréession program
model géneTaﬁing:élgOriﬁhminﬁbe automated:prQCedﬁre,
The second major algorithm required for an
automated search prpcedure is a,prégrdm~to compute
and evalﬁéte“the gr&dieﬁt of“ﬁhejpérfoﬂman¢e‘fuﬁgtion
iat;different~éperating points. Thé:gradient ®£“thei
residual error performance function i§ cpmputed;aS
 follows: |
Fp;'theﬁprocess*médel.

.Yz‘?'ng<X1»:ng Teer Ay)
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Where the Y. 's are given constants.
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The third algorithm must prov.idei a method for
determining the s1ze of the "step" to move the con-
trol varisbles in the direction of the gradient of
‘the performance function. This step size is
determined as follows:

Let

A ,, L A
+ COS O _.x. + ... +C0S O-.x
o) 2 : O n

U‘ =008 0..%
o 0 1% 2

o 1

n
be the unit vector of grad E evaluated at the current
- experimental design center.

B

Where

cos. 0, = —— — Tl
) 1 | : |

~Let p be the computational gain factor, 0 < p < 1. =

Then a new set point, a candidate configuration for

0 .
e, -
B P

- the next ‘expeirimental design , is calculated as follows .

X o= X, - (X -x)cos 6.
i io VUi i TN o T i




30

where ” o
'

Xi'= a . new value of the i?h coritrol variable

in the direction of - grad;E{
| . th’

control

X, ;= the current value of the' i

variable at. the present experimental
design center.

Xh‘*ffhefuﬁPer‘Opératingflimit;On the;ith

control variable.

I ‘ - th

cbhifei-Variableq
Withe new ValuesffOrthefcontr91j§ariab%§8'£hus
obtained, there now is a need to test the "hew"
oﬁeraﬁiﬁg point ﬂ@ insure that thé:step 1éngthfWas
neithér~t03~19ﬁg5ﬁorrtooshort; This is ddne-by
evéluatingggradvE:at.the new operatingvpbinb'testing
to see if grad E at this control variable setting
StilijpbintS;in-the same general direction as grad@E 
evaluated at the'experimental'deéign.Cenﬁer, ,if"

grad E at X shows little or no divergence from

it

If giadﬂE:at'X."indic@tes'é,largévaﬁbﬁnt'odeiver%
gence in direction from grgdAE;at.ig'thenrﬁhe_gain

:faétor&isareduceda - The procedure is outlined as

follows:

g




1

a. The valu? of the gain factor is set

at a low value, say # = 0.1, e

,bhb.ﬁfneW’Sét pOint is dgtermﬁned;  ?W@f

1

1

- P (xh_XL) CoOS: @ .
B 0

N 9 - - '

!

c. Grad E is evaluated at X and the unit

—:'J

vector in the direction of grad E at X |

y A
= C0S, O _
COS,_l' 7 X

o A A
+ - . e’ . o 3 . .
C.OS:L 62 X2 + 4 Cos,1 6 o an

is computed.

d. The dot product of the unit vectors of

K=l

................

grad E; evaluated at X and X respectively,

is computed:

1

.‘iﬁ:

IﬁOI .,ffl, cos O

qum—

, are unit vectors,

U .U =cos O
o E

Since © 0 represents the angle between

!

grad E evaluated at X and grad E evaluated

the following tests and corresponding

2

‘alternative may be applied:

(d1)

gain f:ac_torg to, say, 1 5pand

 recompute X .

If 0.8 £ COS BE < 1.0, increase the

i

'

If COS @ < 0.1, decrease the gain




. !, | iy - . X
. g ¢ . ' - N imeaszsond
. ’ . . . e ey
va “r, : 32 R ‘ -
B . . . . - ..

miltiple correlation coefficient’ ', obtained readily

. regression program.

(111) If0.1<COS @ < 0.8, then X is the center

A —
.
Y A

for the next éxperi'me’nt -

‘Throughout the previous development, many referénces were made .

to designed éXpériniﬁéh;t sperformed in the area of and centered at a

;par‘_ticﬁlar- level of control yariable s etti ngs. These -e'xp'e;rim‘e’-nt;al
des:Lgns may be either of two types, according to the fit of t,hﬂe
polynomial eguations of the pro_ge?égs‘} model, At the 1n1t1a1 configura-
tion of control Variable»se%tiﬁgs, for-neaSOHS of ignorance about -
the re-s-pons. e surface lIl that area, a linear relationsjhip b‘e’ewe.,en -the

dependent. and CdntTOl,varidbles:isﬁaSSumedj The experimental design

best suited for generating data on which to fit linear polynomial

equation is & two level factorial or fractional factorial design.

~Should it be found that there is a significant "lack of fit"

of the linear regression equations to the experimental data from the

two. level factorial design, then- & non-linear surface must be assumed
and a second order polynomial fit attempted. In order to generate the

extra data required for a second order fit in the most ecornomical and

‘efficient manner, the two level factorial design used initially may be

very simply transformed into a Box-Wilson central composite experiment-

al design ~. This alteration amounts to the addition of "star" points

and center point replications to the original two level design. A

good indication of the polynomial fit to the experimental data is the B

L - - - -

e e et 8 At e b8 el

e EPIPA-VCr XY L

 0PtimDmséf*thejP@?fOﬂmancetfhﬁcti@n and the*deféfmiﬂ@ﬁi@hfof7tﬁé?§r§¢§;§};?§fj;§}

..............

A flow chart of the procedure for locating the vicinity of the =
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model equations from the response surface in htis vicinity is given

'in.Figure L. DThe'procedure;is:outlined as follows:

Determine, from prior knowledge of the proceéss
under study or from preliminary experimentation,

~ yariables to be inCludedgin'the;prOCeSS'mOdel;

Choose the most."likely" configuration of input
variables as the design center for the initial

experiment. These.settingsfshouldlbe those

. which are intuitively determined, through prior

X

lknowledge-bf"ﬁhe-QTOCess, to‘bErthe.ClOSeSt

.: 3PPrQXimatiOn to~£heroptimallsettings,

equatlons using multiple regression. If the

. Perfgrm;experiméntsfon'thez?rgcesshanﬁaﬁélIGthf

éxperimﬁntal:éaﬁak Ini%iallyg'assﬁmera linear
relatmnshlp between the | input and cmput
variables and use a 2" factori al or fractional
experimental design.

Estimate the coefficients of the polynomial

Y ad

linear "fit" for,anyequatiOﬁ,fﬁ the model is

inadequate, as indicated by the multiple .

"c0rrelation cOefficientvalue for that’équation,

“amthgghstarpointsﬂand~center.pdint'replicatiOn$°'

N y

n

j

must be aaded'td thélgp'fa@tgfial ae$ign;  A ‘{ ;i]*f*?”77*”7”" "
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10.

Test COS 8 as follows:

3T

Form the proceSs index of perfbrmance,

-3
i=

If E is less than a predetermined coristaiit, then

optimality is assumed at the current operating
point. If not proceed to atep,EQ

. Compute grad E and evaluate at the current design

cehter. TFrom thése calculations, determine the

unit vector in ‘the direction of grad E at the

- current design center -~ U. .

O.

‘Establish an initial wvalue for the computational
gain factor == p

_DetermiherneW‘settings for the control variables:

1 1

X =% - 500 - X{; 005, 6 ., i1, ..., n

Evaluate grad E at X and determine Ul,;he

'unli.vegtgrﬂ1n~ﬁhérdlrection;qfAgrade;aﬁfX;

. Compute

CoS 6, =U .0

(i) TIf cos © . < 0.1 , set the value of the
 computational gain_constaﬁt‘eQuél“ibené“;:?j

half the p_re;s-efnt' value and return to -

'.step 8

(1) I£1.0<005 0, <0.8, set the value




j‘Qna.andOnéﬁﬁélf:its~pfesentﬁvalpe
5 ?-x" - | return to step 8,
(111) | If ‘o;.'8_~;.< cos 6 n < | 0.1, 'jt}_xen center
'ﬁhe*nex£ experiméntaiﬁd6518ﬁ7at X
-andgreﬁeat the sequence from step 1.

The automated process modeling procedure outlined sbove is A:‘on'_e "
approach ﬁO'the:T&Pidadevelopmenf of an empirical, steady~state pro-
:ééésmedelfVia.ﬁhe-methodiof”sﬁegpéStAaséeni.h Ehe~mgthodiu3ed here
yields rapid feedback of the next experimental design center in the
sequence, based on data collected about the current design center.
Oﬁher.stéepest~asceﬁt‘me%hods.are.suggested'ig thestatistical litera- -
'tUrélgleQlS’SI; S thewmetﬁod'suggested.here=seéms'beﬁtéT
SﬁitedthgnauﬁQmamed, interactive'ﬁodei development procedure.

Once a~procéssﬁm@del;has been,thained,the~next'stepinthez
implémentation:Of’a;mOdel‘ﬁeferéhCed;adaptife‘pfocessfcontrnl,systEm -

is to establish the control strategy. The next chapter develops : : %é

an optimal control strategy which éould‘be*usea:in?either>anﬁ@dap—f

tive or a non-adaptive control system.

s
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3.0 ﬂaBATCH PROCESS CONTROL  SCHEMES
Thl S -ch'ai»ter deals with the ":develc‘)?pmenﬁ of two control S c’:h,ém_é:s
which could be used in & control system for batch processes. The
first of these -S?Ch?mé}s_ is a non adaptive, optimal control strategy. |
The second is an adaptive conbrol scheme which wbilizes the optimal
éontrel.gﬁrategy-of the first aSifS c@ntrOl function.
3.1 AN OPTIMAL CONTROL STRATEGY

This eontrol scheme , developed by Bhattacharyya32 for a

steady state control system, may be explained in terms of the

simple-single“inputasingleuoutéﬂt process shown in Figure 5.

- T B Process

ﬂ‘ﬁ
|

Process m

2

Model

Figure 5. ﬁ:praceSS With one control and one state V&?iableﬂ

vy

-~ Assume that the process model iéfagseconaibrderpolynqmigi,‘€ﬁpifiﬁjfﬁﬁx*
cally derived by the method discussed it chapter two. Let the

following symbol definitiogs be_agsigh?&:

ﬂXf;=:CoﬁtrolfVafidble

¢ : ) e S

“State variable

~




£ = Process model function

., ws——

Y = f (x) = the value of tﬁe'state variable -

predicted by the process model Xﬁé AghA1X+A§X2

A, A, A, = Coefficients of the process model

‘an approximate representation of the process, Y will generally be

différéht.fram'Yms The least squares estimation of the model coeffi-

clents, however, guarantees that Y "fits" Y in a minimm least squares
o1 ul

¢ sense .

 vSupp6Se'£hewPrOCeSS drifts from its original characteristics so

vkt o

model remains at ¥ . The process control scheme should then make adjust-

ments to the process such that the desired output, Y, is once again

. ’.7

Obtaineég
For the case at hand, assume that thé:modél.is constant. and that

iitiiS'féquireﬂ fO=eompute~a‘neW'Setting fbr fhe-COnfrol V@riabiefWhiCh?_

Will;yield»a»modéipoutput:ofz;say Yﬁ,:Which-iSa ieast sqparés fit of

\ Ay :Theargument~ﬁer§ is based on an.impliednassumptipﬁfOfilineérityy

Since a given input X-no longer yields an output Y but rather Y+e, a

e

nev input, say X', is applied which originally have yielded a value of =

Y-¢. Hence the process output is restored to the desired value of Y. N

. range, since the process is not linear. linearitymay, however

assumed to hold over a limited range in a piece wise linear manner. The'

= Y 8




'“,‘«..‘-‘,' ..
ANSS D
™ .

range over which 1ineaﬁity~hqlds:ECtuallya&epends_on<Whieh:caeffiT ]
cients of the process are varying™ .

The control scheme may be generalized and represented mathe-
- matically as follows: Assume that the process under study is
;mb&eled,in;nfcontrol-variables and K state variables. The model

may be represented symbolically as follows:

il
©
=

P
Nno
-

Where the Q (X ~,;,‘Kn) are.aSSumedfto'be'seeon@nqrder'pque.

230

nomial equationSi Then it follows that,

A

2’ R

ESYi’giafL (Xl,'Xé, ooy X))

P
Q/
<

N

s e B e s e R = - raati - — Chr - = . s [

!1 . it Vains i . R S - N
B . '.

:Where;iwgbesvfromri to-K;

Let the observed changes 1n the»stase;varlables be defined as "ii?fiﬁft ~‘




equation can be written:

po

S X 3% Py o
1 2 o n ‘ [Axl‘w

aY,

Q/

<
no

<
nNO

n

3 g oY

This equation can be rewritten as follows:

Y, Y,  3Y, | -1

i Al Xl 3 Xl 3 ) X2 a Xl’l
37,

3, 3T,

AX2 | |

I

AX

‘ X éxg dX .H .Qﬁ.

AY_ -

—

AY
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This equation can now be solved for the changes in the éontrol vari-
- ables reﬁgired*taryiéld‘the-desired Valueswdf'thé*Sﬁafé-Variabies.

Thusyfﬁha new values of the control variables are:

zgﬁﬂfar3flin€arity has been assumed. The,pr9¢e$85 hﬁWeVer,sis.nQn_=
‘linear. Thus the procedure is modified to take this non-linearity
intawaccount-as;fd110WS$

1 s ¥}, ..., Y! e the values of the output variables obtained

Ry R

5y“inSerting‘the values X!, X!, ..., X' into the model equations.
% * .

Now let the desired values of the state variables be O

?Thﬁs,
* o A v
Y. = Y, =AY,
3 1 1

where i goes from 1 to K. Define the residual error, E, %o be

. 1. 1
3=l

.ThEH;th@~objéCﬁive is to minimize the value of the residual error. One - -

-

method of minimizetien-is—the use of gradiant (steepest descent) search. -

The direction cosines of the gradient'ofﬁE*aré‘féuﬁd from .

1

X, - | * ST e




next section discusses the inclusion of this scheme into an adaptive

Tassumﬁd that the process deélﬁwas‘acéuratewaﬁd would:neverﬁbégchanged,

This is an unrealistic aSSUmption«in'allybuﬁ'theoreticaiwsiﬁgaﬁiOﬁS»

bl_dériye‘theumcdel COéffiCiehtS frdmgéxperimentalw&aﬁau_ Model imper-

. fections mey 8150 be caused by physical wear and tear on the process

v | BN

vhere i goes from 1 to n. Let the magnitude of the descending step

be AE. Then, the'cbrreépond{hg*variaiipﬁS-in~thé contrdlfVariables

&

will be AE - COS G)i,'where~i goes fr@mgl{ﬁO-n, The:ﬁéW'ValueS of

the control Variablﬁs will be:

il

= Y! (
1= Xl AE . COS 91

54,
Il

p—— .
5 XZ AE COS 6 5

XH

n | ya

The sedrch routine isérépeated'uﬂtil the control variables converge to
a set of values which-makes the residual error small enough to be
Within}an gecceptable bound. Ideally, E*ShOuldﬂidenticallyiéquél Zero.

This however is usually not a feasible goal;in‘the rea1 world. The
control system.

3.2 AN ADAPTIVE CONTROL SCHEME

" The optimal control scheme discussed‘in;the:prgvigus section

With an émpiricaliy'ﬂériVEdfprOCegs;moﬂel,‘imperfections are always

present due to inherent=errors:inrusingjregreésion\techniqMES.ﬁo;

F

:gquipmentfand/br‘#aTiatiQnSiinfraWﬁméierialS:.éiheicgﬁt¥01~5¢hémﬁsaf1?:3?12152




: fté'be~develapedinthis-secti@n-isfbaaically_a~centinuati§ﬁuqfthe-
?thiEal contrpinscheme:ofatﬂérpreviéus section except'thatiaPIOVisien.
will be made to update thg‘proéess*mndel?in»bgder toiadapt"to~Chang¢é
in the process Qaéffiéienﬁs.

The development of tHe adaptive contrsl scheis procesds as
fﬁllmws:_ A,pracess-mcdel°iS'thained.as'befOre~and.ﬁhefprocéSS.is'_
oPératéd“under'the contrOl%Of’the.optimal COntfoi'échéme based on
this model; As the process Qperates;-data, COhsistingfbf'vaIUE§
~of'theygontroland state Variébles,is sampled atﬂthé“eﬁduof:eaﬁh
batch -cycle and stored in a tablé'of‘ ®d entries.. When the number
of PI.'O',-C'G'S%S_ cycles exceeds the value of. ® , entry & +1 is entered
‘as the mostreéententry anduthefirst (oldest).entryis_dropped
| from-chsideration, In this manner, the table éf-process data forms
what is known as a pﬁsh down llst 6f the ® most urecent observa-_

'tions; Thus the table is cOntinually-updated.by~erpping}the:oldest

—— v .

entry each time a new eﬂtry?is‘adée&.

