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the- paper. rill give ä survey of the t¡asic ideas behinrlthe self-tuning regulators- Ítris is a class <¡f aoãpiIüðregulators *hfch c¿rn be used to control constant or.siorlytime-varyinq¡ unknorn systeû¡s- the regulator is using ttåcerta inty equivalence hipothesis to sefraf,ôte the estiná¿ior,
and the control. The estination is done using the r¡ethod ofleast squares and the contr<¡ller citn t¡e a ninimum variancecontrorler qr a pole placenent controrLer. Theory anclðpplications hava shoun t¡at this siurpre control scheme hasvery attract,ive t,ransient as rell as asyuptotic propêrties.

the idea behinil the self-tuning regulator can be extendedtg nake-ir pocsible to na,(e selfituning riiterã iõr-liãäiõ:tion anil snoothing of stationary tiue Ãeries. some'of thetheoreticar results shoring t,he properties of the preclictor
and the snootber rill þe súmuarÍzåd.'
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In order to desrgn.controllers for i¡rclustri¿l ¡rrocessesit is often necessarÍ to have a ¡noder c¡f the piõcãsÅ- an,r thestochastic ilisturl¡ançes acting on the process. The clylarnics
ot'. tl¡e process and the disturbat¡ces áre, ho*eve¡:, oftenu¡rknown antl have to be estin¡ated. The estimation can bedone off-line or on-line. The controlrer can thên Þe trasedon the estimated paraueters. The of f- rine methocls ca,n nott¡e userl if it is desirable t o nonitor time- varying paraüe-ters.

Àn adaptive controlrer is a conl¡inat,ion of ån on-Lineestination nathod and a clesign of a controller baseil on theperforü¡ence of the closed loop systeil. This pdper r¿irr dis-gusq a speciar cl¿ss of aaaptive argoritËuri; trhich are
des igned to hanclre constant oi sloyry-t ime-varyiirg proc:esses. these algoritbrrs are called setf-t'uning år,Jõriinms,since they autonaticly tunes the paf,ameters in tt¡e control-1Èr. self-tuning regurators are rliscussed in mô¡iy papers.
$ survey of the theory and appfications can be Êoun¿ inAströn, Borissorlr tJung a¡rd t{ittenmark {Lg77l . f n tbispaper te rirl briefly discuss the idea behind serf-tuuingregUlators atd hon this idea can l¡e ext,encled to nalce self-tuning predictors ¿ncl serf-tuning filters for fixed lagsrnoothing. self-tuning r€gulatorå haye rith great successbeen used on several industriar proçesses. it has turnedout that the self-tuning idea is- eôsy to use in differentconterts-

Â nore fornal descri
Section 2. f he self- turr
rhere also estination an
SectÍons 4o 5 and 6 sh
used to solye control.
The main propertiês ofcussed- A su[nåry is g
found in Sectlon 8.

t ion of the ¡rroblems is given in
ng idea is formulated in Seðtion 3,
tool.s for analysis crre discussed.

s hor the self-tuning idea cdn t¡eprediction and snroothing problens.
the different algorithns are dis*
ven in Section 7 and references are

PI
d
o
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the problens of c
much in conuon. In t,
Ie¡ls and outline the

rol¡ .prediction and :imocthing havesection we ci11 f orm ul¿te the - 
¡rroir-lutions it the processes are Jç¡¡orn.

ar¡ t
his
so

¿.1

e (t)
VA r-

rn the f orrowing sections rÊ rirt give a u nif ie,l approach to
t,he probleus ff the processes are unknown.

The mo.F----xs asIt
cr ete tiu

hJithout loss of
C-polynouial has al
also assuned lhat t
h¿rs all zeroes insi
eral irrput-output d
À díscussion of the

equa
pIi f
¡¡u¡[
poly
by

lrtl) -

u (t) is the inpuy distributerl rdn
deviation g.

=¡ 1¡+ 1) . e (q-l )
hift operator.

