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* FOURTEENTH STATUS REPORT
NASA NGL-22-009-124

1. GENERAL

This status reportvpertains to research'brogresS»under Research -

'Grant No NGL~- -22~ 009 -124 durlng the perlod 1 January 197’ to 1 May 1973
. by faculty members, research a551stants and graduate students Compr151ng :

‘the research staff‘a551gned.to th;s prOJect. Progress was made in several

areas as reported in the' next section.

'During the:report period the following people éontribﬁted to this

. research: ProfessbrsfS.K,‘Mitter; J.C. Willems and T.L. JohnSon (all'part

time),vand research'assistant K. Glover. In addltlon, the’ followlng people

contrlbuted w1thout requlrlng salary support from this: grant Instructor

a. Eckberg, teaqhing assistant L;vPlatzman, and graduate students-C—YvChong,'

N. Sandel,'A. LepeéFleedo, and D. Willner. Profeéssor Athans also contri-

buted, but requiredvno-salary support from the grant during'this time peridd.



2.  TECHNICAL ACCOMPLISHMENTS

During this time period'our.reseéxch*efforts_heve.beeh directed

toward several areas of practical and -theoretical interest.

six main areas in which advances were made. These are -

1) -
2)
-3)

4y

5)

6) -

A detailed=qﬁa}itative'descxiption~ef*ea¢h of thé abeve‘tqpids is

presented in the remainder of this section.

Desxgn Methods
Dlstrlbuted Parameter Systems

Large Scale Systems

.structural Aspects of System Identlflcatlon‘

Stochastlc and Adaptlve Control

A Practlcal Scheme for Adaptlve A1rcraft

v_Flzght Control Systems

~_‘given since they can be found in the cited references.

There were -

Technical details are not
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" 'DESIGN ‘METHODS
By design{methods we mean computationally“useful'techniques that
can aid the control enginéer:désign good control systems”forilinear'timef
- invariant dynamics’oﬁrtésearch in this area falls into two categories: -
1. Suboptimal Control Methods -

' 2. saturating Controllers

'Susbptimal Control Methods

_Mr;vL..P;étzman and Pfof.AT.Lf.JﬁﬁnSOﬁ‘have been wo?king in this
area of éesign.téchniéues;v: | |

ip sql?ing anvoptimél gbnﬁrol ptoblém,_;he prime §§nsiderations are
_'usually:vl).Thé;pegfqrﬁancé 6f_the's?stem, ané‘é)'the cost'§f maintainihg
'a_high“levelqu pérforﬁance;- For ekamplé} if.the-probiém:¢f_gui§ing a
' roéket along a éfeséribedltrajectéry'isvconside:ed} the.cbntroller might be
: desighed'té keép fhe'rqcketfas.§IOSé as p§ssib1e‘t6fthat trajectory_Withbut '

consuming an inordinate amount of fuel. The current research considers a

third ériﬁeridn?'thé'éést bffcqhtrollér implementation;"This 'cost' can be.
attributed to-fﬁreg componehts: ihe cost of,designingbﬁhe cbhtréiler,'the cdsf
Qf the controlléf.géz;ggj and‘the reliabilityv(or maintaiéaéce cost) 6f the
cbntroller;_ in3otheffw0rds, a complek goﬁtroller is undegi:able,'because

the cpmputationé;vproéedures,reqﬁiréd to-désign the'éonﬁrqﬁler afe,exéepsive, ’
the éost of'ﬁﬁiidinéiﬁhefcoﬁgrollerfiﬁ proportional to:thé'numberaéf éompdhéntéff’
it cpntaiﬁg}.and.a-COmplex‘¢6ntréller is more.éostly ﬁovﬁéintaih. .A'con—

troller which is designed ihrsuch'a'way as to be less"complexvstructu:allyv

than an optimal contioller is called a suboptimal éontroller._
Previous reéearch in suboptimal'deSignvhas been limitedvprimarily.

to linear—quadratic*gaussian applications:[l;Z].Ader examblé,_the’optimal



s

‘control of a linear plant with 15 states, 10 obsérvations, and 5 actuator

- components requires S-integrator and 140.summer‘COmponents;-“A.suboptimal_

‘controller can Be designed mhlch requires 2 integratorsvand‘77 summers.

In many cases} the‘Performahce mightzdecréaseﬁby”a,faétor.of less than 10%{‘

This compares favorably with the.optimal desién.when*one considers the fact

'thatﬂthe numberfof components in the controller has decreased by nearly-SO%.

v The suboptlmal de51gn method becomes the only fea51b1e method when

~ -the opt1mal deSLgn would 1n effect requlre ‘an 1nf1n1te number of components

(e g. dlstrlbuted parameter systems) The ad hoc methods which are currently

'used to tackle ‘such problems lack the rigor and’ methodology of the suboptlmal

de51gn approach.

In'addition‘to'formulating a theory of sﬁboptimal design;‘We were

successful to obtain feasible compﬁtational‘algorithms.for the folloWing‘

problems:

(a)

(b)

(c).

(di

Limited dimension control of a linear system with gaussian -

- disturbances and quadratic criteria.

Time—invariant controllermdesign of time—varylng systems
[Optlmal deslgn methods often requlre -the 1mp1ementatlon of

tlme-varylng parameters. Thls mlght be accompllshed by readlng

-values off a tape - an expensive undertaklng]

Snboptimal control of'markovian decisionxprOCesses (finite-state
finiteédecision systems).

Determination.of optimal switching,times for-discrete decisions.

It is hoped that w1th1n the next year, the global theory w1ll lead

to feasible methods for optlmal actuator locatlon, optlmal observer locatlon,"



ahd:other problems which ocourvinhinfinite'dimensional systemsjanalysis.- o
In the course of‘ourfinVestigation'of suboptimal design methOds,
_ wedlsoovered cOnditions'for convergence of’the Min-H Algorithm proposed by

H.J. Kelley [3]. ‘Thisﬁalgorithm is'considered'onevof tﬁe fastest.around

‘ when7it works. - In’addltion to'proving thatvoonvérgehcev does,_iadeed,focour
.unaer certaln coﬁditions, wedeyelopedvavmodifiedern—H:algorithﬁ whlch'
'ciroumvents'these problemsland‘iS'guaranteed to converge,_ Experleooelwith
_the modlfled Mln-H algorlthm w1ll be requlred to determlae whether or not

'the efflc1ency of the orlglnal algorlthm was preserved. We plan to carry out .
suCh.erperiﬁehts>this sdmmer;. |

_ The researcﬁ'will oe.more'fully-described ln Platzﬁanls'S;M. Thesisv
t4]; ‘ . - _ : _ . .
;References

[l] Lev1ne, W. J., Johnson, T. L;, and .Athans, M "'Opt:l.mal lelted State |

"Feedback Controllers for Llnear Systems,ﬂ- IEEE Trans. on Aut Control Vol

'AC-l6, PP. 785—793 December, 1971.

[21] Kleinman, D.L.,lFortmann,lT.,-and'Athans, M." “On the Design offLinear

' Systems w1th Plecew1se-constant Feedback Galns," IEEE Trans. on Aut. Control

Vol AC—13, Pp. 354-361 August 1968.