An indicatibn;ofihoW*well'the-procéés'madel is performing
during the process operation must be determiﬁed'so-thgtladecisidn~
caﬁ-be made as tosﬁhen to use the collegtion'of‘proeessdaﬁa-to.

Pt

reestimate ‘the model coefficients. This is done as follows: Let

Y®,¥YE L. Y% De thé-GESire&JValu€§fdf'th€ Stat€‘Variables'Of“ﬁhe_ -

12 "2° K

_process. Let Yl Y2, cee Y ar 12 1o

staie varlables from.the process and.process model respectlvely

e
—

T 'andffw: ?M-m Y, be the values of the

.~ K '",é..w ,.' “r'j;£f;i;;;  f;~  
B = (Y¥ —-y )& . 7w Do e
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be the -actual value of current residual error and let -

be the value of the current residual error function as predicted by
the process model. Let Q be a positive constant which is the
maximum allowable error between the actual and predicted values of

the objective function. Then, if

Q 2

tﬁeyprccéss'is.consideréd/tque a&equaﬁely‘cantr@lledn@nd;ﬁhere 1s

no need to update the model. If, however,

7. '.»49<

the process is considered to be poorly controlled and the process

E-—EM

model'éoefficientsimustlbe~reestiﬁatéd,from.the éetStOf data
collected during the Operatién,oﬁ the:praaéssa 

’Th'é number @ , the number of data polnts in set of historical
a@ata,ﬁis;a“function of thE'number-of'coefficientSfto"beéestimated |
from this data. As aeminimquJthereishéuld beia;ﬁaﬁi@‘szat_leaSt
three entries in the data list for each coefficient to be éstimated.
Fér:examplé,'if'thé.processﬂmédel consists ofﬂK«first.prderpon#-

nomial equations in mn control variables, the number of coefficients

i s bt A o e st = s emce b bt e st e Y R e bl e+ S 19t e ad e e A A8 3 M bt B e e b ATt a2 s <+ 3 i i« ekl Bt e A e O P SOV P, N S PR

which must be estimated is K(n+1). -
N A flow chart of the adaptive comtrol procedure is shown in j;}g [ffj1,”

 Figure 6. The steps of the procedure are summarized briefly as =~

follows :
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Record Values of
| State and Con-
trol Variables

!

Compute
E and E
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Model
Coefficients
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—

Apply Optimal »
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and Adjust o |
- . . .. ..+ [Control Variable | -
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Figure 6. TFlow Chart ofAda.pt ive Control Scheme - -
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1. Start the process.

2, At the d of the batch cfjcleg,_. record -the values of

the f'C§'htr0'1, Ja*n&i; state variables in the Push—down list.
3. Compute ‘the actual value of .ft:he.x- ob jfectj.iffvé function E
and the value of the ob_j.,e“c.t:‘t.ve‘ function EM as predicted
by the curr ent process model N
i 'Déﬁne Q as the max:Lmum gll,cwéb"le. érrp:r 'b.étwe’en the
sctusl ‘and the "p”r"edictied values of the objective

- function. Then, if Q < IE—EM » reestimate the coef~

ficients of the process model and go to step 6. If

=y

5. Define { as the maximum allowable value of the actual

Q > go to step 5.

residual error. Then if £ > E, go to step 2, since
the process is operating within limits and requires
no control adJustments If £ < E ,» 80 to step 6.
6. APPSLB; the optimal control scheme to det emlne the
new set points for the econtrol vari ables Return to
step 1.
It should be noted here that prior to the first re;e‘stim.at‘i_gm ,
" and any subsequent reesi‘imat ion of the model coefficients there

must e & entries in the push-down list. This amounts to insert-

- attempts and the initial process cycle.

- The next chapter discusses a batch process on which these two = =~

~ control schemes might be applied. Simulations of .a control system ' =




i

for the process using first the optlmalcontrol, then the adaptive

contfol -s_chieme’ will be detve'leped .

. S
2
A
oA
e




k.o oontrol.SystemqlnqﬂsmentatiOﬁ and Evaluation
- The effectlveness of an automatlc process controlssystem.can

iusually be measured.by the merovement 15 process operation when‘con-
-trolled.py an automatic control system'when compared to process
operatlon*whenﬂthe»processis‘;anuallyCODtrolledr The objective of
an automatic process control system is to increase process produc-
tlylty.zg There are:many'MaYS~thls-increase,-or:improvementrin prOcess
.productivityg_can be measured.. FromQarpragmatic viewpoint,ihowever,-
& reduction in the variance of‘fheaprOCGSS'IESPOﬂSEVariables:frdm

 the deSlred mean would be the most obvious ‘mea.-.su;r'feméntf Of effective-
" “ness. Suohra réduction would increase the~processfyield;throagh;the=:

s,

~reduction of serap due to process output excursions into the range of

rejection f or some output variables. - . -

The proof Of*the.effectivenessoof"an,automatic processrcontrol.
sChemeqtthen,'reSides'iﬁfthe_actual implementgtion~df~the-contrgl |
system;onfafphysiCai process. Thus, in order tO Vaiiaate~the empif
rical modeiingvprOCedure'deSCribed in Chapter 2 and to evaluate the

effectivenessaof'the&coptrolisChémés&discussedfinfChapter 3, a suit-

| able,Erocess=mnst be selected and simulated as a test vehicle for the

jprOQedpres:andgcontroléschcmes &eVelopedfherein

In thls study only'cme case will be 1nvest1gated Thls:makes

the selectlon of a representatlve example all the more dlffacult _%;p:g'”{ _',g£f

‘The concern here is, not only on the phy31cal nature of process belng

?representatlve but also that the outward process characterlstlcs

pshoﬁfd be representative of”batch manufacturlng operatlons ;T;éggf}ff{f

1are‘tw0<a1ternat1vegmeans,of_ obtalnlng such;a‘model.- Ehe«f;rst_:,.;mggLQ;Q;;'_f




v

_would be to fabricaﬁéza;prOéess1ﬁade1Wbaééd'Qnﬁtﬁerdesired[representa— '

tlve‘ ‘¢haracteristics arid the Se‘cond would be to SeleCt an actual case

!

-stu&&‘from the manufacturing floor. 'Sﬁncethe'ObﬁeCtiVe of this study
15 concerned with practical a‘pﬁiication , the 'lat‘terA alternative was -
employed. The.actualPrOQ?SS:can-thUB’ﬁe‘uSedtOﬁpnovide‘realiS£iC5
estimates for errors of measure and control, data structures, and
Pfocess mQCHdﬁiSms to be incorporated in the process simulation model.
TSuCh;a spécifié case obvious1inaant'be’COnStTHEdaSia general rep-
resentation of all batch processes. Tt is notlinﬁende&'tO'be such a
representation. Its only purpose iS‘ﬁQ'PEOViae‘a study model with
WhiCH;£Q~make initial assessments, specific though they may be, of
ﬁhe,modeling;ProéedﬁrEtand-the'two~alternaﬁe control schemes. It is
felt that the generality lost by not employing a "representative model”
(if such a model exists) is incidental to the gains afforded by an

actual case.

k.1  Selected Process

Th€ de€1-PPOGGSS-EﬁéSQﬁff@r this investigation was a continu—
ous vacuum thin films .deposition (sputterlﬁg) prOOeSSq ‘The product

output of the process is tantalum nitride thin film circuits for

/,)‘.l'-

’HSéfih telephohe~SWitchingueguipménti ThiS'prQGQSSJiS.ofja-complexg;:

multivariate nature and one for which an analytical model would be

>

~a@&ixémély;diffiQulL_LQMdﬁxiXE;mwThﬁmpIQQeS&gmay;bﬁwﬁlmplj"described_;

-;aé follows£ °

j. .




;getalifilm,is.tQ*be deposited., The'substrate‘lscleaned_according to

a spécifiedcleaning procedure and theniplaced in a vaeuum[system

Where the tantalum.metal film is deposited over the entire substrate
be the cathodic sputtering process |

In the cathodiec sPuttering'prccess@;ajplatewcf“theimetal to be

deposited, tahtalum:in this process, is-usedasan e€lectriecal cathode.
**The:substrate:isfpiace& ataa<distance;of‘ahoutctyo'tc three;ihches'v
from this plate. After the sputtering;chambef hassbeen-éompietei;‘
'evacuated,:ah‘ionizable, inert*gastsuch aSargcheis iﬁtrodﬁced ihtc
wthefchamber, When a high Voltage'is~applied'tothecathode,the
argon ionizes and the positive argon ions bombard tThe cathode‘i‘Mahy
iof these ions are accelerated to a. sufflcleht veloc1ty such that they
oS s_..e;s- s enough energy "Wheﬂ .thiey' s,t'r.l_?__kfe the fC',a‘thO:de 't.fQ 'd"i_S‘-?lO‘dgle atOms
Qr:Clusters of atoms of the‘cathcde material. These dlslodged athS
then diffuse away through the 1on1zed argon and depos1t on any surface
- nearby. In the tantalum sputtering operation,nitrog¢n~gas iS'ihtro—~
ﬂucea.into.the Spatterihg'chambery'?The pTGSGﬁce_Of'theihitrogen
‘allows some of the free metallic atoms to entrap or combine with,

according to the;amOUﬁﬁ,of“nitrogen préS@ﬁt,<thewnitrogeﬁsatQMS as

o

 ‘they deposit on nearby surfaces thus yielding & tantalum nitride film
‘on the nearby substrate. Thig doping With.nitrcgen_providesia
deposited. fllm.W1th more des1rable propertles than w1th tantalum

R

fmetal alone

In the continuous vacuum sputtering process, cleaned substrates




Whlch travels through the c.o,r'it,inuouss vacuum machine. As the | s'-ubstrat:e‘
on V'i’ﬁs"‘ carrier tra{reis through the machine it is exposed to a sﬂe_ri,es
Dfél'vac,*uum ch'ambera of -su'c-ee‘ssivelgy..hig_her' vacuum Durlng thls _lp_has.:e 5
also; the eubstrate is: preheated to a predetermlned temperature. The
Qeu’bstrate then passes through the sputtering chamber Where the tan-
talum nltrlde film is deposited, then through a éerji;eS of vacuum
chambers of stc ceszsf:‘wely lower vacuum where S ubstrate cool-down is

ac complished before tlpe subst rat e exits the machine and is onc e

again@: exposed to the atmosphere. A simplified schematic of the sput=

- ‘tering process is shown in Figure T.

Substrate _
Carriers '

Heating Sputtering | Cooling

B

o,

A

_ Figure 7. A Simplified Schematic of the Sputtering Process . .




The depositianhprbcéSS,isfesSentia11Y”fh¢1szt important single

~process in thin films Circyitifébrication'duringawhiéh,the filmipro—~

‘pertiessarevdetérminédibyttheﬁdépbsitidnvprocessﬁvariables; Some of

'the-important«pfOcess variables arefsputteriﬁg-vo1tage,.@wﬁrent,

zhiﬁragen,gas flow rate, carrier track speed, preheat temperature,

substrate geometry, etc. The tantalum films are evaluated based on
various electrical characteristics which could be used as indicators

of the stability of the circuits.during:subsequent:proﬁessfng;3aﬁ“mhese

. characteristics are sheet resistance, film thickness, specific resis-

-
.....

i 5 L o L 23 o
machine settings baseduon'samp_lres-Q:f:’;proeessout-pui;,.“3 Fortunately,

:this-dffficultyhad;prempted-anzextensimeachaiaeterization study

model rélating-the;significant-precess variablés'tQ the desired quali-

tivity,temperatume‘coefficieﬁt of resistivity and crystaline struc-
ture

ﬁ%ié processﬂwas anmideal candidateforfthé‘imp;émentatiOnmqf
an automatic process contralsystemﬂ.siﬁce.éqmeldifficulty had been. .

experienced in the development of a Simplé_meﬁhod'of settinggup the

machiné for éach production run and in predicting the corrections in

the process which resulted in the development of an empiricalfprodéss

ties of the product output. The impﬁrtdht*prOGESS:Variables considered

in the statistical study of the process are listed as follows:

1. TInput Variables ~ ' e
‘a. Manipulated Variables: . R R ~~~-=b%~=;F¥f} m
1. Sputtering Voltage

" 7 = 2, Current




3. Dopant (nitrogen)
o | - k. Carrier track -s-fp:ie_ed
b. Associated variables:; These variables can _';:;fb.e, ‘adjusted
only thr@ugh adjustment of the manipulated variables.
1 Temperature I
2. Pressure
2. Output on Are-s;pon—-sfe variables: | These Var'i:abl;es-:A}».indieatve |
the process operating 1 evel.
4. Tilm thickness
b. Sheet re81stance
¢. Temperaturé coefficient. gf resistance (TCR)
d. Specific re51stanc e -
€. Crystallire structure
The I‘esults IO'f the process characterization study detfermined
the control variables of the process to be: |
(1) X. = Sputtering voltage in volts
(2 ) X = Sputterlng current in milliamperes
(3) X, = 'N-i‘tlrog*e';r_-; flow rate in cub 1c Centlme‘ters per minute
and the -re.s.-p.bﬁsﬁe. variables to be

i

(1) Y, = Deposition Rate in angstroms/minute —

DO
1

= S’h-eet. .'r‘.e's».isﬁanc.e 1n ohms per squareée o
( 3) Y_ = Temperature coefflcl ent of resistance (TCR)- in
parts per million per degree centigrade.
| The relationships between the 1nput varlables “and: the utput

4 .
o e . D

P




- + b_.. + b X X +* +
| b33X3 105 % * By gK Xy 'b23xrx2

where+théfvalueszferJthepm9631.coefflcxents for each)of;the'three

~eqﬁ&tioh5»of'the-process model are'given in Table 1.

.“;;‘v —

Wlth a validated empirical model thus available, the development

.of a8 simulator for the proceéess and process zconftro_l, systems was under-

. taken. The next section describes this development.

h.,2 Similati on of the "P“r;foi'ce-s.:_s and Control {S.y_sjftﬁ'ems
The ..éi'ev'é"l‘o;xjment of a simulator for the process, the optimal pro-
cess control system, and the adapﬁ ive process. control system was basi-
cally a. three-phased operation. The phases of the 51mulator develop-
‘ment are shown 1n TFigure 8. “"Fig'u-re; 8a shows the basic s.imulater: for
the process. The variables captloned in this diagram are as follows:
L. i' the vector of. 1nput or control varlables, where:

X, = sputtering voltage in volts

I

= sputtering gu-_r.r.en’t in 'm,ill‘i‘airlpe:rie-‘s

H

= nitrogen flow rate in cubic centimetérs per

minute

,;-'

2. -3-{- the vector of output or response variables, Where

Yl = f (Xl X2 X3) = dep081tlon rate of the deposited

film in angstromS/mlnute | S,

Y' =1 (Xl X2 XB)

Y.
. = (Xl

5 ng ) = the temperature coefficient of =

sheet resistance in ohms per _square- - |
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A

TNt

resistance (TCR) in parts per million per d‘e;éreﬁef

< centigrade

<

3. Z=Y+ d = the vector of actual process responses.
is the vector of drift ’c’:fomponen't'é for- each response:
varigble. :Since processes do, in reality, drift

from their original output points, it seems logical

: the vector of the measured values of the

input variables. 6 is the vector of measurement
ernorwcomponeﬂts~fof-each.of:£he input variables.

Since measurements made on any“;'var..iabl es are generally
made through some i.nt,ermedi~at-e System —- ele ctr.’i‘.ca_-l or "
mechanical ‘transdiucers, meters, probes, etc. -- each

’O‘f which contains its own inherent error, the errors

of observation must be inciuded;inthg.simulgtion

model. These errors are assumed to occur randomly

and, forthiS'ﬁtuﬂy,.are_asSumea-tobédistributea
m(0,1). o

5. V=7+ % :!thefyec£9r'cffthe'measured-values,gfiiegpgnse5

variables, £ is the vector of measurement error com-

"ponents for the actual process cutput responses. These

errors are included for the same reason as the measure-

¥ . ’ Lo

... . ment errors, § , on the input variables. ¥ is also -

B?, e R ] o Y
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l . Coding Scheme

<, _ Voltage -~ 5000 -
Y177 1000

2 130

X N:Ltrogen Flow - 3.0
3 0.6

2. Mathematical Equations

Y=D. +b.X +0b X +DbX_ +Db.. X."4+D

17 P T % T Pt T Py T P2

+
b oKXy t b13X1-X3 ook

Deposition

Varisble  Coefficient __ Rate Resistance

Sheet

Constant = | b 379.73 .