.dsls
sumed that the processes can be described as dis-
e stochastic pfocesses

Atq')h(ì) r B¿q-') ut+-\c-t) + c(1-') q.n) (2. 1)

uhere y (t) is the . output at tirne t ,is a sequence of independent equall
i¿bles rith zero mean and standarrl
f c¡rrard phif t operator, j". €. gf (t)
and C (q-r ) are potynomials in the s

A(i') - I *q,{'* r¡ r * orr{n
ßtçl- bo"b,{'*., * bng-n
C({r)' I 'ér{rì¡rr *Crr{n

g

t,
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' B(
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)

genera I it y
1 zeroes in
be systen i"
de the unit
ecri¡rtiou o
model c¿tn

it can
side the
s niniuur¡
circle.

f a system
be tound i

asr:r¡med that the
it circJ.e. It is
ase, i.e. B(q-l)
q (2- 1) is a gen-
grrupterl by noise.
Iström (1970).

he rui¡rirnizinq con-
strö¡n (1970); The
eady state Biccati
he problern is sin-
phase. The mini-
by using a sj.uple
ont.roller is giuen

be
u¡t
ph

E

c
n

EÞe-sgr¡lsqf,-p¡oþf,e n
There are ¡nany different Hay6 to toruurate the control prob-
1eü. re rill <lnly discuss one possiþtity. Assume that, theobjective of the coutrol is to eIj.¡¡ir¡aÈe the clisturbances
acting on thê systeu as rell as prrssible. rt is then appro-pÍate to chose the control signal such that the lossfunðlion

Vr - )*'l * E { t, $txu)¿ 
.l¡ utu')J {2.21

ininieecl. Ttre calculations to finLer ðr€ rell knoirn, sêe for instanculatious require the solution of a
t ion or a spectral f actorizatj,on.
ied if F=0 and the proc€ss is niniu
variance cpntrollgr is then oi¡tain
nouial iclentity, Aström ( 1970) . Th

ffi$tt)
F are polynomials

drel
st

T

Ls ¡n

trol
calc

un
ed
ec

(2. 3)

of order n.- 1 and kwhere G and



rospect.ively and giveI by the iclentity
c {.{') = A({,)ç(T') * 1-* Gq')

- Iþs-s5sg¿sl¿9.s_sre.þ¿s.u
Assune fhat B=0 ¡n eq 12-11. Thís ned¡¡s that t
I (t), is a stochastic process uhich ye can nr¡t

2.¿

(2 " ¡{)

utput,
ue ncù.
ant to
lue is
e mean

neasurenents up to and including time t
lh" output at time t+k. The pre¿icteit
y (t+klt) . the preilict,or should mÍniruize

square etror¡ i.ê. nininize the Iossf,unction

V¿ ¡ e I t{u-r,tt) *T(+*k))¿ [ 5ul,gu-t),..."[

8¿sed on
pred icf
d enot ed

, lþg=Eesel}lss-.ÊEeþr{e HrtI no¡. Iooß at t
ing estinate of a s
ruptecl by whit,e noise
by

problem of finding the best snooth-
I vhich only cðn be measured cor-
LeÈ the desired signal be described

l¡e o
inft
teh,

vô
th

(¿.51

rf the systeu iç knosn the optirnal preclictor is given by

$t+*trr¡. +, \u) . ffi(u¡ur -!urt-u1) (¿-t¡l
rhere G anil T ôre given by tlie irlentity (2.4), see lstrijm(1970). again ve see thal the probleü id eali to solve ifthe proc€ss is knoun.