[3] Kelley, H. J.,i"Method of Gradlents," 1n. Optlmlzatlon Technlques (G

- Lietman,: Edltor), Academlc Press, New York (1962)

‘[4] Platrman,_L.."On the Iteratlve De51gn of Optlmal and Suboptlmal Controllers"

‘S.Me'The51sh, M. I T., May 1973 (1n preparatlon)



Saturating Cohtrollérs,

Prof. Aﬁhans:has initiated a new reseérch project that deals with
fﬁndéméntai un&érstandiﬁg of handlihg'muitipie.sétu?aﬁing cbntré}lers‘ih'
a’1inear—quadratic—gaﬁssianbdesignAframéwork. i? turns out:thétiifja-cént;oi‘

;sysféﬁ has mbie-than one éontfol'inpﬁt; énd'due td‘diéturBAnces qné of the
control-inpﬁts satu;ates} then thé systém may becomelféﬁporéyily'uhstéble.
' We were successful in de;iving cohditioné that will indicatebif'sﬁch an 
-_undesirabie situatioh‘will occur, énd-téchniqﬁes'that prevent suCh a‘tem§0rary-
instability a;eicurrently being?developed,

i~This wéfk wiil céntinue, and~ﬁore details ﬁill bebgiven.in.the_néxtl_

progress,report;
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S DISTRIBUTED l’ARAl}dIEA'I‘ER sﬁgSTEMs :
Control;ahd'eétihation-problems‘involVing'fiisteordeg’distributed¥f:'

parameter systeme have.heen unoet contihuousvinueétigation'by Prof. f,L.

'{Johnson and outllned'inipfeuious etatus’reports.. In‘pattlcular, we have in.

’mlnd appllcatlons tolproblems such ‘as control of electromagnetlc fleld.

_ conflguratlons, numer1cal weather predlctlon, control of Nav1er Stokes>
equatlons, and boundary layer control problems for re-entry vehlcles. The
design of practlcal hlgh—performance coutrollers for such systems,,ln our

’opinioh‘ will grow very rapiély:in.the remainder of thls cehtury._

Several features of such control problems make them exceedlngly

: dlfflcult, both practlcally and theoretlcally, in fact, a successful-de51gn '
phllosophy is almost certaln to 1nvolve a very close 1nterplay.between

.mathemat1Cs4andféhyslca1:1ntu1t10n. jWe c1te'the_follow1hg examples:i

:l, Typically;‘physical7laws'lead\to afeet of'coupled>higher4order

”~partia1'differential_equatiOns-representing.the-statlc»and/or
dyhamic:hehavior of’Such_eystems. Though'one suspects that
'repfesehting this highef-orde;'system~by.a'fltEt-order-one will
yield conceptual‘aduantageS»(just as in.the'caSe of'chooéihg'

- state variables'fOrleysteos of’hlgher-orde; ofdlhar§ differeutial
equations), there'lshp;esently no theory tofhelp_us decide hoh
tofchoose.state Variables. With partial oiffetehtlal equatiohs,
{the;p;oblcm:goeslfar deeper thah with;flnlte dlmensionalueystems,
slnce_eolutiohe.ofﬁthe equationa ﬁayAfail:to-e%ist if the state
vatiahles'are i@éioperly chosen. | |

2. Such systems typlcally 1nvolve the 1nteractlon of dlffu51ve

propertles - (e. g., heat flow) with wave-type propertles
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: (e g., electromagnetlc radlatlon), along with certain

'conservation conditions (e.g., energy conservatron). Although

theSe‘"classical“ types of problems_haye received extensive

fstudy*separately, our_understanding_of howsto incorporate

the Strong_interaCtion of such properties.is limited, from a

o dynamical'systems and control perspective. One central issue .-

- is how to determlne proper boundary condltlons.A Another is how’

. to ‘append static constralnts to the dynamlc parts of the problem.

‘3)

(4)

Unfortunately, the natural analog of the f1n1te-d1men51onal
control problem w1th full -state feedback——1 e., dlstrlbuted

'control, is of relatlvely llttle 1mportance Lor reallstlc lst—

_order problems. Rather, it is often de51rable to control from

the boundary. We have derlved necessary condltlons for opt1mal

gg ggy cogtrol in the s1mplest case, and the control laws sug- :

ggst ;he gse of welghted—averaqlng types of Sensors. The contl-

nulty propertles of the controls and the relatlve effectlveness

of boundary vs. distributed controlyare under 1nvestlgatlon.

Off-line and on-line computational requirements for optimal

control of lst;order systems arela.crucial-issue. At least for

' Wave-type'systems, we _have reason to believe that the on-line

.computational reguirements.for boundary control may be more

- modest’than'isMconventionally'assumed. For example, a know-

ledge of wave speeds and directions plus'the'wave-shape'at the
boundary may suffice. It should be noted that conventional

finite—elementamethods (eig.{ discretization) nay_give'slow
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qonvergén§e:(i,e;, witb-incrgasiné_nu@ﬁexs of;g;ié p6ints):,
tp the‘t?gé'sgiu£ioﬁ,of avprqﬁle@,-hénce thgre';s_considerable
impetus:to'find altefnativé cqmﬁutatiohal;scheﬁes'for fhevf{
'céﬁﬁfoi érdblgm.,k o |
Togsumﬁariée}'qur résearch during teéen£vm§nt£5'bas_addréSSé§ the
préblemé of fé%lizétibhs'(qanoniqéi forms) for firétfordef éystems}:éhd cénti-"
'nuityfodpérties;of bptima1 boundéry cohtrdis. vIp‘adaition; an e#teqsidn »
, of.the impqrtaﬁt éeometric iﬁierpreﬁation éf the Maﬁimgm'Pfinciplé-of
Pohtryégin_(dgeltb'ﬂalkiﬁ) té'disﬁributéd,systems‘is under.inQestigatioh;

Technical discussion of results will appear in future publications.
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' LARGE 'SCALE ‘SYSTEMS -
Research 'in large scale systemjtheory has p;ogrésééd along séverai
fronts. We outline below the specific areas of cufxent'reséaréh,
1. Linea:fSYétehs with Deqentralized
Control ' - L