' Currént - b 96T

| Nltrogen ” b R -25.02

(Voltage Nitrogen)  b._ 8.50

(Voltage)® o b, ~1.59 -
(Current)? S by, koo
(Nltrogen)2 . | | by -9.13
fVcltage~CUrrem¢) o b. 5 | - 3.00

-( Current Nitrogen) b, =5.50

'T.a;ble; l Modeil for Tantalum Nltrlde Sputterlng

o L i
Ao
A
'ﬁ.—%_\]l@ﬂq .

30.77

ﬁ-zh 91
-15.73
10 T
10.80

2.30

PSI'OA.‘c:‘-..ééTSL Slmul afg,p~r

o

ICR
-82.92
69.18

212.68

6.04

=20.50

_.16%00
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" 4.3 Simulated Process Conditions

‘Simulation~stu@y'issanextreméryfuseful_ﬁechniquein_the:develop-

—

SyStém;When‘theéSYStem"is-SubﬂeCted to a variety of input and environ-

mental conditions by using this technigue. Thus a good indication of
the performance of, the process control system under actual operat ing
conditions. can be ,gﬁaﬁ;ined- by _a,pplyﬁi,ng_ various sets of operating con-
ditions to the process control system simulator and observing the
similated system operation. The point of the simulation study of the
" tantalum nitride sputtering process in this stuays'fhen,nis to deter-
mine the valldlty and/or appllcablllty of the modellng procedure of
Chapter 2 and the control schemes of Chapter 3. Heﬂce~th6181mulator
is apprgaéhed33851ﬂaittwere’thegprpcess ln*operatiqnﬂ .
'Therfirst-pﬁgse Ofthe'imélémentatinn of a process control system

for the process under study iS'to;obtain~an"empirical,model,of~tﬁek%
'Process.4F@r”thiS'phaSe'Of'the.deveiopment'if-wasiessumedjthat_the
fOllOWlng condltl ons ‘would prevail: -

v 1. The measurement errors on both the control and the response
. variables were assumed to have values equal to one percent of the

o

measured variable.

2. The process output variables were assumed to drift from their .

initial values according to a sinusoidal drift function ofamplltute

ment of automatlc control systems iThepreration,of'aprocess”ccntrol

equal to 10 pereeﬁt;of thewmeasurei{resﬁbﬁseiénd'qfperiodicityjequglE‘.'

e T .
v @ . .

The normal operatlng ranges ef'the 1nput (control)_gf

arisbles for ~




RS PN

. WP 9.

k 1¥ | 1 - =1 (a)

10 1.682 0 0

13 . 0o o . -1.682
¥1h | o | | o 1.682
15 0 " o 0
% 0 o 0
HETE s X o i

0 0 '

20 o 0 B -0 | 0

Table 2. Experimental Design for Empirical Modeling: —  ~ 7 |

- (a) 23 factorial design for linear model | R L
(b) central composite rotatable design for second

order model - —

—
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Variable = ;?D‘ef'.scription o e -Rang e
| X, | | ,Sputtering Voltage _}f*- ; iO.to‘l0,0QO volts

X .:Sputtering Current o .O‘tO'l,OOOimilliamps

X ~ Nitrogen Flow Rate - O‘tOQSQOlatm; C.C;[min..

~ The experimental_designs‘ fOr‘the.modeliﬁé'procedureiaresgiven;
in'$ab1e 2; Prior experience on the process'indicated thatan'area
of the inputgvariable;space“vhiéh.WOU1dgprdduéeAaCCthdblegthingfilms
was as follows:

R

X; = 3,000 volts to 6,300 volts

I

= 363 milliamps to 697 milliamps

Il

2.0 atm. C.C,/min. to 3.8 atm. C.C./min.
Thus, as a starting point, the initial experimental design was cen-

- .tered at:

= 3,000 volts

S
I

= 300 milliamps -

i

K3J=;2g0~a£m; C;G;%min,

'Aﬁ;initial;step=size~intﬁe7difecti°nfof”eacﬁ variable was arbitrarily
éhasen‘as-félldwsi ‘ |
AX] = 500 volts
| AX2 =50 mi];.',lijémps:.‘
~  AX =0.5atm. C.C./min.

- o o - After a model Of.thepfoéess.is'determinéd:as th¢ résg1t°of.'_ 'L;A;Q{f

—

vaw -

| béj? ? f

. — el gt e ey e e e i \.x.,. _.._‘ T Y By S L

~ phase one, the second phase of the control system development is, =
~ This phase consists of the implementation of each of the two .

~ control schemes as the controller for the process. Then, to compare,




respectively.

5.0, 7 0,9. o, and 11 0 perc ent of the values of the measedvarlables e

‘f‘ R LRy

control scheme and second, by the adaptive control scheme. The com- |

parisons being made on the basig of operations when the two systems

-are exposed to similar sets of operating conditions.

The operating conditions to which each of thé c ontrol systems

~ was simulated to form the basis for comparison are given as follows:

1. Process drift --  process is assumed to drift from its
initial response according to a sinusbidal.drift-functiOn of period

T process cycles and amplitude P . One drift period, T = L0 cycles, .

will be simulated. The amplitude of the drift will be 0, 2, 5, 10,
15 and 20 percent of the measured value of the response variable with

‘whieh it is associated.

ables of the process as measured by the controller are subject to

measurement error. The medsurement error for all input and output

vafidbles iS"as$umed;tO have a magnitude equal to a givéngperggnﬂgge
of the-Varidblétmé&SHred; - Thus ifikuis-thisﬂperCéntage, then: »
+ 0 '

I
>

T =

<l
n
N

Where § and £ are random variables of magnitude kX and k7%,

e

In the study of the process contrl systems > f‘or esch o

:amplltude the measurement error'w111 take on values of O Q 5, l 0 3 .;sé§;§.‘

| “'7*‘y3f-'Processtet'pamntSVsﬁpIn;eadh 51M}jai1®ﬁfﬁunsxthéliﬁitial~'”‘””““ |




~ control systems under the specified operating conditions.

¥ Ty

in the modeling Procedure"ﬁb~¥ieidemiﬁimumjr@Sidﬁal-errof4bévweéﬁ*”zjfy

<

the déﬁiréd and actual»vaiuészpf*the'resébnée“variables.
When the s1mulator is run in the optimal control mode, the
control-algorithmﬁwill_be-a@pliédHWheneyerethe?residual:error

function, E, is greater than 50. When the simulator is operating

“as an adaptive control system, the control aa:'L'g.‘o.;.r*‘:‘u-';hz‘n.;w’i*‘l'l:,1:>e'e’ap};)fl;:l.<--:-‘6L"i

vhenever the residual error is greater than 50; the adaptive mech-
anism will reest imat?e the coefflc:lents of the ‘pfroce‘s.s model whenever |
the abselﬁte- difference ’be:{:we:en the actual reS1dual error; E, and

the model tesidual errer, EM"QXQéea3215O“ The'lengthﬁofthepuég_

down list ih‘tﬁé;&aaptive*mbdé-Will*be;GOzentries,mWith a“dél@y,of

' thirty entries between any two consecutive adaptations. Each simu-

~ “lati6n run will be 300 machiné cyclés in duration. °

The primary basis for comparison of the operation of the two

-. process control systems will be the standard dev1atlon of the
irefspen;s es from the fd.e:sirejci: ‘mean value of éach. This bas1s for com-
pari son is both pragmatlc and realistic since, in general, the

intent of a process control system is to reduce the variance of the

process-respanESfaboutza:desireahmeaanaluej ?The-next Chaptérvwill

ot

discuss the results of the empirical modeling procedures on the

simulated process;gnd'campare~the‘operati9ngof the two process

. o .’!“’C e et o g ddapoiae 1 b e oA 24 o e ekt e R b o bR 0¥ e b e v e 1w e b e s e e e
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5.0+  RESULTS AND ANALYSIS
The process and control system simulators described in
'Chapter’ ﬁ‘we‘re programed and executed on a PDP-10 tlmesharlng
| | computer. The reéult..s. of the -‘a:ppliicé.f;ipn of the emplrlc al

~ modeling technique developed in Chapter 2 and(Jthe control schemes
;dEV61oped’in,Chapter'Bth'the éimulaﬁedfbatch process.are.dis- ,~v

cussed infthis:thapter. ffﬁ;se;resulﬁs will.bégpreéented in two
phases. JThe'first;phasefWiilﬂdISCuSSfthé_reéultsjbf'the'mOdelingf

te chnique, while the second phase will discuss and -comp"é.__rea. the

results of the applications of the control :schemes.

.+ . . 5.1 PROCESS MODELING -

The empirical InOdelll‘lg techniques performed extremely well
under the conditions specified in Chapter 5. At the outset of the
- experimentation, a cﬁtoff‘value for the residpai'errOr'function;'
E, was set arbitrarily at 150. That is, the eXperimentation would
cease and the current experimental nicdel would be accepted as the

process model for use in the control system when:

e ;  - | - o | _ L%ﬁ
ee k= Z (Y = Tl "ee |

0, — l

-

From the initial experimental design center, this cutoff vilue

- was realized in a sequence of sixteen experiments, the results of

KRN,
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first four experiments utilized a first order 2° experimental

4

regioniof curvature:aé.;apid;y;as‘pOSSible. 'mhé fourth experi-
ment indicated .ﬁhat.. a :re'g'ipn of curvature had A:'bleeﬂn' reached: At
this point, using the same design center as with experiment four,
the'initial“BeCQnd ¢rder-deSignWasimplementeda The subéeéding
elévenvexperiménts;yiel&ed_a,resiaual.érrdr‘valué~whidh was

less than thecutoff.v§lueiSetfpridr“to initiatiOn‘bf‘the'eXEéri—
‘ments. Hence5?ﬁhe'sgguenceadf‘experiments WéSfterminatedpand~the;
process model vas assumed to be the model containing the three
e@uations yielded by the sixteenth exPéfiment.

From the residual error column.of Table 3, the residual
ﬁrrarzis segh;to?havefanvextreme1yflérgefvélue on the first
éxPerimenttandthen;showskausignificantrreduétion.with‘each of
the next three experiments. A slight rise in;the.residual,érrar-
isAﬂbticed}with‘thé~initia1second'order'éxperiment'ﬁhichfwas

not an unexpected occurrence since the cross terms were incorpo-
rated at this point. Through the sequence of second order
experiments, the residual error is seen to decrease in Smaller

steps with each SUCCGEdlng expe rlment. - This ~indicates thét the— = == _m__ '

response surface for this particular performance index is more on .

- value.
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The value of 150 chosen initially as an experiment ation
cu'tof:f .ir;alue -.a.p.j;)é'fa‘.;re-.d. 0 have been a proper choice. from the
thirteenth experiment to the ';§,ixte§hth- , the values of the

_response variables at the next design center fa‘si. predicted by the
current set of model equations were almost -.ie'_xact?-. . Te shortening
steps of decrease in the value of the residual error function ,
coupled with only minor changes in the model coefficients over
the course of the | last four experiments, also validate this

~ choice.

It is conceivable that the sequence of experiments could:
have c.-iéntinued' until the value of th e res i:duai- error approached
mentation on a process is’ generally a costly endeavor. Thus, to
obtain only minor improvements in the empirical model may prove
to be an extremely costly vent ure.

Table 4 shows the model derlved by the empirical meodeling
technique together with the actual process model. The experi- |
mentally derlved equation for sheet resistance and the TCR are
extremely close to the actual model equations. The equatlon

' derived for deposition ‘rate, however, differs from the~actual

 equation in the coefficients for voltage, nitrogen, and (current)®.

........

These coefficients may have been brought closer to those of the L

S




ACTUAL MODEL:

Varié.bie
 Mean |
’Voltage
Current

4Nitrogen:m'

(

( ,
2:

(Nitrogen)

(Voltage*Current)

(Voltage Nltrogen)

(

Current *Nitrogen)

Coefficient

Deposition

Sheet

;LTCRTi'

—.Rate
319.73
18.39
 96.47

-25.02
~1.59
= 4.90
- 9.13
3.00
8.50

. *-5#50

_ EMPIRICALLY DETERMINED MODEL: -

‘Varisble

Mean
Voltage
Current
'fNitrogen
tVOltage)2

Current)

':'Voltage Current)

(

(

| 2
(Nltrogen)
(

(Voltage® Nltrogen)
(

i Current Nltrogen)

~ﬂi?t1ple Correlation . 2

,97_ Coefflclent

Tabiei%

o

W N O

“;c’.dﬂ_d*_g‘,é?,g‘ o o o
w W

- M
S W

"R

Depositien,

Rate

389 72
28.70
100.25
~18.72
2.12
0..20
- 6.85
5.73
110.10

= hosh

uo;gg;iu :

Resistance

30.77
-24.91
=15.73

10.77

10.80 -

2.97
2.30
9.1k
- 6.17
- 1.30

Resistance

-82.92
69.18
6L .22

_56.22

31.34
-24.50
-15.83

110k

- 10.82

250

10.33

',.5,67
'/a.1@7hf'

‘~O@99 

§

IR

~83.89
68.41
63.Tk
-56. 88
-1h 1h

COmparlson of Actual Process Mo&el:;ij}j}rffﬁfﬁfifif
nnpr1c1ally Derlved Model '
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. process model are'in<closefagreement, The next section discusses

on this model, in Slmulated control systems for the process.

5.2 COMPARISON OF CONTROL SYSTEM SIMULATIONS

- The process simulator was run under éontrol;pf~théapptimal

controller, then under the eortrol of the adaptive controller
under identical conditions as specified in Chapter b. A run of
the proce ss simulator operating as an uncont rolled pro cess was

made for each test condition prior to the control system runs to

provide a basis of comparison for control system effectiveness in

T D

 réﬁdéiﬁé'the standard deviatibﬁsﬂéfi%ﬁé:ﬁ?éceéé.rééPOnS§S.§bbuﬁ'; W
fﬁhéiﬁ?désired.means. jThe‘rééul£SOftheSe simulations will féf
diSCuSSedpin'the'remaindér-OfﬁfhiS'éhapter-‘ First, the operation
of the optimal control system will be compared to ‘the operation
of the uncontrolled process. Next , the op el‘atlon of the adaptlve
nnﬁbntrolsystem.will beGCOmpared-to-thé-operaxionoflﬁhe uncon- |
Tft’:r:oll'e d proces s. Flnallv , the o;}je’riat ions of | the two control
systems will.be}compare&; -
The first sequence of process and control system simulations
were run at a drift ‘Pei"iod,o*f forty cycles The results of the o
. simulstions .0f>300‘pr0ces s cycles at this Tk 54 period foreach e t

" measurement error combinations and for each dependent process-- - -
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vaz;ia‘o]ies are ngren :in,‘Téﬁi[é”s—”S“fhréugh 10. Tables 5“‘thjrough T |

show the actual (without measurement erroiy‘)-' values of the process
dependent variables wh-ilei Tables 8 through 10 show the values of
these ’v{ari ables with measurement error - as those values would

be recorded or monitored through electrical or mechanical trans— -
ducers. The actual values of the process output variables show

how the process is actually performing. These values may be .

- somewhat misleading, especially for those actual values of the

output variables in. cases where the process is being controlled.

In these cases, although these values are the actual values of

“the 'outpu_t; variables of the process, the process controller

_ _actually "sees" the values of.the. output variables with measure— . ...

ment error ii'n-c’lu&ed' : Thus the a.naly51s of the proecess performa.nce
-thro.ug_h T, since these are the values which Would actually be
recorded or monitored by a controller in an actual situation.

‘Tables 8 through 10 yield, for each varisble, the following -

process performance information:

(1) ‘Depos‘i‘tiioﬁ; Raté —- Tab le 8 conta?'iris mean and standgrd

deviation values of the deposit ionﬁ: .:ra_tea fou_t_putz ~vari able -f.o-jr- each |

| ‘P‘ro‘éie's;s: Aconffigurafib'ri‘. 'I'he des 1red mean value for thls varlable .
is 379 73 Angstrom unlts per minute.