2. The Value of Information Patterns -

3. Periodic Decentralizedfstochastic Control-

~Linear 5yst¢mS'Wi£h'Decentrélizéd'éontroi
érof.is.k; Mittér ander;'A;E. Eckbefg have'cohtinﬁed_to wofk_oﬁ fhe
decentfalizédicdntrbl of lineéf systenms. | | | ‘A~
Until féirly»recenflyMiﬁ_has'béén traditionél iﬁ_system gﬁd'confroi
‘ éheory tovéoﬁsidé%'a‘dfn;mical‘éystém as‘beihg contiolledfb?,a'single control
,agent.'_inrsuCh‘a_éituafién 6né as#umeé ghat alifof iﬁéAa?ailabie‘informaéion’
'about the'éystem’éﬁa i£s:sta£e'may.be'ﬁﬁi;izga_by the‘singié contr6i agéht
:in Aetérmining his control st;ategy;_ For rather obyiéﬁs reaéons;thi$'typé’ 
" of control philoéopﬁy i§ terﬁéd’"éehtralized éonfrol". ‘ ”
-‘Ofteﬁ,vhowévér;'i£ ié1mofe3iéasonab1e to quel-the'Systgm as being
controiled by.twd or more confxoi'agehté;.each of whom haSjaccessftQHan in4 
éompleté info;méfidn'set.(i;é. the obsefvétions on the~sy5£em and its-state),
~and eaéhvof-wﬁoﬁ'can iqflgencé oniy é portioﬁ Qf“the sy5t§m~thr§ugh his con-
'trol strétegies.:gclearlf; if'there;were.a.highefjigvel:éoﬁttoi:ageﬁﬁ,:orf
'¢bordinat0r,iWhich-gduld,recei§e iﬁformétion from,"ahd"sénd{ccﬁmapds fd,
ééch’of the othé: coAtrol agénts,'then tﬂe qverail cénﬁfqllﬁf the'systém%>-
" would be;partiaily centraliéeq. ‘In the abseﬁce of such a coé#dinhﬁbr'wé"

shall say that:thé control ofhthe'system;is "decentralized".
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Décentrgliiéd éontrol §ysteﬁs fall inté.£W§.c1asses:'co§per§£iﬁevand'
’noncoqpéréﬁiVe._ In thé former class the indi&idual cbntrqi éggnts all
strive for thé_saﬁevgoal, o;'ét_least similar gdalg;'iﬁ:#Aellatter-class
-thé iﬁdividﬁal agents may bejétriviﬁg for cqﬁflicting.goals;  whi;e the?e_
exist several‘ekamplés”of the latter class, e.g.zdifferential ggmes, we'l
béhall.ébncérﬁ.éprselve;“oniy with ébdperéti&e‘dédehtraiiééd.contf6; Syétems;.
_Examp1é§ of cooperativé éecenﬁralized'cohtrol‘syéféms ébdund}
especially when one cohsiders léfgé séale dynamiCal:systems; A typical
-example Qherg fhe contfol may be decentfaliéedv(at least ﬁartiélly) is the.
"~ air traffid ésntrol_system.. Anpther examéle maylbé a flexible aifcraft- .
'_which ié modélledbas éoﬁpied beams where éach‘beaﬁ is.cbﬁtfqlled'sépafatelyf
| Two fundamentgl résults in the control pfvlinear.syStems'aré tﬁe .
followingh |
(i).,If a»finite—dimensionai linear timg-invariant;éystem is
-thtrélléble;tﬁen'one éaﬁ échieﬁé‘arbitréry.cloééa-ioop
.pdiélcénfigurations-by meahs'of5lineé#;constént statef.
'variable‘feédback. ;f the complete_state.veétor cannot be-
direéiiy'meésureé;ﬂthen as#uming the_systém is obéervableb.-
 arbit?é;y pole-placement can be achieved by conStructing
-a dynamic observer to.gstimaté £he."$tate"‘6f'thejéystem-andv
vUSihé.linéar'feedback on the estimated_staté-of tﬁe,syéfem. |
’gfbt.a_diséuSSion-of the above”Seé,-fofiexamplébl}];'
(ii) A.aeepérvfesult; age~t6 Rbéénbroék [2] presents heceséary and
‘sﬁffic@ehﬁbéonditibns fo;,achi¢ving arbitrary:Cloééd-logﬁl

Jo:dan-canonicél Forms. This result is closely related to the
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- work on'invariantsfof'linear-contfql_systems [31. -

This wofkvié'concerned with generalizing'the'abovefreSults to. the

decentralized ¢6pﬁrol»gf linear syéteﬁs.with decenttalized3mempryllesé

feeaback and-décent:élizéd dynamic compensation. The details of this wprk_':

- may be.foundjih.the'fofthcoming thesis of A.E. Eckberg [4].

References:

1.

.VH.HQ Rosenbrock:nstaté‘Space'Theory of ‘Multivariable Systems,

John Wiley, 1970. -

J;C; Willems and S.K._Mitter:AControllability;-Obsérvability, 
Pole-Allocation and State Reconstruction, IEEE TransactiOns.bnr

Autdmatic<CQn£r61, Vol:AAC-16,tDe¢ember 1971, pp. 582-595.

V.M. Popov: Inva?iant,DésCription of Linéar,'Time—Invariant

Controlable Systems, SIAM J. Control, 10 (1972) p. 252.

 A.E. Eckberg: Algebraic Systém”Thedry with Applications to
v Decentralized Control. Doctoral Dissertation, Electrical

Engineering Départment, M;I.T.}'June'1973.
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EE :The Value'of‘Informatioh Patterns;'a
A new pro;ect.has been 1n1t1ated durlngithls tlme perlod by Mr.
Niis Sandel and Prof. M. Athans, which deals w1th another issue that arlses'."
in stochastichohtrol for large sCale systems;' |
| .'A fﬁndamehtal problem in the de51gn of large scale systeﬁs is the . .
'presence of‘confiict.‘ Confllct can result from (1) the dlfferent goals
of (humah) cohtroliers of-the.system or (2) dlfferent 1nformat10n avallahle
‘ tohthe controllers._ Our focus is presently dlrected at systems ln whlch
the second but not”the first, type of confilct is present.v '
| We-havetrn ﬁlnd'51tuat;ons in which a large systemnls'to he
controlled by a nmumber- of compcters; 'The;combaters; inout;channels_receive
:data from othervcoﬁPUters ahd;various sensors.‘ Each.compﬁterfhas its.owh."
distinct ahd finite Storage;jahd‘its output”channels carry signals'to'other-
coﬁputers and thetﬁarioﬁs'actﬁators which applyvpﬁysicai.ihputs'to_the"
system. The_fuhdahental problehs are (1)'desi§ning system interfaces_and
(2) desighincxthe‘comphter.hrograms{ ‘At present;-these-probiemsfare solved
in a rather ad hoc'fashioh.: | | ' |
of course, 1n order to develop an analytlc treatment of these pro-
blems, it is necessary to make certain 1dea11zatlons Thus, each ‘sensor-
computer—actuatorasystem becomes a controller»whlch maps data ihto input signals,
and the‘ihterfaces_are'specified'by,the information pattern; Thevre—;a
forﬁulatedaproblem is»a.(very general)*stochastic control brobleh.'
‘We'areiexamihing this'problem~from a very general‘viewPoint.f_Thﬁs .
the problemshof:existance of solutions,,various alternative;descriptiohs
.of the uncertainty, sufficient statrstics:(data reoﬁction);.well—posedness‘
'ofidynamic procrammihgjuetC.rhave received:our attention;A ;.We haveuobtained

‘encouraging preliminary results.
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:ingibdié‘DeéentféiiZed’Stochéstic Copfrolfa
Mr..C—Y;Chong and Pf6f.aAthans:coﬁtinued their résesrch on épeqific;”

étrétegies for the degéntraliZéd cénﬁrol of lar§é'$caié sysﬁems, |

v,_de,aspects,are,Very iﬁpdtfant ih théﬁééntfdloffiatégSééievsysféms;.
',cémbutétion and i@férmation. Even with 1argé-di§itai,coﬁpﬁtér§}.it,may not
always be poséiblé_tdicoﬁpuﬁé-the optimal cqﬁtrols,and implemeht them in |
real’time;. Also,‘the diffe;ent péfts of the system may be.physiéal1y épaf;'
'such that pe;fect comﬁﬁnicaﬁioh betweenzdifferéhtlparts is teéhﬁiqaliy or
ecqhomicaily not‘feaéib;e.

Most éf the Qork.aéaling with tﬁé éémpufaﬁionél.aspgct-of thefcontrol.-
of large—scale'sys;emsAis féund;iﬁvmgthematical'prégraﬁﬁiﬁg; Using the‘
special st;uctuf¢‘qfvthe p¥leem,_hierarchical.deéémposifidn SQHemes are
sﬁggested wﬂich;éi%efﬁhe opfi@ai solution_in an iterative mahner;_ The“.

B dréwback to thiS a§prdachvis‘ifs-detefministic.hatﬁre'énd=£ﬁeffact.th§t'thé
.infofmational'aébééffof the pfoblem:ha§ beeﬁ negleéted;3 ;~ 

Anotﬁe;‘kindhqf yoxk'déals:with deéentraliéed-infprﬁétion-an@ ié
found‘undér the?néme*"team ﬁhéory".f It is a{StatiStiéal‘ﬁeéisibn'problém |
when £here~are~mpré than one decision aqgnt'présent and_each;ﬁas different‘
information aboﬁtjtheistéte of the»éYstem.f.Optimal decisién fﬁles have
: been-obtainéé for‘theucaseIWhen‘the payoff funétion is:quaaratic and the
probabil;ty deﬁsiéieg are gauséiah. AThe‘drawback to thigzéppréachtis thét
fﬁe compptatién:is centralizéd. ‘Thus it ié:Qery compliéated excep£ fog
very siﬁple pxoﬂlemé;. Thi§ iﬁ part eXpiains'&hy thé extension féam £heoﬁy
to dynamic teams has:not Been vgry,sucqessful.

Deceht%ali;ationiwith réspect to both informétioﬁ and computat;on>‘
has been:cén§;dérgéfin ournfeéeafch; >Fof'thevstatic_cése; the stoéhastié

optimization_problem.ofjseveral systems sharing a common source has been
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iﬁvestigqtéa;_fpy';he_introdﬁction_qf'a: cObréinéfgr.whovmgasure;,tﬁé' -
feéoﬁfcé avéiiablé,:tﬁé‘§§érall optimizatibnupfoblem ﬁas been‘degémpésed- :'
into_tWo 1eve1s! With the 16Wer'level.consisting.of gﬁéoupled_optimizaﬁioﬁ
‘probleﬁs."When fhéyihformatioﬁ‘pattérns'df éhe lower.léVel‘dééisiOﬂ égent§'.
'ané that of‘the'éoéxdinétOr,sétiéfy;certain cénditiohs; tﬁé'lowét'léV§i'
_probleﬁs deéehd_only’on certain mésségeg sent out by theicbpxdinétéi. i‘i'
The*dfh;mié problem aiéo has been considered;- Iﬁ this case; ? néw* 
v'fkindvéf optimélity is.defined which:reflects thé factlfhat the system unaéf_yi
'considerafion consistS'of’SubsysfemS'coupled togéthe£5  Again'there existé K
:dfaiéoo;éinatér_whd_does-alivthe centralized'éoﬁputaﬁioa‘and'iﬁsufeS-thatf
the lOWer‘leyel coﬁﬁxoiiérs acé in ;ome}average'oéfimai”1manner. Two casés
é;evconsideréd: first,'the'éff%line’case'wheﬁ the éoordinafor_éhpoées the
codrdinatihg patéﬁeﬁers;in'éﬁ'opén-lbop»féShioﬁ;;éecond,'thé co§rdinaﬁ6;.'
: makés onfline"ﬁeésufements peiiddi¢élly'and ﬁpdateé the'coordihaiihg éérameters.
"This dégomboéition:of thé'bff—iing:prOblem‘intoﬁtwo 1evels.is_doné.for a.générai :
nénlinear probiéﬁ.  Spécialization to the linear-qﬁadratic;ééuﬁéian cése
show$~the optimal contrélﬂstrétegies.consists'of anjopénAioob pa?t aépéﬁding
'6n fhe’coordinatihg ?afameters andfa closed ldoﬁ.part dépéﬁding'oh fhe-:
meaéureméﬁtsj§f}éaqh‘1ower levél'controller.4;fof the.onAIine.éasé,.i;;is'
found that the opeh;loop feedback optimal coordipaﬁiné Strategies'cénéist
of_thé c@Ordihator'updatiﬁg hisfStates gsﬁimates-of-the whqlé syste@ perif
odiéally. o |
| ‘Egrtﬁérfwork Qiil iﬁclg&é the stﬁdy of tﬁe iosé of'§p£imality_of.this
scheme,relativéftO'tﬁe centralized'inférmation,étructufé. iPerfo:mahce_sboﬁld
improve as the‘coéfdinatOr hg#lmoréginformation avaiiagle‘to:hih; -Necessary
~and sufficient condiﬁiOnslsuéﬁ_fhat'systemé ¢an'bé.dépomposéd will alsoibe

studied,
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This research will be summarized in the forthcoming doctoral

. dissertatibn'of Chong f{1].

(1] C-Y Chong, "On the Decentralized Control:of LargeFScéle Systems",
Ph.D. Thesis, E.E. Dept., M.I.T., May 1973 (in preparation).
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STRUCTURAL ASPECTS OF SYSTEM :
IDENTIFICATION '

1.:- Summary and Introductlon
| There is presently great 1nterest in system ldentlflcatlon in many
'applrcatlonlareas, where better_system‘modelsvare needed Invorder to use
the modernganaiytic teéhniques to agsign cood-controllers._:The interest rn
identification for aerospace3aépiications'islevidencéd by theigreat'interest
dlsplayed in the recent NASA Sympos1um on Parameter Estlmatlon Technlques‘
“and Appllcatlons.ln Alrcraft Fllght Testlng, NASA Fllqht Research Center,
Edwards, Callfornla, Apr11 24-25 1973.. |
In thlS research conducted by Mr. ‘K. 1over,,Prof,-J. c. Willems,
and.frof..s. K.fMitteriproperties of linear dynamicai systems that effect
system identification’is considered.. Firstly the use of canonrcal_forms'
in identificationiis discussed, shoﬁing their shortcomings and-possible,.
.'modifications; 'Thenvit iSfassumedfthat a parametriéation'of the system
‘matrices has‘beenbeStablished‘from.a priori knowledge:of the:sYStem,‘and
.the question offwhen'such unknown‘parameter‘can be identified‘from input/
output observationshis*answered-locally and globally. .
| The effect of feedback on 1dent1f1ab111ty 1s then con51dered Further
it is shown that system estlmates belng non-mlnlmal can cause some algorlthms
to become ill-posed, and that such non—minimality'is sometimes inevitable."
FInally Identlflcatlon of systems drlven by whlte noise is studled
when only the output is observed. Results on 1dent1f1ab111ty have been |
,~obta1ned in this case;. n | | o
The technlcai detalls can be-found in papers by Glover and Willems (1 2)

and the forthcomlng dlssertatlon of Glover (3)
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2. Canonical Forms for Linear Dynamical Systems

Iﬁ thié section tﬁe problém of parametiizing,a.linear dynamiqai
_s&étéﬁ fof idehtificatién, where_tﬁere is li;£le of'no‘a priéxi systém
ihforﬁaﬁion;,is described. A‘péramefriiation.methéé'is §ivéﬁ wﬁiéh is.
both theorétiéally and practically:attraqfive, _This Situatiqn occuré in =~
éractige when.a que1'is-being'detérminéa not for‘iﬁsvpﬁysiégi‘intérpretation
but.fér the sﬁbsequent'Aesign of a filter or contréller.'