When no drl ft 1s pres ent the mean of the i

L ,precess 1s seen to 1ncrease as the me asurement error 1ncreas,_ S s g




Table 5

Deposition Rate
Desired Value |
Drift Period

(Actual) ', - o B
379.73 Angstroms/Minute ]
40 Cvcles

Percent

Percent L
~ ileas. Err.

e P ) Optimally
S brifr

Controlled

Adaptively

Uncontrolled
| - Controlled

4

0.0
S

.

<H‘

¢ & &

WO SN UWWeE O

- ‘.
HFeCdUweEOo

L ] » ®

oo ocCcoOoWw

s o

eoNoNolNoNelelRS; R

cCCoOoCcCOoOOoOWw

Mean

379.73

379.73
379.73
379.73

379.73
379.73
379.73

330.05
380.05
380.05
38C.05
380.05
380,05
380.05

380.53
380.53

380,53

- 380.53

380,53
380.53
360.53

>

COD 000D

oo ReoReReRe

5.36

" 5.36

5.36
5.36
5.30
5.36
5.36

13,40
© 13,40
' 13.40
13,40
. 13,40
13,40
- 13.40

Mean

379.73
379.32
378.02
378,61

378.42

376.71

373.71

379.68
379.60
378.26
378.11
376.30
377.91
372.85

379.14
379.31

378.85
378.53

377.56

377.79

376,23

- S.D.

0.0

3.48
19.10
30.85

46.24

57.42

75.96

3.70
4,36
16.16
33.02
46,03
62.13

61.68

4,72

5.68

16,69
32,96

44,77
59.78

75.09

Mean

- 379.73

380.38
353.91
383,12
367.12
375.03
394.52

37¢.67
367.20
409.16

384,19
384,04 _
- 382,35

398.65

344,68

358,76
341.75

392,11

350,88
373.73

371.41

S.D.

0.0

67.21

151.47
116,92
97.52
92.62
154,81

152.38

86.51
151.55

101.61

104.35
147.78
210.65

127.73

146.08
128.48

141.08

141.26

152,83
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Table 5 (Continued)

382.95

Uncontrolled
Mean SeD.
331.34  26.80
331.34 26,80
381.34  26.80
381.34  26.80
381.34  26.80
381.34 - 26.80
381.34 26,80
382,14  40.21
362.12 40,21
382.14 . 40,21
382.14  40.21
382.14  40.21
382.14  40.12
382,14 40,21
382,95  53.61

- 382.95 53.61
382,95 53,61
382.95 ° 53,61
382.95 - 53.61

382,95 53.61

53.61

Optimallyv

Controlled

ean S.D.
379.35 6.73
379,43 9,20
378.02 19.56
377.66 33.66
376.74 46,36
376.77 62.39
377.23 78.57
379.34 31.24
378,06 24 .65
377.81 31.12
378.96 35.36
373.79 47 .55
374.70  62.48
377.76 86,34
379.83 52.2
377 .84 34,53
377.29 40,17
378.63  35.51
382.02 - 56,48
383.39 59.60
376.21

81.06

Adaptively
’Controlled

Mean

305,20

374,26
384,33
387.33
422,63
394,73

378.73
399.74

427,15

379.50
402,17
394.61
408,98

417.20
415,11
372.03

439,55

381,37
406.43

408,98

5.0,

149,90

126,21
169.12
109.68
167.70
131.91
170.76

134,43 -
160,43
173.05
123.66
153,34
149.66
174.27

172.24

139.05
195.58

162,70
177.09

176.13

”éL.




Percent
- Drift

'l;ZS.Oz“

Percent
I'Ie as .

HONWUVMWEO
e
oNeoRoNoNoRaiV,}

-

- ,
ad e BE N IR & B SO S B )

e o o o o o o
OO OCOoOOO WUk

4

Err.

384,56

Table (Continued) -

Uncontrolled Optimally

| : Controlled
Mean S.D, Mean S.D.
383.75 67.01 377.71 62,80
383.75 67.01 380.57 61.47
383.75 67.01 380,81 52,52
383.75 67.01 381.46 . 39,72
383.75 67.01 - 382,09 69.29
383.75 67.01 385.24 73.88
383.75 67.01 382.51 94.78
384,56 - 80.41 381.79 67.76
- 384,56 80,41 382.31 48,27
. 384.56  80.41 378.83 38.67
'384.56 80,41 377 .44. 45.53
384.56 80.41 385.43 62,02
384.56 S0.41 382,06 73.76
80.41 385.46 98,61

Adaptively
Controlled

Mean

401,47
422,43
405,89
403,92
409,25
365.98
412,99

448,32
413,27

440,49

389.57
432.05
416.64
330.90

S.D.!

154,26
177.27

167.52

180.21
211.53"

175.62

243,98
188.98
176.98
211.44
199.39
189.19
239,10

ey Ty DGRV SR AR SRS AR R




Tablé 6>

Sheet Resistance  (Actual) R | e fg‘ B o
Desired Value = 30,77 Ohms/Square - . |

24,48

Drift Period = 40 Cvcles
Percent Percent Uncontrolled Optimally - Adaptively
~ Drift leas., Err. - Controlled Controlled
Hean, S.D, Mean S.D, Mean S.D.
0.0 0.5 30.77 0.0 30.77 0.0 30,77 0.0
- 1.0 30.77° 0.0 30.74 1.09 50.19 68,05
3.0 30.77 0.0 31.60 4,70 52,75 78.71
5.0 30.77 0.0 33.01 8.41 39.86  30.47
7.0 30.77 0.0 35.51 12,41 39.69 21,56 g
9.0 30,77 0.0 37.80 15.97 40.85  23.61 W
11.0 30.77 - 0,0 42,55 23,65 53.40 37.62
2.0 0.5 30.80 7 0,43 30.73 0.82 70.06 114,09
: | 1.0 - 30.80 . 0.43 30.92 1.20 34,92 26,90
3.0 30,80 . 0.43 31.34 4.95 46.55 48,77
5.0 30.80: - 0.43 33,12 8.21 39.44 25,60
7.0 30.80: 0,43 36,06 13,32 38.67 23,71
9.0 30,80 0.43 38.44 16.15 50.72 50.74
11.0 30.80 .  0.43 42,28 23,19 109.26 135.18
550 0.5 30.84- 1,09 30.94  0.93 62.63 91,58
| 1.0 30.84, 1,09 130.81 1.35 50,09 74.78
. 3.0 30.84- 1,09 30.11 4,37 50.44 67,15
v 5.0 30.84  1.09 33.23 8.36 53.77 78.50
7.0 30.84 1,09 35.06 11.61 110.89 252,78 =
9.0 30.84  1.09 39.18 21,05 49,04 35,20
11.0 30.84.  1.09 41.98 52,29

57.84
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_ "Tab1e§6" (Continued)

 Percent - Percent Adaptively

31.03

4,34

Uncontrolled: Optimally |
“Drift lMeas., Err. l | Controlled Controlled |
Mean ©  S.D. Mean  S.D. Mean  S.D.

10.0 0.5 30.90 ' 2,17 31.28 1.93 102,49 149,15
A 1.0 30.90 2,17 31.44 2,56 54,15 100,02
3,0 30.90 . 2.17 32,27 5.64 41.25 42,80

5,0 30,90 2.17 34,08 8,70 40,68  21.44

7.0 30.90 . 2.17 36,81  13.46 37.25 24,90
9.0 30,90 - 2.17 40,54 21,41 43,75 24.31
11.0 30.90 . '2.17 42.03 23,12 51.88 46.34
. 15.0 0.5 30.97 3.26 33.52 5.68 44,49 49,33
- 1.0 0 30.97 3.26 33,49 5.537 41,27 48,63
3.0 0 30.97 . 3.26 34,48 8.56 38,60 19.38
5.0 30.97 ! 3.26 36.10 13.74 43,34 42,98
7.0 30.97 3.26 37.39 13.70 42.35 33,97
9.0 30.97 .3.26 40,14 17.98 43,93 25,42
| - 11.0 30.97 3.26 46,84 30.44 48,32 61.74
o 20000 0.5 31.03 - 4.34 40.67 42,06 42,45 41,74
R 1.0 31.03 = 4,34 36,67 21.64 34,66 18.50
3.0 31.03 - 4.34 37.57  29.44 70.87 183.54
\. 5,0 31.03 4,34 36,57 10.53 45,13 40,17
7.0 31.03  4.34 39.55 20,97 49,61 34,58
9.0 31.03 © 4.34 41,02 23,25 47.45 35,63

11.0 45.97 26.53 53.98 44,13
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Table 6 (Continued)

Uncontrolled
Mean * S.D.
31.10 5.43
31.10 - 5.43
31.10 ~ 5,43
31.10 5.43
31.10 = 5.43
31.10 - 5,43
31.10  5.43
31.16  6.52
31.16 = 6.52
31.16 - 6.52
31.16  6.52
31.16 6.52
31.16 - 6,52
31.16 6.52

45,77

Optimally

Controlled
Mean S.D,
49,12 46,87
45,26 41,80
41,30 33,41
39.18 18.63
40,14 19,26
42,99 22,12
44,98 28,65
47.81 49,17
43,31 36.94
41.93 35.99
41.41 21.94
38.36 23,82
42.10 21.67
35.07

Adaptively
Controlled
Mean S.D.
48,75 59.47
44,83 53.57
45,73 36.53
42,87 37.21
53.99 59.36
52,53 34,62
53.12 36,01
41,26 36,65,
44 .16 53.87
36.72 21.01
47 .40 32.05
42,77  27.20
52,43 48,87
169,85 200.59




Table 7 .

TCR (Actual) | ' | \
Desired Value =82.92 PPi{/Degree Centigrade B - o
Drift Period 40 Cycles S S
Percent . Percent Uncontrolled Optimally ‘Adaptively
Drift : , HMeas. Err. | | Controlled - Controlled
_ Mean SeD. | tlean S.D. Mean S.Ds
0.0 - 0.5 -82.92 0,0 -82.92 0.0 -82.92 0.0
- 1.0 -82.92 0.0 -32.97 3.19 -72.52 68.76
3.0 -82.92 0.0 -83.93  16.33 -112.76 231.60
5.0 -52.92 0.0 -33.58 28.99 - -83.54 85.63
7.0 -82.92 0.0 -84.96  40.87 =87.49  66.99
9.0 -82.92 0.0 -86.28 53.77 -81.90 79.81
- 11.0 -82,92 Q{Q -90.94  67.49 -39.65 108,95
2.0 0.5 -832.99 1.17 -82.77 2.56 -129.88 . 222.11
1.0 - =82.99 1.17 -83.56 = 3.73 -79.67 49,44
3.0 -82.99 1.17 -33.42 15.56 -92.44 116.56
5.0 -82.99 1.17 -84.12 29,58 -81.48 73.35
| 7.0 -82.99 1.17 -36.51 42,70 -76.12 87.60
A 9.0 -82.92- 1.17 - =86.,17 -53.92 -103 21 135.97
©11.0 -82.92 1.17 -89.61 69,24 -148.67 209.14
0.5 -33.190 2.93 -83.,33 2.74 -120.64 127.25
| 1.0 -33.10 2,93 -32.95 4,35  -100.15 150.29
* 3.0 -83.10 2.93 -382.95 15.48 -103.97 113.20
; \ 0.0 -33.10 2.93 -84.39  30.38 -99.41 111.82
i 7.0 -33.10 2.93 -35.53 41.50  =272,27 71%.86
j 2.0 -83.10 2.93 -36.62 54,22 -99.22 131.22
11,0 -83.10 2,93 ~37.65 66,99 -82.11 136,46
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Table 7 - (Continued)

Uncontrolled
Mean S.D.
-83.,27 - 5.85
-83.27 = 5.85
-83.27 5.85
-83.27 . 5.85
-83.27 5.85
-83.27 5.85
-33.27 5.85
-83.44 8.78
-83.44 . 8,78
-83.44 . 8.78
-83.44 . 8,78
-83.44 © 8.78
~-83.44 8.78
~83.44 8.78
~83.63  11.71
- =83.62 11,71
-83.62 < 11.71
-83.62 : 11.71
-83.62 11,71
- =83.62 : 11.71
-83.62

Optimally

Controlled

Mean S.D.
r-82064 3'85
-82.24  7.13
-83.42 17.04
-83.91 31.24
-84.94  41.77
-86.81  54.15
-89.43  67.50
-80.72 20,50
-81.80 13.12
-81.92  21.53
-82.02  31.26
=82.47 42,75
-86.70  54.66
-89.56 72.71
-80.67 46.61
-80.84  30.11
-80.79 34.70
-80.09  31.78
-80.64 42,98
-79.25 52,37
-86.55

67.38

Adaptively
Controlled
Mean 7 S.D- )
~134,16 138,50
-112.47 271.99
-65.56  78.82
-82.21 60.60
-67 .40 8l.71
- =73.82  95.40
-58.15 124.68
-76.87 88.32
-73.33 93.55
49,06 . 91.82
-80.80 85.15
-71.48 111.57
-72.58  92.73
-79067 146664‘
-592.41 80.49
-64.17 ~ 80.13
-151.08 514.68
-69.07 867.96
-75.06 95.42
-60.57 112.97
-67.44

126,21
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Table 7  (Continued)

-~

Uricontrolled

Mean

-83.30 .
-83.80 -
-83.80 -
-63.80
-83.80 -
-83.80

-83.80

-33,97 .
-83,97
-83.97
-83,97
-83.97 :
-83.97 .
-83.97 |

S.D.

14.63
14.63

14.63
'14063
14,63

14,63

L 14063

17.56
17.56
17.56

17.56
17.56

- 17.56

17.56

Optimally
Controlled

ifean

-80,.97
-79.01

-77.60

-76.14
-76.389
-73.84
-83,27

-77098

- =74,38

-75.65
-75.10
-72,08
-74,47
-77 .56

™

S.D.

43.25

40.38

40,67

31.96
51.94
53.35
70.73

54.54
38.47

'35.99

3300
50.28
53.26
71.48

Adaptively
Controlled

Mean

-76015

“60.17'

-61075
~62,10
-59.71

°.-83017

-67036

‘—34090

-52.02
-54.,07
-63.72
~37.86
-65.05

-192.62

S.D.

107.33
95.28
94.50
86.32

115.34

129.62

113.35

1105, 50

97.75
98.49
104 .53

104,52

123.44
307.18
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Iablg 8

(Measured)
= 379.73 Angstroms/Minute
= 40 Cycles
Uncontrolled Optimally
Controlled

Mean SeD. Mean S.D,
379.61 . 1.77 379.91 1.77
380.10 ©  3.54 379.70 5.27
380,82 . 10.63 379.16 22,81
381.56 17.72 380.55  37.16
382.30 . 24.80 381.24 54,75
383.03 . 31.89 380.56  69.70
383.76 - 38,97 378.60 © 90.89
380,24 © 5,77 379.86 4,16
380,42 © 6,65 379.97 6.05
381.16 : 12.29 379.40  20.30
381.90 © 18.94 380,13 39,61
382.65 25,83 379.22 55,51
383.39*° 32,82 . 381,72  73.63
384,13  39.84 '378.14  98.36
380,72 ' 13,66 379.33  5.13
380.91 » 14.13 379.68 6.92
381.66 @ 17,79 380,01  20.94
332,42 23,13 380.46  38.77
383.17 29,25 380.33  53.58
383.92 | 35.75 381.53 70.88
384.68 42,45 381.19  90.59

-‘AdaptiVely
Controlled

Mean -

379.91
381,25
354,57
384,52
369.36
378.14

399.26

376,81
367.59
410,26
386.09
386,86

385,35

402,21

344,82

359,20
342.95

393.98

353.20
378.40
37€.55

S.D.

l]--.77

68.21
151.31
118,60
101.05
100.26
161.20

152,35

86.68
152,59
106,02
110.18
152,35

215,14

142,68
128.13

146,83
130.06

144,47
150.09
165,33
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Table 8

(Continﬁed)

Uncontrolled

Mean

381.53
381.73
382.50 "

383.27

384,81

385.59

382.34 ¢
382,54
383.33 -
384.13
384,92
385,71 -
386.51

383,15 -
383.35
384.17
384,98
'385.80
386.61
387.42'

5.0,

27.01

27,33

29.70

33,47
384,04

38.24
43,68
46,60

40.40
40,68
42,54

45,50

49.36
53.92

159,03

53.80
54,05
55.67
58417
61.45
65,39

69.89

380,76

Optimally

Controlled
Mean S.D.
379.54 6.93
379.80 10,02
379.18 23.23
379.53 39,67
379.62 55,19
- 380.68 73.99
381,91 91,88
380,04 31.52
378.46 25.33
378.96 34,01
380.88 40,43
381,60 55.93
378.55 73.48
382.@1 101,20
380,03 52,24
378.19  34.85
378.38 41.99
380,57 40,85
384,93 64.03
387.30 79.73
03,22

Adaptively
Controlled

Mean

305.32
374,72
384,95
389,12
425,62
398.98

412,36

379.93

400,17

428,15
361.19
405.49
399,52

413,55

417 .41

415.50
373.44
440,93

- 383.09

409,79
413,27

S.D.