Supposé a.linear dYnémical system is beiné_identified,from.input/outppt

observations, then it is well-known that there is not a unique state-space

' realization of the input/output response. Indeed there will be many equiva-
lent realizétions.which’willlbevrélated By-a<nonésingular’similaritynfrans-'

fofmation. Itiis thérefore»desired‘to put the system matriqes'in'a'SOfcalled

éanbnicél'formHSO'ﬁhét'the identificatién'broblem h351a-hhique.solﬁtion;' In
‘a canoﬁical‘fbfm'£heté is a:ﬁnique_tealizatibh of each transfer funcinnlof.:
.the appropriate diménSion; For single ippuf/ single oﬁtput.éysfems the
standard obsefvablé‘dr controllable forms areAvery uséfu1'§Anoni¢al forms.
'lﬂéwever‘in-the @ul#i?afiablelcase, there does:not exist:a single parametriza—;
‘tion of the system matrices that can représentvalliiransfer functions of the
appropriaté-dimgnsiop, whi}é:at the‘samé time having‘a uniqge reprééenfation.
of eaéh transferlfuﬁétion.;lC;noniCal forms for fhis.éituaﬁion have béen pro-

duced byvseveral;authors in the iiperature (e.g., V. M. Popov, SIAM J. Control,

Vbl.‘lo, No;VZ,IM$§-1?72), ;ﬁd fely on determining,whiéh columnév(ér‘row5)
~ of the Hankgl-métf}x gre'dépépdént and independent. Then-a fami}y:bf égra—
métriggtions is pr§duced;1on¢ for egch'set of.indépendént véétors. |

Afﬁe usé of ¢aponiqai.fgrms_of'idéntificétibn h;sitwo disadvantages.
Firstly,_a‘stét;§ticai tést.to showjthat a set;pf vectors are dependent is

not'well—pqsed.: Secondiy, the ganonica; representation,dfvsystems close to
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-thé boﬁnddrj of.ohé:of £he'pérame£ri2ations Sécdﬁe§7iil?po§ed'with sdmg :
élements of the.@éfriCes.téﬁdihg fQ:zero'while‘éthérs'ﬁénd-té infinity._4
The first; pr'ob%ém‘c‘ah lead to _ihéé_cﬁ;&gieé, and t}hAe" _s:e‘cond 'to-sév,ére nﬁmerica]_. -
difficulties. . o | o

| An altérnafivé approach is pfbposed whiehIOVercomesAboth fheéelproblems
‘as folloﬁ§. 'Fi;st1y,'it-isi¥éﬁafkéd théffthe uhiquenéss.propgrty-éf c;néniﬁal
forms.is'ﬁbt_eésentia1 iﬁ identifiéatioh sihce_when_canonicé; forms é:evbeing
used the éfafé sbaég does not have an imﬁediate éhyéica1 i§£erprétatio#.
Théxefbre;'thé féct'fhét'a parﬁiéular systemvmay be.rea;ized'iﬁ a finite‘
number of diffefént'WQYS is:h6£ a'great'ééncern:- it*is p#bposed.to,use é
..family éf éarameﬁfizaﬁiohs, all of Which.dén'repreéent almoéf éll éystems of
the éppropfiatéAdiﬁéﬁéioﬁ~aﬁd together they Can_:ebfééent all such_éyé;ems;
Thén when idenfifying these systéms‘a particular parametrization is ;hoéenf
" on the resuits of'a.éimpie.stétistical teét‘on'é'limited sé£‘6f datg; Then.
,iﬁe'resdlting péramétrizationlwill'be.éblevﬁo‘reprgsent systémSliﬂ a ;arge'
' neighbérhood of the'initial‘éstim;tes iﬁ'a wéll;posed_anA'acéuraEé ménner.

3. Parameter Identifiability of Linear Dynamical Systems

In this éééﬁidn we discuss the paraﬁétrization of iihear'dynamiééi
systeﬁs-from:é'g;iori ihformétion,'and‘give conditibnsiwhen:such péra@et:i—
zations can.béjidéﬁfified. | | |

In many'applidation~éreés;'parficularly in aérpspace.problems, state
space eqﬁationé’ean bé Written_dowh.frém'a p:iori kno&lédge'of_the'physics
of ﬁhe system. _fhe eleﬁéntS'of-ﬁhe system matrices can-then'be written down

‘as,
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éithe;,:  , : :i) zéfo;':'
”,25‘.known phySicai consténts
3)  known fﬁnctiqns.ofAs§Mé ﬁhkhéwﬁ parameters.
'1,Iﬁ.dtherﬁwords.£hé Syétem'ﬁatrices'can 5e'exptessed‘as:; fﬁnétion'of
‘ a, Hopéfﬁliy'limifed,;sét'Sf pé:ametefs: ‘This is in.d&ntrésg to}the:sifﬁatiop'

discussed in section 2 where little was known a priori. 'A natural question

_is: can these,ﬁnkndwn;parameters be identified from SOme,"pOSSiblxjnois P

input/outgutAbbservétions?,'TheAanswer tb'this‘qpéstion has two pérts.
Firstly, the inpué’has to gxcite a1l‘the_§ystem mddgs and the obserQétions
must - be QUfficiéﬁtly accurate. That is thé trahéfer function mustAbe>id§nti—
fiable fiom"the'ébservations; A?hen'secdndlyréiQén that the transfer function
can be.idéntified;athe unknowﬁ'pérameterSVmust be'ﬁhiquely.éetermined from .
vthe‘fransfer fuﬁctian~ Thé secoﬁd prob1em ﬁas béeﬁ.studied here_and_it is
qleaxvthatfif too many pérametérs are:unknOWn,thqn_they Qiliﬂnot bevidénti-
fiéble (e.g., if fﬁe'éYStem matriceé‘arg coméletely.uﬂknéwh, én§ realization>-
- could be.changed:#y;é gimilagity'tfansfq;mation to gi?e’ahofher.équallf good
realizatidn).”-Iﬁ'isfshOWn that ﬁénmore:thanvn(m+p)’pa;;metefé can be idenfi-
fied'from'inéﬁéZoutpﬁtvobservagidns'(where;vn =‘s£ate dimeﬂsion; mf= numberv:

of inpﬁts, p = number of.outputs).~ Fufther, simpie conditions for a paramet-— -

rization to be identifiable near nominal values for the unknown parameters

_have been deriVéd’(i.é.llocal identifiabilityf{'_

tocal identifﬁabiiiﬁy,ofvé system.parametri#atidn is;éssentially‘a
pferequisite fér any identifiéatidn réﬁtine to bé wéll;poéea and converge to
a.1§§ally unique solution. .A disédvantagéAoflén;y having;local identifigbility
'islthat the :égioﬂ,wheré the pérametersAfemain idehfifiabie is difficult to

compute. However, if a parametrizationiisilocally idehtifiabie-for all values
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of theApaiameters,-then an identification algorithm will converge to a
solution, but may convéfge'to onetéf.severa1 soluti6ns depending on the initial

parameter estimates and the particular data set received. The concept of .