150,02

126.78

163.41
110,46

172,52
139.29

179,23

134,44
160,44

173.27

125.24

157.31
159,38
183,65

172.42
156,80

141,82
196,12
164.55
130,13
181.75

|
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Table 8

S 25,0

-

389.24

391.06

112,37

240.36

&i (Continued)
j
' “'Percent Percent Uncontrolled Optimally Agaptively
‘Drift - lleas. Err. | Controlled Controlled
Mean S.D.  Mean S.D. Mean S.D.
0.5 383.96  67.20 377.92 62,84 401.66 154.19
1.0 384.17 67.45 380.91 61.31 422,95 177.52
3.0 385.00 683.92 382.01 54,30 406,91 169.45
7.0 386.67 74,05 385,19 77.79 412,73 185.65 -
9.0 387.50 77.55 389.23 83.74 369.34 218.73 w
11.0 388.33 31.59 387.40 107.60 417.38 © 184,14
0.5 384.77 G0.61 381.96 67.75 448,43 243,86
1.0 384,98 80,85 382,68 43.24 414,28 189,06
3.0 385.84 - 82,24 380.12 41.31 441,58 177.19
5.0 386.69 384,28 379.52 50,79 392,67 215.73
7.0 337.54 ~ 86.93 388.17 67.57 435.23 204.17
9.0 338.40 90,12 336.34 86,37 421,34 201.06




Table 9
Sheet Resistance (Measured) | | o L.
Desired Value = 30,77 Ohms/Square
Drift Period = 40 Cycles

.Pércent Percent

| y 3.34

26,17

58,59

Uncontrolled Optimally Adaptively
- Drift - Meas. Err. | Controlled | Controlled
Mean . S.D, Mean S.D. Mean S.D.
- 0.0 0.5 30.77 - 0.15 30.97 0.15 30.77 0.15
D 1.0 30.77  : 0.30 30.74 1.14 50.23 67.34
3.0 '30.78 - 0.90 31.60 4,76 52.69 - 78,55
5.0 30.78 1,50 33.01 8.55 39.92  30.65
7.0 30.79  2.10 35.52 12.76 39,74  21.78
9.0 30.79  2.70 37.81 16.53 40,66 23,01
11.0 - 30.79  © 3.30 42,62 24,30 53.17 38.12
2.0 0.5 30.80  0.44 30.73 0.81 70.09 114.19
1.0 30.80  0.50 30.92 1.24 34.94 27,03
3.0 30.80 . 0.95 31.34 5.03 46,52 48,77
L 5.0 30.81  1.51 33.11 8.25 39.43  25.30
. - 7.0 30.81 2,09 36.09 13,74 38.73 24,32
g o 9.0 30.81 - 2,68 3,51 16,85 50.35 48,55 |
y L 11.0 30.82 3,27 42,28 23,78 109.52 136.90
SR 5.0 0.5 30.84 - 1.08 30.94  0.94 62,68 91,70
- 1.0 '30.84 . 1.09 30.81 1.37 50,11 75.01
o . 3.0 30.84 1.39 v 31.11 4.45 50.64 68.91
oy \. 5,0 30.84 . 1.74 33.24 8.58 53.42 77.16
s - 7.0 30.84., 2,24 35.07 11.98 109.29 247.09
i 3 9.0 30.84 2,78 39,11  20.73 48,92 34,99
0 | 11.0 30.85 42,08 53,31
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Table 9

(Continued)

'Uﬁcontrblled

Mean

30.90
30.90
30.90
30.90
30,90
30.90
30.90

30.97

30.93
30.96
30.96

30,95

30.95
30.95

31.03
31.03
31.02

31.02

31.01
31.00
31.00

-

' 2.16
2,15
- 2.24
L 2,47
2,82
' 3.24
0 3.71

- 3.24
. 3.23
' 3.27
3,41
" 3.65
- 3.96

. 4.33

4,23
4,32
4,32
4,41
4,58
4,82
5,12

Optimally
‘Controlled

Mean

31.28
31.44

32,28

34.11
36.85

40.47
42,03

33.52
33.50

34,49
36.13

37.41
40,15
47.03

40,67
36.66
37.54
36.59
39.56
40,98

45,98

S.D.

1.94
2.57
5.76
8.99
13,86
21.40
23,12

5.67
5.60
8,62
13.78
14.13
18.70
31.47

42,03

21.43

27 .84

. 21,02

23,21
27.12

Adaptively
Controlled

Mean

102.41

54.15
41,30

" 40.70

37.19
43.53

52.07

44,50
41.27

38.63
43,28
42,34
43.73
47.97

42,43
34,68
70,63
45,23
49,53
47.17

53.85

S.D.

148.01
100.10

43,27
21.34
25.10
24,01
50,47

49.37
48.96
19.57
42,42
33.01
25,21
60.37

41,58
18.62

182.35

40.99
34.65
33.72
45.96

-3




Percent
- Drift

e

e

=

Percent

Heas.

O WEHO
. e o o ©
> NoloNeRole Ry

e »
eoNoNeNoloRoRy)

Err.

Table 9. (Continued)

Uncontrolled

Mean S.D.
31.09 ‘5,41
31.09 '5.40
31.08 ‘5,39
31.07  5.45
31.07 . 5.57
31,06 - .5.76
-31.04 6,00
31.16 . 6.5
31.16 6.4
31.14 6.4
31.13 6.5
31.12 f6.6
31,11 6.7
31.10 6.9

;PP OO O

Optimally
Controlled
Mean S.D.
49,12 46,92
45,31 42,13
41.35 33.94
39.19 18.74
40,21 19.76
42.93 21.97
44,67 27.16
. 47.83 49.20
43,30 36,88
41.99 37.04
41 .48 22,29
38.46 29,78
42,17 22,638
45.99 36.42

Adaptively
Controlled
Mean S.D.
48.73 59,24
44,84 53.72
45,73 36.48
42.78 36.09
53.80 58.14
52,09 32.89
52.92 36.64
41.27 36.71 .
44,19 54,15
36.71 20.99
47 .36 32.07
42,63 27.03
52,12 48.29
169,20 200,86

9g




; | © Table 10 .
  :}" r“ ji f ;1“f- 5. «ﬁ N | | TCR “ (Heasured) ‘
? S PR ; | . Desired Value -82.92 PPM/Degree Centigrade | h
: S _ ! | Drift Period 40 Cycles o
_Peréﬁnt | | Percent Uncontrolled Optimally i Adaﬁtively )
~ Drift | - Meas. Err. . . Controlled Controlled

N Mean  S.D. Mean  S.D. Mean  S.D.

o 0.0 - 0.5 ~82.92 . 0.39 -82.92  0.39 -82.92  0.39

o 5 1.0 ~82.92 0.78 -52.96 3.26 -73.53 69.19

.ii - 300 —82092 ' g.BS “83.93 .16058 -112.84 231051

o 5.0 -82.91  3.91 -83.71  29.57 -83.63  89.93

= 7.0 ~82,91  5.47 ~85,21  41.60 ~87.46  67.39

i 9.0 -82.,91  7.03 -86.64 54,37 -82.88 80.31

‘;_ff: 11.0 -82.91 $.6O -91.31 67.72 -89.94 111.49

o 2.0 0.5 -82.99  1.21 ~82.77  2.56  =129.80 221.59

o ' - 1.0 -32.99 1,36 ~-82.56 3.80 -79.69 49.61

" N 3.0 -82.98 2.55 -83.45 15.86 -92,77 118,40

B | 5.0 -82.98 4,01 -84.27 30,21 -81.31 73.83

o tr 7.0 -82,98  5.52 -86.78  43.37 ~76.29  89.66

o ) 9.0 -32,98  7.06 -86.60 54,82 -104.21 139.25

 5¢ é 11.0 -82.,97 ~f:8i6l -89.77 69.26 -147.76 210.45

il 5.0 0.5 -83.09  2.93 _83.03  2.75  -102.67 127.39

‘ 100 -83009 2.98 -82095 4.41 "'99.95 148080

? 3.0 '~83.09 3.63 —82099 15087 “103085 112.66

; y 5.0 -83.08 4.73 -84.49 30.73 -99,35 112.21

o 7.0 -83.07 6.04 -35.75 42.01 -269.89 709.38

| 9.0 - -83.07 7.45 -86.89 54,58 -99.,12 129 93

-11.0 -83.06 8.92 -88.,04 67.12 -82.44 140,30
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Tavle iO; (Continued)

Uncontrolled

iean S.D.
~33.27 5.84
-33.27 5.85
-83.26 6,16
-33.25  6.83
-83.24 . 7.76
~-83.23 8.88
-83.22 '10.12
~-83.44 8,76
-83.44 8.78
-83.43 = 8.94
-83.41 99,38
-33.40 10,06
-83.39  10.92
-33.37 . 11.94
-83.62 11.69
-33.62. 11.68
-83.60 11.78
-83.58  12.10
-363.56 12.62
=83.54  13.30
-33.53

14.14

Optimally
Controlled
Mean S.D.

-32.64 3.84
-32.24 7.15
-83.45 17.33
-33.91 31.24
-85.09 42,08
-37.19 54,74
-39.43 67,50
-30.72  20.45
-81.80 13.19
-31.95 21.83
-32.03 31.43
-82.50 42,93
-386,99 55,01
=86.90 74.00
~-30.66 46,63
-00.86 30,29
-80.78 35,11

. =380,138 32.10
-80.66 43,21
-79.15 51.94
~-36.62

67.76

Adaptively
Controlled
Yean S.D.
-134,20 138,62
-112.52 272.25
-65,57 79,08
-32.29 60,88
-067 .37 32,30
-74,02 94,73
-58.15 124,68
-76.89 36.28
-73.26 93.42
-49,.17
-79,75 34.39
-71.37 111.14
-72.74 93.85
-78.23 136.21
- =59,41 80.29
-64,17 860.13
-151.59 517.23
-68.71 87.36
-75.53 96.13
-61.43 112.50
-08.29 125,64

.
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Table 10 - (Continued)

Uncontrolled
Mean | S.D.
-83.79 14,61
-83.79 14,60
-83.77 14.67
-83.75  14.90
-83.72 15,30
-83.70 '15.87
-83.68 16,57
-83.97 .17.50
-83.96  :17.52
-83.94 '17.56
- =83,91 '17.75
-83.89 .18.08
-83.86 18,55
-33.84 19,14

Optimally

Controlled

Mean S.D.
-80.97 48,21
~-78.99 40.60
-77.39 41.14
-76.24 32.34
-76.91 53.29
-74.12 54,33
=-83.78 71.09
-78.00 54.64
-74.39 38.32
-75.64 35.21
-75.21 33.47
~-72.34 51.11
-74.57  53.38
-77 .44 71.11

'Adaptively
Controlled

Mean

-76.13
-00,21
-62,07
-61.71
-59.40
-82.86
-67.71

-34.94-

-52,07
-54.19
-63.98
-37.68

-64,58 "
-193023

S.D.

107.99

95.19

94,50
86.78
113,16
129,21
114.20

105.52
97.56
98.64

104,52

105.12

122.72

307,53

68
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Thé. é’{i,andard deviation also -‘i-ncrea‘.-s;_e,sj‘z > as would be ex:pecte d, as

| measurementqerror:isAiﬁéreased, In;cdﬁpaxisonto éorrespon&ing;
values for the;optimally controlled_prééess,.ii is seen that the
,,-c‘.ontrollead pro,:ce_sls tends to hold closer to the j:de_asri_red,. mean than
the uzncont rpl’led process. A comparison in standard deviations
for ::t”lqes}e two. c_o'n.figui'.at-ions’: N howeve:r , s;‘h.ows. that the optimal
controlléer does ‘}r{ifdﬁ hold the ‘variations about the mean as well
as the uncontrolled pro cess when the measurement ;Ie;_rr,qr exceeds

) t:ab'.Out_, one pé;'ce'nt'~., .

Under ‘the samé no drift conditions, the a&ap?c“ifv-e controller
performs erratically, allowing the mean value to swing widely
* about the desired mean value: The standard deviations of corre--
sponding levels of measurement error for a.ll thrée. configurations
'who:thamthevadapbive,controlledaprocess’toryield.a.significantly
'highér'standérd,deviation'for all levels of measurement error than

either the optimally controlled or the uncontrolled process.

When the drift amplitude takes on values of 2, 5, 10, and

15 percent, it is seen that once again the optimally ‘.c;ontmll_éd, |

~pr0cessWh@lg%~claser‘to~the‘desired.meanftﬁan the uncontrolled
proces s ,Uridér 'Af’t’he_s e‘_' conditions the optimal 'c:‘fent‘_;rfoller-;hbldé the f ERN "

 standard devistion to values less than those at corresponding ~

LA - e e ————— b ea JRL TP [ .Av."..__;_.,‘.,T,,;;..,_,_.:....‘, PROAES" TR

~levels of the wncontrolled process for measurement error wp to




s e e

. The.standard deviations are also seen.to fluctuate wildly

" ~“trolled process holds closer to the deSired mean value than

o1

drif%} For drift vdlues of 20, 2%

- controlled process means and standard deviations are held better

"than'the*uncontrolled.protess gnly.up5to-phevfive;percentlleVEl“.
offﬁeaSuremgnt‘errGr. AbQVe.tgésmeéSurémEnt error level, the
ﬁopfimal=00ntT0119rvIQSeS itS'aHi;ity'to hold either the mean or

;sﬁandard,devia%iohfbetterthahw£heuncontrolled,process f¢r¢e;ch
For all drift and measurement error levels at this drift
. period, the adaptively controlled proCeSSmeanS-énd~standgrd

deviations of“thésdeposition,rate'are?erratiCs 'Thé-adaptiVe"ché

~ troller appears uﬁable-to‘hﬁld;the:meanAvalue near that desired. -

large values.

. e.

. (2) Sheet Resistance -4‘Tab163£6;andﬁ9-cantain~the-meaéufed)
and actual VEihES,.reSpectively, of the sheet resistance means
_andvstandard.deViations‘for-each.of“the process configurations.

1@b1579 shoWs that for all levels of drift amplitude.and,for

measurement error at levels greater than 0.5 percent, the uncon- -

./ﬂ

ﬁhe thima; or the adaptive control system chfiguratiéns_offthe" 

% and 30 percent, the optimally

“either

A .

process. In these cases, also, the standard deviations of the

- Controll e d v eI‘Si Ons are seen__t G ""b e greater tharl : W'i th “th emCOH __ﬂ DR

R i S L b et L 2 Mt T v = it S g




-alsdehQWflittle or no_indicatibn_df éQnﬁjolj

“erratic action in comparison with tHe othertwo configu

- 92

o

In comparing thé points at which the standard deviations

fOrﬁhe-dePQsitiOn.rétéfbecame larger than the standard deviations

fmént;érror'for the sheet resistance, there appears to be no

indication of correlation between the action of the optimal con-
troller on the two variables. The action of the adaptive com-

troller configuration for this variable is, however, similar to

‘that for the deposition rate in that the same erratic action is

obsérved.

(3) TCR -- Tables 7 and 10 contain the :actual and measured

© values, respectively, of the mgansAanngtandard deviations -of ‘the

of the three process configurations. [Table 10 shows that,

basiecally, everythinggséid abautwthe'systemsneffects:on.thewsheet

resistance holds for TCR. Once again, the uncontrolled process

mean value is closer to themdesiredgmean?than either the optimaliy?

controlled or the adaptively controlled configurations for all

levels of @fift-and;£0rﬂmeasureﬁenfierrorfléVelS.Qf more than

R e

0.5 percent. ‘The:standar&-deviafions_df'thé contnp;1¢d ver$i¢ns: 

"

=y

- The adaptively controlled configuration once again displays

e T
n -

LT s e e T e

thermal coefficient of resistivity (TCR) output variable for each

rations. -~




des ired va.lueS for each of theoutput var 1ab1esshow thatthe o

&)

c onErolled and adaptively controlled conflgurat 1ons . First N
‘when the simulator is opér‘ated” .‘in- the ép.ti'maily | T._c':.dntrOIle.dz mode .
only one output variable - the t’ié.'P’,ositfién rate — exhibits the:
effects of ‘the actlons of the controller. The means and standard
deviations for ‘the other two output variables, sheet, resistance
and TCR; appear to be adversely affected by the actions of the
éonft-r-.dll_er.__ This phenomenon can most probably be | attributed to
the index of performance function which the controller se eks to
minimize on each control action performed. This index of per-
formance was defined in Chapter 3 as the sum of the squared

deviations of the cutput variables about specified desired values.

controller than attempts to minimize this function by changlng
the values of the independent wvalues in such a way that. this sum

of squares is reduced most rapidly. Now if the deviations from

their desired values of the output varidbles are of approximate:
the same m'a;gnﬂi't-Udet , the search procedure should perform properly.
For the situation at hand, however, this is not ‘the case. In

these s1mul ations, the drift amplitude was assumed to be a per-

centage of the output variable value which was impressed on that

E ";/

O A P i -

" variable's value. The measurement error was also treated in this

- manner. Thus, since percentages of the output varisble values = .

-~ were used, the values of these variables become critical. The =




r .

-

© ‘deposition rate (379.73) is much 1 arger than the wvalues of

either sheet resistance (30.77) or TCR (82.92). Thus on a per=
cent age drl ft and measuremént error basis, the depgs:;i‘t{i-on ‘rate

variable wou_ld generate substantially larger error values than

the of.t'he,r two variables. Hen ce, the dominance of the hdep’o;s; ition

rate in the control function.

The second fact exhibited by the data in Tables 5 through
10 is that the adaptively teorit:rol led process 's-imulat-or' appears
not to ope r:aaﬁe in a successful manner at any drift-measurement
error f.l,eve‘l combination. . Although the adaptive controller uses

the optimal controller as part of its control function, the prob-

“Yemhere lies deeper than single variable dominarics.  ThHé major

problem with the adaptive controller when a short drift period

is encountered (forty cycles in this case) lies in the re-estima-

tion of the model coefficients. As the adaptive me,fcha'_ni'?Sm was:
set up for the. S.imUliat:i.'on of the adaptively controlled process,
each adaptation performed was. accomplished by re-estimsting the

coefficients of the process model based on the Slxty most recﬂ ent

- observations of the process dependent and independent variables.

To further complicate matters, a th irty cy cle delay was 're quired

between any two consecutive adaptations. Some reflection on |

- these conditions raises the {Ques.t'i-on:; to what is the adaptlve SR

mechanlsm a.daptlng the process model equatlons‘?

thls 1s that .although ada.pt atlon was belng performed by the i o

_e a.nswer ‘CO ORI e




_ control scheme's capability. -

4 .

adapﬁive‘meéhaniSﬂb*these adaptaﬁiOns‘weregnct:a&aptingthe pro-
céss.modei.equatiohs:to-the process'drif%;ﬁ Thét this:is true.can :
be seen from the faﬁt that while the drift period of the process B
was forty cycles, theAédaptationrwas-perfprmeﬂﬁwith.Qata.from

sixty cycles. ThuSQ.ﬁhe<a&apta$ion.in this:casefWas;attempted‘
@vér;one and'dﬁé—héif~drift ﬁeriodsrinstead‘ofa fraction of a
drift period. InzthiS-Situatiﬁn,fif‘oné~con5idér8'théﬁdrift--
siﬁuSOid-torbe-reprgsented.by a.lineariéatiéﬁ,ﬂhe'proceSSOufputa‘,
‘ﬁdﬁldﬁhave, atbeSt,fbéen,Sﬁhjecitothréé‘linear'equationSa
Therefore, the performance of the adaptively cbﬁtr01;edgprocess’inv

Tables 5 through 10 is not a wvalid indication of ‘the adaptive

R R

In order to better preseﬁtﬁﬁe«operation?af‘the.adgptive,cOﬁ+

troller, the erntire sequence of process simulations was rerun at a .

drift period of 160 machine ecycles. The adaptive mechanism of-
the adaptive controller was modified for this sequence in such a

way that any re-estimation of model coefficients (adaptation)

‘required would be based on the forty most recent observations of

_contain the results of the 160 cycle drift period run

- in the same format as Tables 5 through 10.

the pracéss=input-and.output varisbles. As an additibnalvmédificaa'

tion to the original scheme, the delay between adaptations was

: eliminateagthus alloWing_ré—eStimati@nﬂef n@del_coeffie;en$sfgnf ,

" consecutive machine cycles if called for. Tables 11 through 16 =




f - ) - | Table 11
! | - | Deposition Raté (Actual)
R | o < Desired Value = 379,73 Angstroms/Minute
o prift Period = 160 Cycles
" Percent Percent Uncontrolled Optimally Adaptively
, . Drift itleas. Err, | | Controlled Controlled
Mean . S.D, llean S.D. Mean S.D.
0.0 0.5 379.73 0.0 379.73 0.0 379.73 0.0
o 1.0 379.73 0,0 379.32 3.48 374,52 42,39
3.0 379.73 - 0.0 378.36 17,16 376.51 50,52
5.0 379.73 0.0 377.01  37.23 385.78 38,02
! 7.0 379.73 - 0.0 376.45  56.79 380.95 98.60
| 9,0 379.73 . 0.0 377.01 60,48 383.89 131.99
| ' 11.0 379.73 . 0.0 382,19 82,85 369,20 125,65
2.0 1 0.5 379.91 - 5,48 379.28  2.56 379.92 47,92
| : 1.0 379.91 . 5,48 378.84 3.30 376.13  41.87
| 3.0 379.91 5.48 '330.30 32,02 378.55 87.52
| 5.0 379.91 .0 5.48 377.77  57.27 385.99 76,76
b 7.0 379.91  5.48 377.30  46.00 388.33 112,71
I 9.0 379.91 5.48 377.51  60.57 392,42 124.47
D 11.0 379.91 . 5.48 374,71~ 80,15 377.02 111.26
5,0 0.5 380.18 13,71 379.27  3.17 377.79 40,57
I 1.0 380.18 13.71 379.45 4,24 373.21  69.832
» - 3.0 380.18 13,71 377.15  27.80 366.54 78,28
| \ 5.0 380,18 -13.71 377.84 29,74 381.51 94,89
7.0 360,18 13,71 378.57 43,05 372,22 119.61
9.0 330.18 13.71 374.04 62,17 = 376.15 112,97 °
- 11.0 380,18 '13.71 378.83 82,85 377.79 115,21
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Table }1 (Continued)
fHHCOntfolled ~ Optimallv
’ - Controlled

Mean | S.D. Mean S.D.
380.63 .27.42 381.05 2.38
380,63 27.42 379.05 5.58
380.63 27.42 377.28 28.83
380.63 27.42 376.52 39,2
380,63 :27.42 374,77 50,81
380.63 27,42 376,19  71.82
380.63 27.42 ©3738.383  79.09
381.08 :41.13 379.37 10.19
381.08 .41.13 380.24 29.73
331,08 41,13 3786.39 19,33
381.08  41.13 377.42 40,42
381.08  41.13 376.41  55.55
381.08, 41,13 375.79 62,54
381.03 . 41.13 ~ 377.59 88.79
381.53 '51.84 - 378.13 52,32
381.53 :51.84 377.55 44,71
381.53 51.84 380,46  34.34
381 53 .51.84 331.94 43,06
381.53 51.84 379.64 53.35
381.53 .51.84 378.94 66,11
381.53 375.23 86,32

Adaptively
Controlled

dean

374.34
372.61
387.31
362.63
380.41

385,07

369.41

382,80

368,71

385,92

377.43
380,11

376,99

387.92

377.38
382.67

380,21

372,83
382.22
374,38
390.09

S.D.

70.44
88.49

82,01

38,19

123.11

137.72

1G60.81

83.59
97.13
117.27
90.08
104,21
125.57

90,90
132.09
109,52
123.59
128.68
116,78

153.05
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Table ll' (Continued)

'UncOntyolled
Mean SeD.
381.98 ' 68.55
381.98  68.55
381.98 ' 68.55
381.98  + 68.55
381.98  68.55
381.98 . 68.55
381.98 ' 68.55
382.43 - 82.27
382.43 . 82.27
382.43 ' 82.27
382.43 , 82,27
382,43 82,27
- 382.43 . 82,27

82,27

381.00

Optimally

Controlled
lMean S.D,
380.96 36.48
376.18 48,78
377.90 48.34
379.08 40.47
382.30 62,98
378.44 67.13
377 .54 86.53
384.20 32.67
381.93 49,61
385.67 39.35
- 381.25 66.55
379.57 60.47
371.07 74.43
93.14

Adaptively
Controlled

Mean

369.31
382.39
405,51
395.08
402,13
365,65
368.92

385,27
389,98
409,76
394,19
388,22
381,01
383.79

S.D.

85.56
109.14
123,92
126.71
117.28

135,08
139.91

112.77

112.64
122,23
127.15
128.47

'117.99 .

130.08

:86
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Table 12

a ﬁ¢ ’  } ;15 o ~5€ - o | Sheet;Resiéténce (ACtual) | | B ‘hw,
Gl | - g | . Desired Value = 30.77 Ohms/Square |
Drift Period: = 160 Cycles

Adaptively
Controlled

Percent Percent

o | _ Uncontrolled
o brift Meas. Err. o

Optimally
Controlled

LT T Tty ' I R N o i L T S e . - v -
. . P . . B ST . . - - .
S e e . . - o \ . - v *
S S T, L e [ — - - [ — . e e — L L " i o .
- . . . - - - . . . . . . R

0.0

,2.®
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oNoNoNoNoRolRo,

cooocoow
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30.77
30.77:
30.77"
30,77
30,77
30.77°

30.78
30.78
30,78
30,78
30.78
30,78
30.78

30.81

30,81

30,81
30.81

30,81

D000 CO
[ | J ® L J
=ReN-N-N-N-N-l

0.44

0,44

0.44
0.44

0.44

0.44
0.44

1.11
1.11

1.11

1.11
1.11
1.11

S 1.11

30,77

1 30.74

31.28

- 33.49

36.18

38.99
40,83

30.72

3C0.70
31,38
35.11
35.34
38.94
42 .44

30.381
30.83
31.70
33,09
34,98
37.96
42,80

0,
1.09

b.45

9.65
14,26
17.54
20,17

0.38

0.97
7.67
19.29
11.93
16.74

22.17

0.62
1.07
6.06
8.61
11.49
16 .27

23.75

0

30.77

38,78
35.34
35.51
39.04
45,39
51.38

33.83

34,17
36,04
35,37
46.63
42,91

53.26

33.35
34,12
36,80
37.91
40,66
57.84
49,93

0.0

80.52

29,06
19.16
26,56

35.66
44,66

26.12

25.93
29.05
15.17
56.47

31,58

63.53

' 16.99

25,74
33.10
29,65
30.74

111.70

39.22

:' 665
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Tabléﬁiz (Continued)

 f_ PerCent_ Percent Uncohtrolled Optimally ~ Adaptively
. Drift | Meas. Err. L | Controlled Controlled

Meani S.D. ~ Mean S.D. Mean SeDe

30,84 . 2,22 31.49  3.59 35.44 20,45
30,84 2,22 31.22 1.56 38.30 49,08
30.84; 2,22 32,61 6.73 32,94 11.33
30.84. « 2,22 33.99  9.36 46.54 85,50
30.84. 2,22 36.52 12,99 38.06 21.96
30.84, 2,22 40,27 19.68 47.09  47.49
30.84; - 2,22 43,38 22,92 48.11 28,56

HONWL;MWE O
*» © e e 9 2

CoCOoOOoCcCOoOOoOWn

|

30.88,  3.33 30,04 4,87 39.17  47.99
30,88  3.33 34,08 9,92 36.64  27.94
30.88' 3.33 33.94 7.50 38.56 30,15
30.88,  3.33 35.78 10,47 39,90 27.70

30.88.  3.33 40,92 22,82 42,44 31,25
30.88:  3.33 43,47 22,48 46.35 28,32

HOUNUVWE O
o .
COOCOOOWm

-

30,92, 4,44 -~ 35.82 12.33 40,10 45,64
30,920 4,44 36.25 13.10 42,43 66,52
30.92: bbb 36,24 11,08 43.22 40,47

30,92, 4,44 . 40,99 17,60 49,52 58,97
30,92 4,44 48,37 48,27 51.90 61,79

OCCOOOOoOW!m

pred
- .
HFO~NULVTWE=O

i
'

¢

00T

30.88' - 3.33 38.88 36,06 . 41.92 30,95

30.92.  4.44 44,81 53,47 35.94 24,41 -

30.92.  4.44 38.62 15.98 42 .55 31.14




Table 12  (Continued)

Adaptively
Controlled

- Percent | ' Percent Uncoentrolled

i Optimally
.- Drift-

i Controlled

: . 25 ; .Q :

| f30;q'

H . - ’ —7':75:'-:

OOV WE O
® ® o & s * o

COOOCC OWw

HOUNWUVWLWEREOO
. ® . e o
oNoNoNoRoNeNE,

-

s

fone Err. y
Mean- *

30,95
30,95
30.95.
30.95:
30.95.
30.95 .
30,95

30.99 .
30.99°
30.99 .
30.99
30.99
30.99
30.99

5.56

5.56

5,56

5.56

5.56

6.67

6.67

6.67
6.67

- 6.67 -

6.67
6.67

- Mean

37.73
41.39
40,28
38,48

38.43

42,61
44,68

38.72
41.38

35.55

40,00

40.09
46.93
44,73

S.D.

14.43
35.42

32.87

15.97
14,40
20.01

23,94

25.60

40.97
17.66
22,19
19.42

36,51
23,55

Mean

43.95
35,37
34,70
37.98

39.31
56.26

58.42

35.91
37.86
36.33
38.51
4b 04
46,56
52,93

S.DL.

55.11

19.85
18,47
21.30
20.68
63.85
48,28

36.08
32,13
37.92
38,80
46,36
44,08
80,37

0T




Table 13

TCR ' (Actual) @ |
- : a Desired Value =82,92 PPM/Degree Centigrade
v | | Drift Period 160 Cycles

Percent Percent - Uncontrolled Optimally Adaptively
- Drift | Meas. Err. ~ e Controlled Controlled
\l"‘ - | | | | Mean ::S.D. | ‘Mean S.De Mean S.D,
0.0 0.5 -32.92 0.0 -82.92 0.0 - =82.92 0.0
L 1.0 =82.92 - 0,9 ' -82,97 3.19 -105.05 229,30
= 3.0 -82.92 0.0 -83.66 15,33 -89,15 83.31
r 5.0 -82.92 : 0.0 - -85.22 31,71 = =77.57 64.69
| 7.0 -82.92 0.0 -86.41 46,21 -83.40 78.9
; 9.0 -82.92 = 0.0 ~-86.34  54.93 -81.59 108.74
| 11.0 -82.92 0.0 -85.96 65.69 -96.41 154,08
2.0 0.5 -82.96 . 1.20 -82.78  1.32 -91.43 99.07
| * 1.0 -82.96 1.20 - =82.03 - 2.94 -83.98 49,12
| 3.0 -82,96  1.20 -82.25 23.49 -78.41 60.10
| 5.0 -82,96  1.20 -85,14 42,85  =77.20 67.01
§ 7.0 -82.96 - - 1.20 -85.10 41,02  -87.84 123,62
8 9.0 -82.92 © 1.20 -36.72 53.75 -79.88 - 96.96
. 11.0 -82.96 ' 1,20 -38.87 70.05 = -93.96 118,46
|

-83,02 2,99  -82.86 2,13  -84.12 26,49
-83.02. . 2.99 -83.04  3.42 -82.60 39,81
-83,02  2.99  -83.89 19,13  =-93,30 104.73

-83.02 ' 2.99  -84.38  28.89 -79.44  57.65
-83.02 - 2.99 -83.39 40,08  =82.96 88.17
-83,02 ' 2,99  -87.55 55.85.  -111.35 303,75
-83.02  2.99  -38.75 70.69 -89.83 137.53
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Table.13  (Continued)

" Percent Percent

Y P (L I N AT e T e Ty
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IO AR ST

4 i

- Drift

Meas, Err,

Uncontrolled

Optimally
- Controlled

Adaptivelyv
Controlled

- Mean

S.D.