‘global identifiability is thus considered and is in general a very @ifficult
problem. However,'if the pa:ametfizatibn is affine (i.e. linear plus a
constant)’, then-a good sufficient condiﬁioh'fo: global idehtifiability has

been obtained.

Partial identifiability is defined as the identifiability of one set

of parameters ihdepéndehtly from another set of parameters. ‘Conditions for

local partial identifiébility-have'been derived, and we determined if accurate

estimates for some parameters can be found in the absence of good estimates

forvthe otﬁef uhknowh;paraméters.

It is recommepaéd'that the'idehtifiabilitficonditions are checked
béforé“ény'algorifh@lisiapplied'ﬁo ensure the patametrizatioh wiil‘give ﬂo
problems. | -' V |

4. The Effect of Feedback on Identification

The prgéehée:of féedbaék‘can‘causé'sevére idgntification_inaccuracies
if the identification aigdrithﬁAdées not take,fhevfeédback into account and
. considers the inpﬁt to.be1ihdépendéht of'thevoutput. Feedback cah enter ex-
plicitly in the“fofm:of some qlééed-loop:autdmaﬁic controi‘gains,.or more
subtlely (éslféfiekaméle,'a(piloé's reéponse). When ﬁhé feedback is not
knoﬁn.alpribri;'less informatiop.about'thé openvloop cén.be‘identified, and
conditions are:giﬁen which dgtermine Qhether a set of open loop parameters

‘can be identified(in the presence of a partially known feedback matrix.
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5.'_:Gedmetrical éreéerties or Minlmal sttemsA

Most 11near system ldentlflcatlon algorlthms assume that the Mchllan
éudegree of the system to be ldentlfledlls known or has already been determlned
Then the algorlthm'produces:a sequence of.parameter estlmates;that.cohverge
- to theitrue}barameter'values; Now.certalh algorithms require that each.
estimate.represent;ajminimal'system, se,that'fer erample atmatrixvinverserl
‘ean be eomputed. ‘ﬁouever; the assumption that the'actual‘system has degree-n
will not necessarily imply:that-the estimates will-have-degree_n} :Eurther—
‘more,.that:an:estimate'is non-minimal canhot.be blamed_dh.ﬁbad luck” hut'in.
'_Certain;eircumstanees5is an_iheuitable conseQuence'of_the'initial estlmate,
as illustrateGIBYithe:follerhg result.due te~h.w. Breckett:(l97é):oh scalar
- transfer fuhctlohs5; He4provedhthat'the'parameter space isjdivided into |
:several reéiehs which are separated from eaehfbtherlhy'non-miuimal‘systems
(i.e;_not.cohtrellahlevor'nOt obseruable_systems);s-ihelimplieation is;.
»therefere,fthat;if,the'initial_system'estimate is‘in the_qunélregiqn,;theh
the algorithm can.ehly converge‘totthe ebrrect solution bylbassing through
a'system'estimatejof_lower:degree._ This can also preseht‘broblems in some
adaptive eontrolwalgorithms, if fqr-erample minimalityiis.required to obtain

a solution to. the cbntrollpreblem.~

The multivariable case was studied and shown not teaexhibit'the above

behavler in general;v This ls'heeauSe thegnon-minimal systems form a lower _
'dimensieﬁal_surface'iﬁ‘the multivariable:case; andAheuCeicahnqt'diseonneet
. the parameter space. ” |

It 1s.recommended that. because of the abeve result ‘on single 1hput/
51nq1e output systems that on—llhe algorlthms that require the systems
estimates to be mlnlmal are not used until reasonable parameter estlmates

have_been'fouhd by;an alternate'method. o
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6. Identlflablllty From Outpgt Correlatlon o

' In this’ sectlon we have conSLdered the 1dent1f1catJon of llnear :
dYnaﬁlcal'systems‘arlvenzby wh;teAn01se,'when'on;y'the outputzls ohsetvea;'
The situation oeeu:s'when thete is process noise present (e;g;,'wina'.

. tutbuiehoe) as:agaihst'obse:vation_hoise,'or wheh‘it is desired to'mbdel'ai'
ecotrelated noiserprocess as the output of;a.iinear s?stem dtiuen by'white'A
noise. | | | |

| In the steady state the-host information that can-he obtained is the
power spectral density.of the'output. The'reaiization:probiem then.reduces
~ to a spectral factorlzatlon problem, and relatlonshlps have been derlved
’.between all the equlvalent solutlons, (1.e., systems_w1th the same output ,
spectral den51ty) . The.aboverrelatlonships~then.lead t0'cohditions_for
.local 1dent1f1ab111ty from the output spectral den51ty. Infthis situation,
except 1n the 51ngle 1nput/51ngle output case, fewer paramoters can. be iden-

tified than whenrlnput observatlons_are present.:
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. STOCHASTIC AND ADAPTIVE CONTROL
fOnoe_more‘several important'issues_haye_been'under consideration
during this.time period; The‘areas are:

1. Slmultaneous Identlflcatlon and Control
of Llnear Systems SR '

2.. Adaptlve'Control S

: Simultaneous ldentification and éontrol of Linear'Systems

In.applylng system—theoretlc technlques to problems arising. from

. present day technology it is often found that a model of the plant can

not be‘constructed‘without including_the presenoe of unoertain parametersf
It is clearfthat';for a given performanoe measure; the'optlmal performance'
of the control. system w111 be degraded by the uncertalnty in the charac-
terlzatlon‘of_the{plant v ThlS uncertalnty can be deoreased by the use of

. standard identifieation algorithms wnich'find updated estimates_of the
plant,parameters; Tne efticiency of the identifioation prooess ;—.and
‘therefore thevreduction'of tbe’unCertainty ;-'isfcritically‘dependentAoni
the nature of the dr1v1ng 1nput 51gnals applled to the plant. At.the

_same tlme, of course, the lnput 51gnals -~ as in any: control problem -
will have to be,seleoted so as to result in.a desired behavior of the state
trayectory, _In”theAcombined,ldentifioation and\control.problem, therefore,
the input slgnalsﬁeillphaue a dual purpose: affecting the informatlon:.
gathering prooess.on the plant parameters.and affeoting'the behavior.of
the state trayectory. It is not:difficult,to observe that_theseydual
objectives,are often conflioting.: Consider(ffor instance, the class of

systems .driven by white noise and whose output is observed. through '
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additive'white'noiSe:--on the one hand 1tlls de51red the output (or the -
.state) to follow.a spec1f1ed trayectory (whlch may be - zero) and on the.
other hand, the output.shonld be "hlgh? rn order to rmprove the elgnal-
,to'noise ratio_andﬂobtarn_marimum'information'aboUt:the ﬁhknown parameters.