}Hean

S.D,

Mean . S.D.
-86.48
-33.72

- =12.77

-107.83
-78.33
-90.30

5.99
5.99
5,99
5.99
5.99
5.99

-83.12 "
-83.12 =
-33.12 -
-33.12
-83.12
-383,12

-32.71
-32.57
-35,.19
-36.93

1.72
4,02
19.76
32,10
44,14
63.94

65,95
68.37
56,18
232,80
66.49 . .- o
121,91 . "’ '5'.'. o

O EeEC
®
COCOCO oW

11. -83.12 . 5,99 -39.42  69.21 -88.76 100,94 15 W UmERL
- -83.21 e i A >

8,98
8,98
3.98
8.98
3.98
3.98

' 8.98

0 =80,92 i B 0h oy =82,29 103,12 sl s
0 =79,57.-7.19.53 ¥« =T78,05 -+ 145,89 RN IR P o
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-33.09 33.30 -79.27 82,03 Tfi“'k}§v'%fﬁﬁfi
-34,80  55.49 ~76.46 69,73 - e U
-34.27 56,03 ~79.25 87.36 - . - ohuciana
-34.86 72,92 ' =70.70  97.84 CUneh e
| G

-33.21
-83.21
-83.21
-83.21
-33.21 -
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54,98 "
82,22 |
91.88 -
84,60
-71.96 38.21

-83.31 ' 11.98
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-83.31 .
-33,.31
-83.31
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-82.22
11.98 -78.73
11.98 -77.26
11.98 \\-77.51
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o 25.0

st

- Table 13 (Continued)
-, Percent - Percent Uncontrolled Optimally Adaptively
Drift . Meas. Err. 1 Controlled Controlled
Mean S.D, Mean S.D, Mean S.D.
0.5 . =83.41 ;14,97 -70.79 30.49 -70.80 67.04
1.0 -83.41 . . 14.97 -79,36 35.69 -68.47 57.73 ;
3.0 -83.41  14.97 -77.97  39.75 -61.88 73.30 :
5.0 -83.41 - 14,97 - =76,.,62 33.84 -62.47 94,63 P
7.0 -83.41 = 14,97 -76,62 46.34 -62.99 81.65  };.
9.0 -83.41 14,97 -79.23 50,83 -84,48 126,01 =
11.0 -83.41 14,97 -83.24 75.06 -83.94 113.59 o o
0.5 -33.51  17.96 ~70.72  32.72 -69.23 78,91 AR AT
1.0 -83.51 17.96 =75.67 49.19 =57.16 © 70,58 ) .
: 3.0 -83.51 17.96 -70.59 29,31 -56.47 36.78
| ~ 5.0 -83.51 17.96 -73.79 44,24 -62.13 75.07
| 7.0 -83.51 17.96 -77.05 45,380 -61.89 96.54 -
9.0 -83.51 17.96 . -835.14 69,75 -69,88 89.63 ‘f
- 11.0 -83.51 17.96 -82.04 70.84 -89,52 224,61 R
. ‘ ‘ -




Table I4

384,18

97.03

Deposition Rate (lMMeasured) | .
Desired Value = 379,73 Angstroms/linute .
Drift Period = 160 Cycles | g
Percent ‘Percent - Uncontrolled Optimally Adaptively
Drift | ileas. Err. 7 Controlled Controlled
Mean  S.D. Mean S.D. Mean S.D.
0.0 0.5 379.91 1.77 379.91 1.77 379.91 1.77
| 1.0 380,10°  3.54 379.69 5.27 374,85 42,45
3.0 380.83 10.63 379.51  21.11 377.65 51.57
5.0 381.56  17.71 378,93 42,70 387.49 89.13 )
7.0 382.30. 24,80 379.31 = 64.88 383.99 103.47 5
9.0 383.03 = 31.88 380,75 71.73 387.85 140.26 L
. 11.0 333,76  38.97 387.43 98.68 374,18 135,07
2,0 045 380.09 5.74 379.47 3.11 379.37 47.89
1.0 - 380.28 6,50 379.21 5.09 376.48 41,99
3.0 ©381.0F 11.92 381.48  35.13 379.58  88.16
5.0 381.74  18.51 379,76 60.45 387.74  77.50
7.0 332.47  25.37 380.19  55.30 390.89 115.8
o 9,0 383.20 32,34 331.37 72.48 397.00. 134.38
o 11.0 383.94 39,35 - 380.26 94,62 331.87 122.94
5.0 0.5 380.36. 13,80 379.45 3.68 377.98  40.57
- 1.0 380.55 14,13 379.82 5.80 373.60 70.07
’ | 3.0 381.28 17.28 378.25 30,52 367.55 73.74
v 5.0 382,01 22.34 379.82  36.51 383,54 97.65
7.0 382.74  28.30 381.44 52,21 374,99 123.49
9.0 383.47 34,70 377.88 73,07 380.28 119.89
11.0 41.33 383.99 361.38

122,34




- s | - , A
R ; | ~ Table 14 (Continued)
\,
. Percent :' Percent Uncontrolled Optimally | Adaptively :
Drift o Meas., Err. ' - Controlled Controlled |
Mean ' S,D. Mean S.D. Iean S.D.
10,0 0.5 380.81  27.46 381.24 2,47 374,49  70.34
. 1.0 380.99  27.62 379.42 6.65 373.02  88.68
. 3.0 381.72 ° 29.35 378.40  31.33 388.39  82.48
het o 5.0 382.45 32,60 378.62 45,05 364,27 84,47 :
C 7.0 383.18. 36.97  377.54 59.35 333.75 96,39 =
RN 9.0 383.95 42,11 380,03  80.58 388.85 129.16 &
ERE 11.0 384,63 . 47.11 383.48 93,13 373,73 148.08 L
liﬂflﬁ;o 0.5 381.26 . 41.16 379.55 10.31 382.95 100.79
R 1.0 381.44 . 41.26 380.59 29.87  369.04 83,57
o a 3.0 382,17 42,45 379.53 22,77 = 387.04 97,57
R 5.0 '382.89 44,78 379.57 46.63 379,52 120.87
4 7.0 333.61  48.09 378.91  58.67  389.33 100,83 .
e 9.0 384,34 - 52,19 379.81 74,05 380.59 111.62 |
] e - 11.0 385.07 - 56,91 3382.69 104.21 392.62 134.04 /_
©20.0 R 0.5 381.71 ' 54.86 378.30  52.25 377.59  91.03 .
S R ST 1.0 "381.89 « 54,94 377.88 44,76 382,96 131.80 E A
o ' 3.0 382.61 55,85 381.69  37.37 381.57 110.66 o |
SN \. 5.0 383.34 ! 57.67 383.94 48,29 374.98 126,98
E - 7.0 384.06 | 60,32 382,31 59.13 385.94 135.95 O
« 9.0 384,78  63.69 382.99 77 .97 378.17 123.45 ‘ _
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Tab#eyl4 w (Continued)

386.38

Uncontrolled

liean S.D.
382,16 63.57
382.34 68.64
383.06  69.39
383.78 70,89
384.50 -73.10C
385,22 75.96
385.94 79,39
382.61 82.28
382.79 82.34
383,51  §2.98
384,22 84,28
384.90 86,19
385.56 38.68

- 91.71

Optimally

Controlled

HMean SeDs
381.14  36.50
376.52 48,86
379.14 50,02
381.15 45,45
385.34 69.44
382.37 77.58
381,97 99.39
384.39 2.72
382.28 49,86
386.85 41,13
383.31 70.89
382.33 66.76
375.20 84,04
385.95 106,35

Hean

369.49
382.64
406 .45
397.12
404.66
368.16

373.56

385.47
390.26
410,91
396.08
390,93
384,96
387.88

Adaptively
Controlled

S.D.

85.62
108,97
123.54
130,96
118.74
138,33
149.03

113.00
113.00
123,33
128.24
133.55 "
124,98
134,64

Lot




T " Table 15
L : Sheet Resistance (Measured) | N
i ” ; Desired Value - = 30.77 Ohms/Square |
le ! Drift Period = 160 Cycles
- ' - | - |
| Percent Percent Uncontrolled Optimally Adaptively
. Drift . Meas. Err. | Controlled Controlled
/ ; w . '~ Mean . - S.D. Mean S.D. - Mean SﬂD;
- 0.0 ¢ 0.5 30.77 - 0.15 30.77 0.15 30.77 0.15
| - 1.0 - 30.77 0.30 - 30.74 1.14 38.84 81.32
3.0 30.78  0.90 31.28 4,53 35,35 29,21
5.0 30.78  1.50 33.48  9.73 35.43 18.81
7.0 30.78 . 2.10 36,17 14.29 39.07 27.35
9.0 30.79 2,70 38.88 17,82 46,06 36.74
11.0 30.80 . 3.30 40,88 20.92 51.38  44.82
2.0 0.5 30.78 . 0.49 30,72 0.41 33.83 26,08
[ 1.0 30.79 = 0.58 30.71 1.03 34,17 25.81
L o 3.0 30.79.  1.07 31.89 7.68 36.03 28.74
ST 5.0 30.80 ' 1,64 35,19 19,91 35,30 14,98
S A 7.0 30.81 © 2,22 35.45  12.37 46,32 55,02
e 9.0" 30.81 . 2,81 39,06 17.54 42,81  31.45
R 11.0 30.82  3.41 42.47 23,56 52,99  62.82
5.0 0.5 30,81 = 1.15 30,81 0,65 33,35 16,96
| - | 1.0 30.81 - 1.20 30.84 1.11 34,12 25.75
! .- 3.0 30.82  1.55 31.70 6.08 36.78  34.04
R .o 5,0 30.83 - 2.02 - 33.10 8.85 37.99 30.58
; 7.0 30.84 @ 2.55 35.00 11.89 40.74  30.87
E 9.0 30.85 . 3.10 0 37.99  16.74 - 56.87 105.08
N 11,0 30.85 . 3,67 42,86 24,24 49,89 39,02
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31,03, 6.01

48.65

<
_l . | | o : Tablé 15 (Continued)
- Percent Percent Uncontrolled Optimally
~ Drift Meas. Err, | ‘ Controlled
Mean s.D. Mean  S.D.
0.5 30.85 - 2,25 31.49 3.58
1.0 30.85. 2.30 31.22 1.56
3.0 30.86  2.54 32,61 6.75
| 5.0 30.87  2.90 33.96 9,27
7.0 30.89 3.33 36.56 13.41
| 9.0 30.90  3.80 40,32 20,17
| 11.0 30,91 4,31 43,57 24,24
I 15.0 0.5 30.88 - 3.36 33.04 4,85
S 1.0 30,89  3.40 34,07 9,91
| 3.0 30.90  3.61 33.93 7.36
5.0 30.92° ' 3.90 35.77 10.57
7.0 30.94 4,25 38.87 35.85
9.0 © 30.95 4,66 40.87 22.23
11.0 30,97 5.11 43,65 23,57
‘ 0.5 030,92 4,47 44,79 53,28
, 1.0 30,93, - 4,51 35.82 12.39
’ \ 3.0 30.95. 4.69 36.23 12.96
Y. 5,0 30,97 - 4,94 36.20 11,00
7.0 30,99  5.25 38.59 15,90
9.0 31.01° 5.61 40,99 17.98
11,0

49,72

51.49

Adavtively

Controlled

Mean S.C.
35.44 20,42
38.81 49,16
32.93 11.33
46.44 84,69
38,03 21,85
46.54 46,47
48,28 29,67
39.15 '47.88
36.64 A28.05 .
38.54 29,95
39,68 26,63
41.78 29,93
42,39 30.5
46,37 28,3 |
35.95 24,44
40,09 45,38
42.31 65.50
43,15 39,39
46 .68 32,43
49,64 60,99

61.02

60T
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Table 15 (Continued)

Uncontrolled

Mean -

30.96
30.96
30,99
31.01°
31.04"
31.06 -
31.09

30.99

31.900

31.03 g’,
31.06

31.09

31.12
31,15 °

S:“D‘.

5,58
5062

5.79
6.01

- 6.29
6.62

6¢.98

6.69
6.73
6.39

. 7.. lO

7.35
7.65

7.98

Optimally
Controlled

Mean

37.73

41.37

40,26

38.43

38.42
42,70
45,02

38.72
41.88
35.56
39,98
40,10
46 .81
44,97

Sobi

14.43
35.24
33.17
15.36
14.47
20,64
25.380

25.58
40,92
17.71
22,12
19.68
35.00
24,74

fAdaptively
Controlled

Mean

34.73
37.97

39,46

56,33
58,60

35.89
37.83
38.42
44,17

46,71
52.14

. S'.Do ;

55.10
19.89

18,47

21,23
21.17

49,86

35.86

31.93
37.56
38.48
47.74

46,10
72.83

0Lt




Desired Value: =82.92 PPM/Degree Centigrade
Drift;Period 160 Cycles |

- Percent ‘Percent
Drift S  Meas. Err.

| 0.0
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Table 16

TCR

(Measured)

Uncontrolled

lean S.,D,
-82.92  0.39
-82.78 0.78
-82.92 ° :2.34
-82.91 3.91
-32.91  5.47
-82.91 = 7.03
-82,91 © 8.60
-82.96 1.29
-82.96 1.48
-32.96 2.71
-32.96 4,18
-82.96 5,70
-82.96 7.24
-82.96 8.79
-83.02 : 3.05
-33.02 : 3,15
-83.02 - 3,94
-83.02  5.11
-63.02 6,46
-83.03 : .7.89

9.36

e N (e S e e D L e e -

Optimally
Controlled
Mean SeDs
-82.92 0.39
-32,96 3.26
-83.68 15.59
-83.41 32.38
-86.52 46.53
. =87.23 55.16
-86.23 60,12
-82.78 1.39
-83.03 3.04
-82,31 23.36
-85.34 43,03
-85.34 41.78
~-86,92 53.81
-39.40 70.71
-82.86 2.16 -
-83.04 3.56
-83.93 19.52
-84,50 29.43
-83.,65 40.90
-87.82 56.13
=-89.19 71.24

Adaptively
Controlled
Mean S«D.
-82.92 G.39
-105.06 229,85
-39.18 83.34
-77.52 64,77
-83.54 78,05
-82.35 108.22
-94,98 147.11
- =91.44 99.34
-33.93 48,81
- =78.28 39.46
-77 .54 68.28
-38.36 125.78
-30.01 101.11
-93.22 113.86
-84,.14 27.00
-82.60 39.96
-93.54 106.30
-79.49 57 .08
-82.39 87 .37
-109.36 284.39
-90.33 141.10
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Table 16 (Continued)

Uncontrplled
Mean . S.D.
-83.12 6.03
-83.12 . 6.10
-33.13 6,60
-83.13 : 7.41
-83.14 . 8,45
-83.14 9,64
-33.15 10.93
-83.22 9,01
-83.22 .9,07
-83.23  9.46
-33.24 10,08
-83.25 10,91
-83.26 11.90
-83.27 13.01
-83.32 12.01
-83.32 12.06
-33.33 '12.38
-83.35 © 12.90
-83.36 13.59
-83.38  14.44
- =83.39  15.40

Optimally

Controlled
Mean S.D,
-81.20 1.37
-82,71 4.13
-33.65 20.41
-85.29 32.28
-87.38 45,19
-37.73 65.43
- =-89,81 68.64
. =80,92 - 7,06
~-79.53 19.56
-81.99 18.00
-33.30 34,08
-33.34 57.58
-34,57 56,46
-84.99 72.99
-82.23 51.90
~-78.72 26.86

-77.30 27.13

-77.70 37.61
-79,.48 44,00
-32.06 56,82
-87.73 80.50

Adaptively
Controlled
Mean S.D.
-36.48 65.94
-83.69 68.15
-72,92 56.18
-108.16 234.18
- =78.31 65,96
-90.72 125.34
-89,27 99.76
- =82.29 103,21
-78.08 45,92
-75.96 78.33
-79.,26 3l1.53
-76,22 69.36
-79.59 89,27
-71.88 99.79
-69,37 54,98
-66,.65 82.26
-76.72 91.42
- =81.06 83.91
-71.72 87.08
-87.19 133.81
-78.40

127.24
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Tablei}6

Uncontrolled

Mean

-33.42

-83.42
-83.44
-33.46
-83.47
-33.49
-83,51

-83.51
~83.52
-83.54
-83.56

=83.57

Se.D,

" 15.00

15.05
15.33
15,78

16,38
17,12
+17.98

18,00
. 18.04
. 18.29
. 18.70
*19,.23
19,90
. 20,67

(Continued)

Optimally
Controlled

Mean

-70.80
-79.37
-77.97
-76.72
-76.84
-79.63
-83.78

-70.83
-75.69
-70.67
-73.94

“820 61

S.D.,

30.50

35.73

39.57
34.19
46,68
51.57
74,50

- 25.68

49,23
29,52
44,51
46,02
70.89
71.29

Adaptivelyv
Controlled

Mean

-70.79
-68.51
-62.01
-62,52
-62,54
-34.72
-82.83

- -69.21

-57.16

S.D.