| Mr: A._Loper—Toledo and'Profeseor_M} Athans have been'WOrking:to -
dain_furthervinSight'into thispproblem,for-ajparticnlar olass of iinear
eystéﬁs’driven byﬁwhite Gaussianpnoiee;and with;perfeet'observationsAof3
" the syStem'outpﬁt.- o o | a

The 1dent1frcat1on‘aspects of the problem have been analyzed

For real tlmelldentlflcatlon of random parameters, we have determlned
how to maketnse-of the a—prlorl_knowledge‘abont‘the parametere and'lnltial

' conditions to obtain optimal driving inputs. The value of a given input

eignal.with regard to the identification'objeCtiVe is measured in terms}
of the amount of information about the unknown parametersrcontained in
the correspondingioutput signal.' This information‘can be'expressed as

the expected value of a quadratlc function of: the output gradlent.f The

1nput sequence . that optlmlzes this criterion has been shown to be the

-difference between the eigenvector corresponding to the maximum eigen-

value of certain matrix deépending on the a-priori distribution and a
vector depending on the initial conditions. 'This problem bears some

resemblance withia_elase.of problems in commnnioation theory‘and etatieé
.tioal_deeision}theorywk,Theee re;ationshipe‘are cnrrentlyibeingsinveeti—
gated andwfutnre reSearoh_will inwolve the ﬁée of‘the estimates of the
parameters‘and the aceuracylin_the eetimation:for controlipurposes. ‘The
results willabe extended to multiple inputemultipietoutput dinear systems.
A'sdm;lar_problem ispaiso being inVeetigatedhby Mrf A..Sarris and

Professor M. Athans. ~We considered systempmodels characterized by their
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structure énd;paféméferé wiﬁhih fﬁe structﬁ;e.: We assumé ﬁhaf the
strﬁcturevreméins f%xéd, i.e.;vthe équat;ons that deséribg the inherent
1 dynamics‘of‘;ﬁe'gystém do ﬁot cﬁangé. ”However,ait is vér&llikely'that
some Qf‘the’péraweters in ‘the équétioﬁs'mightichanée wiih.timé.- As an
_eéampie,aging éarts,of a maéhine or an aifplane cﬁuld.éive ;ise to the
Sehévior desc;ibed‘ébove.A ‘ . -
Thevfesearch_objecfive is twéfold{ At:first detection of the
change-musé_téke'place and secondly a corrécfive control must be applied
to‘optimize £hé changing plaﬁt;  Before a mefﬁod»fof i&éntifiing.the |
sfochastically'changing paraﬁeter is fouﬁd we,must:trytié;posela ﬁodel
' acéqrdihgnto,which'the‘parametérs'change. Tbié‘model.shqul& be'ééheral
enough to desé;ibg é ;éfgé’nuﬁbef of possible éhéhges; One which we .
have examinéd éssumes'thé fifst time differenceé of the paraﬁéters to
be sfatiqnary.i Thisvdescriptiqn, with the aésﬁmption that'the:heasure-
ments of the system state are exact,,rendéré the problem sblvable vié' '
Kalman.estimation‘fechniques. .$he control iq ée;tainvcéées can 5e féﬁéd
relativély easi1y~becau$e_Separatioh holds; hamely the coht:olling
procedure dependglonly_qn fhe‘ﬁonditional meané;and"variances of the
parameters.

Thgré'ére.two main directioné for our futuré research. Thé firét.
one has to do:with.the_modél'that ié-used to deécfibéqtﬁg éarahétér changes.
The.one we uséd,‘and which almost all ofher'researchers-in}thié area have
used, dogs nét rgspénd_véry'fast to sudden.paraﬁeter vafiationé. We have
ih_mind anofher‘modgl based on §écohd>time differenqes~of tﬁe paramgﬁefs,
th;t has been f§und.iq other cpntextsf(e.g.'stétistips),wtd_respond much
faster to timglchanéeéf _We want to devise aqdﬂ%mplément aigorithms for

this model_and,test its responsevspeéd..
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.Thé'sééond;difectioﬁ'of our résearcﬁ:is réiated“tb:the éontrol'_’

question. _inftﬁe pre&iousiy mentioned céﬁtekt §gpara£iqn-hold§ 6nly:

if the'c;iteribn.is to optimize perfo;maﬁde for a sinéleApériod ahéad;
Atrfirgt Qe1yég;d_liké‘td_eXaminefif the'new-mbqel er.paxametér Ehange
 thap we have in mind gives rise to.sepafatiOn‘fdr mbrelrealiétic.(or
equivaléntly ﬁoré“cqmplicatéé) cost Criteiig.“ Wé‘woula_liké tovinvésfi—'
' gété'thg extent to:which sep#ration_héldé fcr,Qafious idéhtificatioh'
techniques.: finélly iﬁ is our intuitive feeling.thaﬁ the.optimél‘control.
shou;d“pot'dépénd.very much 6n the}estiméti§n tééhniqﬁe; so wé woﬁ;d"like
to investigate éontfol'lawsithat aré méré 6r.1és$ invariaht7undér'differeﬁt

parameter identification schemes. -

Adaptive Coﬁtroi
:'Mr. Dieté:-Willnéflgnd‘Professbr M.'Aﬁh&ns_are coﬁtihﬁing fheir
o reséércﬁ oﬁ adapfivevqonﬁfol and its‘appiicaﬁiohs With spééiélAeﬁphésis"
on the pfébieﬁ 6f ébntr61:fo£.paftially'unknown'systeﬁs};:{'

A system is consideréd to be partially unknown if it can ‘be

described‘by onefof N systems (which have knoWﬁ dynamics) , e.g., it dduld :
be system i 5'1,',;.; N.  Each of these systems.is represented by a
linear stdéﬁééti¢*differeﬁée equation with stochastic measurements:
x(k+1) = A (k) x(X) + B, (k) ulk) + £, (k)
z(k) = C.(k) x(k) + 6, (k)
:for;i =1, ..., N. The prbbiem is to find the éptimél control_ﬁ*(t) which’

minimizes a standard quadratic criterion of the form

J(u) = I Z x, (1)‘ Qx, (1) +u (1)Ru(1)
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. Note- that fdx N + © we have the control prdblgm with3continuously unknown
parameters. Most broblems can be"formuldted.Such that N ﬁgNo frvaith
‘ sufficient'accuracy since some_knowledge.of'the péramgterAvariations is
usually available'and parameter quantization can be used. The_reSulﬁs'
are.presented in two cases:
Case I: Exact Measurements. z(i) = x(k) -
Case II: Stochastic Measurements z (k) = Ci(k) X(k) + ei(k)
The cohtrollers are very similar in both cases, yet Case I is much

easier to derive and to cbmpare to cﬁrrehtly'aVailable resulté.