66.94
57.54
73.52

98.25

32.30
124,70
113.44

78.59
70.59
85.99
76.16
96.07
91.11
234,34

€T
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‘Table 14 contains the means and standard deviations for the

deposition rate cutput variable for each of the three"prOCESS‘

‘simulator configurations. In comparison to Table 8, Tabel 14

reveals:ﬁhatmthe optimal controller is little affected by the

drift-period.increase-fromwﬁ0~to l6OWmachine eycles. There is a

minor tendency for the mean values of.the deposition to hold
closer to the desired mean with the optimal controller configura-

tion at the longer~drift~period; The standard deviations also

show a slight reduction in value, but'no:significant;difference
is noted at any-driftameasurementflevélvCOMbinaiion it the

increased drift period.

‘BﬁSicaliys'tﬁe'saMEfcentrol'patternwfdrmﬁheuSHeetareéiStahée‘

TCR output variables for the optlmal controller conflguratlon are

noted at both hO and 160 machine cycle drlft periods: Tables 15
and 16 contalanMe means. and stand deviations.fbr each of the
three process éimuiaﬁer*configurations.émfa.driftfperiodéofp160

cycles for the sheet re51stance and TCR output variables respec-

tlvely, When Table 15 is compared to Table 9 and Table 16 is

o

compared to Table lO, 1t is seen that there 1s no 81gn1f1cant
- difference in the:operaiibn-of fhe'OPtimal eontrorler““with

 respect to these”butput varlables, at the longer drlft perlods

The domlnance of the dep051tlon rate of the control functlon 1s

a8 expected, still evident for the ressons alresdy noted: In R T
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‘controller is not dependent on the period of aperiodic process

drift.

- adaptive controller at the 160 cycles drift period was still not

as "good" as that of the optimal controller, as is evident from
Tables 14 through 16. The operation of the adaptive controller

at the longer drift period, however, does show a si gnificant

improvement. over its operation at the 40 cycle drift periods. A

"comparison, for examp163‘0f~£he."aaaptivelyAcontrolled"'columns

of Tables 8 and 1k, indicates that the mean value of the deposi-

tiqn7rate is held éoméWhat;mOre-cdnsistently'closer*tq_thevdesiregmww%whm -
«;mEan;V;%u6j£dréthis:ﬁariable;WhengtheﬁlpngerFdrift;geri@dgisrin,;_W,aw:fﬂﬁx

effect. ﬂASignificaﬁt.fedHCtion'in'the standard deviaticns-Qf

the deposition rate under adaptive control at the fi:n-cr.e..ase,q drift
period 1is ale'notédk

For the sheet resistance and TCR varlables with the adaptlvely
ecentrolled[prohéSS.simulator configuration, less erratic operation

is noted at the longer drift period than at the 40 cycle drift

Vel

period. When the "adaptlvely controlled" columns of Table 9 and

10 are compared to the corresponding columns of Tables 15 and 16,
- respectively, it is seen that for both the sheet resistanée and
TCR{output'ﬁariables, respectiveiy, that-thecoﬁtf¢l aéticn;éff£ﬁ§5;73fff '":'

| ;aaaptiVECQntrdller:oh tﬁese'vaiidblés'is.imyrqjéd;gn@ 1§$§fi; 7;ff}g;;f  f

N
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the ' tendency for the mean values of thes e varlables , as was the
case W 1th the .aép.o.si‘t'ion rate output '-va.i?i able > to be *he@ld Wl th
SQmEWhaﬁmore consistehéyﬂnear_their deéiredmvalues@ .ReducﬁionS-
in th e :-'s--tanda;rd deviations ‘at most o_rf‘f the dri ft=measurement
amplitude levels is also noted.

The improvement gained in the Oper ation of the adaptl vely
controlled configuration with the ex’é'éfid‘ed drift is not conclusive
enough to allow one to make any estimate as to the operation of
this control SChemeﬂifythe‘dfifé.periddﬁwere_madé-lQngef while
holding the process datsa over which the re—estlmatlon of the
process model coefficients is to be made to the forty mOSt recent
ngPfervatiOﬁé;ag;the fnpyt:éhdlQﬁipwt;varigbléé;4;£;tﬁquhiiu;
intuitively, it | seems that the adaptlve mechanlsm would better
-a;df_é.‘p.t if the dri*’f-tl p..e'ri_oa were 'long in comparison to the portion
~of the drift period stored in the push down (adaptati on) list of
the most recent .ob.s'-ejfvat«izons of" process 0pe rati Q-Ila'Sl_;.-‘ ThlS assump-
tion, however, is not borne oiit to any great extent from the
action of the adaptlve cf.ont.roll:e.r with a 160 cycle drift perlod
In this case, the number of observations in the push down was .

~ equal to one quarter of a drift period. To make any s:f%t-en;ent? on

| .Qp'érat‘ion;&l'_- improvement whlchmlght ‘be ,gaine d by extending the

drift period such that re-estimation would be based on & smaller

~ fraction of the drift,period'Wled“be,mere-cQﬁJ?Cturgg,bgéggggg;;7 ¥i;ﬂ{ f; 
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cohclusions drawn as a result of the process and control system
simulations.<__ "
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The results of the application of the modeling ‘and control
techniques developed herein o a similabed batch process provide

a basis frémgWhichuseveral conclusions concerning the effective-

-ness of these techniques for this type of application may be

_dfawn; The cdhﬁiﬁgions.chQerﬂing the~empiri¢alimo@§ling;teéh;;
nique will be.digeussed, then those Qpncexniﬂgrthe“OPiimaI.cgntrél
SeHeme sad fihally th@SE*Which.concernrﬁheradaptive control
scheme:.

The emPirical.madéling-prgcédure~perfgrmed-extremgly_well
in determining an "adequate” process model in & Small number of

experiments. The term "adequate” in this context indicates that

P )

eStdﬁlished:prior to the experimentation. 'BaSedwon:fhé'perférmance
.Of“thisatedhniqﬁe'in this investigation, this modeling procedure
could be ﬁsed-to great advantage in the modeling of multivariate
pProcesses whose oﬁtputsjp@ssess'multiplé‘charactériStics,'each 
having a known desired.value. _ | <§

—~~

 Several observations can be made concerning the operation of

" the optimsl control scheme. First, as indicated in Chepter 5, the

action of the optimal controller was dominated by the output varisble |

ement error at low levels of
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drlft amplitudes. As the amplitude of the drift in creases s |

howe ver, .h-.igher levels of me asurement error are .tol-er_a,t‘?d- A |
third observation which can be made is that the operation of the |
optimal control scheme is relatively inde-pen-déﬁt of the period

:o:f a smus oidal process drift. ‘

up to expectations. At no drift-nmeasurement error combination
did ‘the adaptive control scheme perform an adegquate control
function on any output variable.

When comparing the effectiveness of the adapt.ivé ,cspntr;rol
scheme wi th the optimal control _scheme, one 1shardpressed to say. . .. ..
results of thlS tin?Ve;S'ﬁigaﬁtibn;, The perforl;lan‘c‘e of: t‘heu optlmal
control scheme, ?howev\fef;rg,_ -‘(io.es ’d"e‘mqn,sfr-éte good control of the |
dominant output variable at given drift —me'asul“émen t error com-

. the other does not indicate adequate éontrolzof any of the output

variables under any of the conditions of this ‘inveiéﬁgaticsn;l;, _.
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7.0 RECOMMENDATIONS TOR FURTHER STUDY
,Séveral.areas which-mayprovefruitfhl-fbr'fﬁrther.stuiy'
‘hamélbeen Op€ned'§S a result of this invesﬁigation,‘Theifirst
. of these areas concerns the empirical modeling procedure. The

_ response surface: associated w1th the- process simuldated in this

study was very well behaved. It would be most interesting to

———— s

either simulated or actual, where the response surface was not
so well behaved.

In the area of the optimal control scheme, the action of the

| :4cgntroller.appeared;té?be~dominaiedfby ﬁhezou@put~varigb;e_hgving ¢_f_W“.‘;

Cme @mywtheﬂgxeatastﬂmagnitudew~»Itgwauldfbe;worthwhile}hcfde§e1op;a
l weighting scheme er-the index.bf pérformancesucﬁthat,each:éut;.
Put'varidblewreceivesthe~desired:emphasis; “
A:thirdﬁareaTWhiGhHmy‘be-Of”intErééthDuld’betddéVelOp-a

. scheme which would enable the optimal controller to better cope

with measurement error. It has been suggested -~ that perhaps

i

an averaging of the index of perfarmance'befused;for'thi§;purposey

Another aiternaiive-mighﬁVbe exponential smoothing of the index

-

of performance.

Lo




10.

11

R fHafner Publlshlng Campany, New York. New York lQSh

,mailcal Statistlcs, Volume 28, 1957, pp. 195-2h1,"

F 4

.Adams J., "Understanding Adaptlve Control " Automatlon,
Volume 17, Number 3, March 1970 '

Adams, P. G., and A. T. Schooley, "Ada-Predictive Control
for a Batch Reaction," Instrumentation Technology, Volume
16, Number 1, January, 1969.

Andreyeu, N. Correlatlon Theory of StatlstlcalhxpOptlmal -
Systems, W. B Saunders Company, Phlladelphla Pennsylvania,

1969.

Bell, D., and W. Griffin, Modern Control Theory and Conputlngﬁ

———"yv

McGraw~Hill Book Company, Incorporated London 1969.

Bhattacharyya R. K""Identification and Optimization in a
Stochastic Env1ronment " Doctoral Dissertation, University
of Pennsylvania, Phlladelphla Pennsylvania, 1969

Box, G. E. P.,and N. R. Draper, "A Basis for the Selection |

of a Response Surface Design," Journal of the American Statis-

tical Association, Volume 54, September, 1959, pp. 622-65h

Box, G. E. P,,’and J. S. Hunter," WMUltlfactor Experrmental SR

De51gns for Explorlng Response Surfaces," Annals of ‘Mathe-

. amms Ao pann g

Carroll, C. W, "The Created Response Surface Technique for
Optimizing NQn—Llnear_.Bestralned Systems, Qperatgons
Research, Volume 9, 1967, tp. 169~18k. |

Centner, R. M., "What'szheadlinaAdaptive Control?"
Metalworking, NoveMber..1966.

’Dav1es, O L The Des;gn and Analy31s of Industrlal

Center, R. M., and J. M. Idelson, "Applicatien of Adaptive
Control to Manufacturing Processes," Proceedings of the Third

Congress of the International Federatlon.of Automatlc Control
London , England, June, 1966.

Charschan, S.~S., R. W. Glenn, and H. 'Westgaard "p Contlnuous
Vacuun Process1ng Machine," The Western Electrlc_Enﬁlneer,
Volime VII Number 2, 1963. |

Cochran, W’ G., and G. M. Cox, Egperlmental Desrgns, John Wilay  ;'

& Sons, Incorporated New York 1957

L

L e o




1h:

15.
16.
18..

19.

20,

23;

7'§1ll look Company, Incorporated New York 1965

-

-

Draper N. R. and H. Smith, Applied Regre851on Analy51s,
John Wlley & Sons, Incorporated New York 1967 o

Duncan, A. J. Quallty Control and Industrlal Statlstlcs,
Third Edltlon Rlchard D. Irwin, Incorporated, Homewood,
Illinois, 1965

Eckman, D. P., ard T. Lefkowitz, "Pr1nc1ples of Model Tech-
niques in Optlmlzlng Control," Proceedings of the First
International Congress of IFAC, Volume 2, Moscow 1960,

Pp. 970—976

'Evelelght V. W. Ad«Ethe Control and. thlmlzatlon Technlques,

McGraw-Hlll Book Company, New York 1967,

"Feinberg, B., .Adaptlve Control Trainability Adds a New

:Dlmen51on," Manufacturlng and Englneerlng Management June,

1968.

Gibson, J. E., "Making Sense Out of the Adaptive Pr1nc1ple,
Control Eng;neerlng, August, 1960 .

niques for Manufacturlng Processes," Masters Thes1s Lehlgh
University, Bethlehemn, Pennsylvania, 1971.

Groover, M. P., "A Definition andSurvej of’Adaptive Controi
Machlnlng," 8001ety of Manufacturing Engineers, Technlcal
Paper Number MSTO- -561, February, 1970.

‘;Goll E. O. "An Investlgatlon of Emplrlcal Optlmlzatlon TECh-f_;rMWWMW%W

Hinchen, J. D.; "Multiple Regres31on in Process Development,"

_Technometrios; Volume lO  Number 2, May, 1968, pp 25T~ 269

Hanfmann, A. M., "Slmpllfled Operations Analy51s in Contlnuous

Sputtering of Thin Films," The Western Electric Englneer,
Volume 10, Number i, October, 1966, pp- 11- lT -~

Kohl, R. "Adaptlve Control, Toward the Th1nk1 ngacnlne,
Machlne Deslgn,lMay 1, 1969. - - |

‘Lee, T., G. Adams and'w Gaines, Computer Progcess. Control
Modeling and Qgtlmlzatlon John Wlley & Sons Incorporated

New York, 1968 - - R

- 26, {Leondes,.C Edltor, Modern Control Systems Theory, McGraw—'f'

Eak e




- 27’. E
28.

“30.

. oy
v \ “
A | LT
.

L : : BSOS T
- H .“ Ty

‘Mishkin, E., and L. Braun, editors, Adaptive Control Systems,
McGraw-Hill Book CdmpamY,*Iﬁcorﬁoratedo New York, 1961'

Savas E. S., Computer Control of Industrlal Processes, McGraw-

Hlll Book Company , New York, 1965.

Sawaragl, Y., Y. Sunuhara, and T. Nakamizo, Statistical Dec151on

Theory in Adaptive Control, Academic Press, Incorporated
New York, 1967. |

Tha.yer R. P., "Statmod: An Integrated Package of Computer |

Programs for Statlstlcal Analysis," The Western Electric
_Englneer, April, 1970, pp. 11-15. -

Wilde, D. J. _piolmum Seeklng Methods Prentice-Hall, Incorporated,

Englewood Cllffs New Jersey, 196kL.

Woo, W. K., and R. K. Bhattacharyya., Prlvate Communi-cation

(W1th permission).

g

s




- D T ; . . .
'.,.a.- - ae . B - :

VITA.

Personal Histhz;

Name : o | ~ Monroe G. Ogden ITI

D_a;tf'e,_ of Birth: ' August 5, 1938

Place of Birth: Covington, Georgia

Parents: | Monroe G-. éhd~MadieiB@ngdEnﬂ
Wife: Maigaret.speights: \ '

Children: Michael Monroé and Carol Anne

Educational Background

Lanier Senior High School Graduated - 1957
QMacon,iGeorgia “ |

Southern Technical InstltuteA,_‘ ".Attended;~'1958
Marrletta, Georgia . - .7 S

Merecer University - - ll961—19651
Macon, Georgia . . |

Bac¢helor of Sc1ence,M;

in Physics L o | o =

Georgia Institute of Tech

Atlanta, Georgia c |

Bachelor of Electrical
Engineering i

‘Lehigh University B c L 1970-19T2 |

Bethlehem, Pennsylvania c. s

Caﬁdidaté"forMaétéf | |

~of Science in Industrlal
Englneerlng




g A S
) . . N .

PO

125

-

s

fProféssional Experience

Western Electric. Compamy, Inc.;;iw

.__,___—,._,—

Atlanta, Georgia
Staff Associate
Western Electric Company, Inc. ‘.
Burlington, North Carolina
Eﬁginéer (Planning)
Western Electric Company , Inc.¥ 
Prlnceton NeW'Jersey

Developmenp Englneer-

1965-1967

.196911970

197@#1972

‘g
o

'._*:; P
.'\ ST, .
w

e

e
.v"’f'i”l'
-~




	Lehigh University
	Lehigh Preserve
	1972

	An application of adaptive techniques in the control of a class of manufacturing processes
	Monroe G. Ogden
	Recommended Citation


	tmp.1528232050.pdf.ZtxbA