:Qgpimai Solutidn: If‘has'beén‘shoﬁn that éhe optimal'contro;iﬁf
can be ¢om§ﬁtéé'inbap ané;ytical1y clpsed fdfﬁ.éhly.fof £ = T-l; .Fbr
t <}T—l the_eXpréssibné are:noniingérAand‘n9 §losed férm”so;utiohs are_:
feasible; :A-soluéiah procedure is oﬁtiinéd‘fof afbitfary f to,éoméute
(near)'oétimalvcoﬂtrols of sufficiént compuﬁer meﬁory and  £ime-i$
availabief | | |

Suboptimal Solutions: Because of the impracticality of the

optimal solution, two philosophies for generating sgboptimal solutions
were considerédt.>

Philosophy l:-'(Pick'a teaédnablevcdst criterion'and compute the,résuiting

control) This 1eads“tb_formulating (and/or boundingf a number of open
- loop cost cfiteriaiﬁo compﬁte'theftrue'cost or its bound and the cdrresé
ponding control. Several_algorifhms were considered and their performance

was evaluated from both theoretical and simulation studies.

Philosophy 2:"Start with a desirabie control (i.e.,'ope which converges

to the optimal control as.Tjincfeasés, and is easy to implement). -Such
a control .is:u(t) = 2 pi(t) u*i(t)’ where pi(t) = probability of observing

i=1
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lsystem i at_time”t,_aud ui*(t) e;optimal'ooutrol foresystem i: Forvei
simple examéle it has beeu shown that tﬁis~ooutrol-is e‘first okder
soproxlmatlon to the optlmal control. ;Ah éttempt has been'mede (usino
'both analys1s and 51mulatlon results) to show that thrs is true 1n general.}v

The above general results will be fully reported in the forthcomlng
,fh.o. theszs of Wlllner [l].: However, some of the results based upon
A'phllosophy #2 above were obtelned also for . contlnuoustlme problems, end

we feel that they are of extreme 1mportance in. practlcal appllcatlons. [2]

[1] ' D. wlllner,]“observatlon and Control of Partlally Unknown
" | Stochastic Systems", Ph.D. The51s, ‘E.E. Dept., M.I. T., May,
1973 (in preparatlon)

(2] M. Athaus and D. Willner, "A Practical Scheme for Adaptive
Aircraft Flight Control Systems", Proc. Symposium on Parameter
Estimators Techniques and Applications in Aircraft Flight Testing,

" NASA Flight Research Center, Edwards AFB, California, April, -1973."
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A PRACTICAL SCHEME FOR ADAPTIVE AIRCRAFT

" FLIGHT CONTROL SYSTEMS

lThié reseaféﬁ_was condﬁcted by Proﬁ._M.'Athans énd DT Willner‘and‘.;-
'-was mqtiVated by pracficallcdnsidefatibné in the désign.of stability-:
augméntatiéﬁ s?steﬁé'for high'perfofmancé_aircraff énd STOL aircfaftfwhdse
dyhamic cﬁaré?terisfics‘are éhahging. Such changes in'the_aerodynamic
derivatives have beén the priméry_motivation béhind numéroﬁs»techﬁiqﬁes
for paraméter identificatioh:of aerodynamié'parémeterﬁ.' Although such -
.procedures,ére-qseful f§r qff¥;inevparameter estimatipp;fit.ig.ﬁdt quite
clear hbw‘they.éhoﬁla'be uéeaffdf gn—iine*91§5¢d_lo§p éﬁtomatic contfol.

-There séemé_ﬁé'bevéeneral'agreEment.that 6n-1ine'cdﬁputationél'
‘fequixeﬁents-OE least-squaresgjmaximuﬁ likelihood, and_exténded Kalmgn.
.filter methods arevfar't§o Sevgre fof_onQboard impleméntatiSﬁ, If Qéév
. also pdhsiders_ﬁhe additioﬁal ¢omputétional‘reéﬁiréﬁents for the,determi—;
“nation of apprbprigfé autbpilot gains (éay usiné‘thevlihear—quaaraéicf
géussian méthoas of modern;controi'théory),.tﬁénvtheré is little aoubt.
thét simulfaneous identification and cdptrdl is not a‘feaSible.pfacticall
method.for aifcraffﬂcontrbi‘system design, at least in-thé near future.

This féSearCh:was-Aigected toward bpth analytiéal and simulation
resqits assbciatedgwith'a.methéd fér approximate ideh;ificafion of air;
craft characteristics and subsequgnt éeheration for COnfrol_éignals that
apéears.praétiqélffoifon—board iﬁpieméntation. |

The méthéaAéresuppéses fhat'qff;line calculation of»aefodynah%c-:‘
derivatives has>beén.ﬁade at N distinctiy differént.flightlconditions.
For each fliéht condifion[one“has é'liﬁear-timefinvariant state-variabié-

model which'repxesentsxabproximately the aircraftAdynamics._-
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The aircrgft changing dynamic characteristics may not however
coincide aiwayslwith one of fﬁe N dynamical models. Henqe, a sWitching"
typeléutopilot may not be suffiéiently good, especially‘if the total
number N of models available is smali. | |

The ideﬂtification and control technique thatlQas invésﬁigatea, is
a type of~shooth trapSitiogél autqpilot, in éontradiStindtioﬁ'to a- |
sWitchihg one. It éénsists of: | |

‘v(a) aAbank of N.liqear time—invariant steady state
Kalman-Bucy confinﬁous time filteré, each ﬁatdhéd
to the N available dynémical.modeis; f§ilo¢éa_by:
(b) lineai;qﬁadrafic time invariantlbptimél contrbllers :
‘designed Qﬁ-the baéis of thebN modéls avéilable;.j

‘It turns out that by nonlinear operations‘upon the residuals (innovation

. processes) of each Kalman Bucy filter one can calculate on-line a time:

varying probabilityzthét the actual aircraft dynamics. corresponds to

each one of the N models (this involves hypothesis testing). More'

important, from a practical point of view, the calculation of these proba-

bilities can be accomplished using analog and time-invariant implementation

of a set of first order nonlinear differential equations.
These time varying probability signals are then used to weigh on-line
the control signals generated by each linear time invariant dynamic com-

pensator (the cdmbinafion of each Kalman filter and linear quadratic

controller) to'p;oduce the actual values of the control variables qpplied

to the aircraft.

The practicality of the above "analog" schehe, hinges upon the fact

that integrated_circuits can be used to construct highlreliabiiity, low
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volﬁme, and low weight constanticoeffiéient»dynami;al_sysfems,- Thus) ho
acfual:digital éomputer'hardware;is neeaed._

.'fIn_édditipn tQ7thé theoretiégl results we ha§é simulatipn‘r¢éult; ;
based on‘humeriea1 Qalueé fbr STOL aircr;ft longitudihal th;mics,(seVen
7,staté variabléé),' |
Details"on'both-the theory and the STOL éiréraff‘siﬁulaﬁidné.caﬁ.bé

found in the papef by Athans énd Willner;'[lj,

{1] M. Athans and D. Willner "A Practical Scheme for Adaptive Aircraft
Flight Control Systems" Proc. Symposium on Parameter Estimation Techniques
and Applications in Aircraft Flight Testing, NASA Flight Research Center,

Edwards AFB, Cal., .Apfil_ 1973.
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3. BUDGET STATUS
As of April 30; 1973;:approxiﬁateiy 70%. of the'gfant,funds had
béen:expended in approximately'GG%iof the current grant period. .No éffect-

has been‘given'tp,stepffunding in‘thése'figures;v‘-'
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