Jss
he
1gna

?tì1 - ffion1 t2.71

and let the ¡reaEurement be

bt{) . ?t{) + el{) e.sl
Tl? -lgi:: processes e (rl alft v (t) are i¡rdepenitent chireprocesses ¡rrth zero nean. The procesË y (t) cån t¡e rrittenin the foru of, (2- 1) rith B=0 uåing spectral f,rctorization.
The probleu can nor be fornurðted as to f inrl the t¡est esti-mate, of z (t'ßl in the sense of ¡üean sguare error given y (t) ,y(t-1)r..- the estinate is den<¡ted â(t-rlt) anã nininizesthe lossfunction

V:r= E [ [¿ç-L) -?Ll-rtl¡1¿["¡urr1r{-r¡,...1 t2.sl
If the parameters ín (2.
e ¿nd v are knoyn it ís
lag smoot,her, see Kailat
rittenmark (1977). th
innovatiqn represeütatio
one step ahead predictj.o

and t,he noise charactete e¿sy to fj"nd the cpt
nd Frost, (1968) and H¿
olution is based on f
f. (2.7) aRcl (2.8) a¡¡d t
f z (t).

?) 
.qur
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Ito
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ristics of
i¡nal fixed
gander and
inding the
o find the



J.1

l¿-rö-E_åElI:I iIg_ID gÅ

Ïn !le Prêvi<¡us sectiot¡ ïe sd¡, that the mininum v¡¡riancecontroller, the oean sguère error prerlictoi Jno the fii¿,Ìlag snoother ôfe easy to find if tt¡e processes dre knoun.The problem becones, horeverr rnor€ courþlicaterl it the proc-ess is u¡rkooHrr- There are nany rays to solve f or instancethe adaptive control problen.- -Suriey, r:f stochastic.O"¡r-tive control methods can be fou¡¡d for instance in idittenmark(1975) anil saridis 11g77l - the üost straight foryartl ray isto first estÍmate the paraneters in the process on-rine.rhe estinateü paraneters are then use<l as if they are thetrue ones in order to deteruine the cr¡ntrol l¿w. This isusually called the cert,aÍnty Equivalençe (cE) rypothesis,see for J.nst¿ace Bar-shalon and Tse (lg?b).
the idea behlnd the serf-tuning argorithrns is tc¡ use thec[ hy¡rothesis and to make rhe estiú¿tion ln tirã-simpiãötpossible nafr It is inportant tl¡at t¡oth the estiroatioi¡ andthe deternination of the conlrol sigual are done iterativeiyin real tine. This i<lea uas usect f or i nstance in Kal.na¡r

{ 1958) to clesign adaptive dead-beat controlLers" This si¡t-qre approach rorks very vell in nany cases. one of theinterest,lng teatures nith this type of algorithms is th*tthey of te¡r corß in casss rhen tñãry intui tívely ihould notuork rell. The probJ"eq is thus tõ analyze thå ctosed loopsysteu vhich is a ti¡ne-varying, non-rinear, stochastic sysl
!:*- . Jvpical probrens ðre if ttre algorit¡ñ is srable and ifar HJ-rl Convergs to the sane controller, pfedictor orsnoother that courcl be obtaineil if the system ,ås knorn.

_ thg estimqtion of the paraneters in tbe process côn beilone in sev6ral_ rays. tire para*eierã - iñ-täã-ã, -*u anrl cpolynomials qan be estimated in real tilre using rår instancethe Extended Least sq uares (Ets) nethotl or the rlaxj,mum Like-lihood (eltl uethod, Goodri¡i and payne l1g77l. if c= I thenit is possible to use the simprer r,åâst 'squares (ts) nethod"using these methods it is þossibre to m¿lre an explicitãestimatior¡ of t!:- paraueters in the pcocess. rt is, hor-evetr, also posslble in sever¿l cases i,o av<¡id the estinationof the proc€Ês påramêterË ancl instead dÍrectry tun* i¡" par-aneters in the controller, predictor or smoother. thisì-r'¡:licite rôy 
- 
has {êny atl.raclive properties ¿rid tras beenused in several self-tunÍng algorithirs.'

The, anarysÍ.s of the serf-tuning algorithms has in nostcas€s been rlone using a nethod by-Ljur,é. The ¿nalyoiã ãi
!ime-varying, -nonr-inear, stochastic ãiri*rence equations canbe transfor¡¡ed int,o ana.lysis of a set of associated deter-¡ninistic dífferentiar equations. The trajectories of ti¡edifferential eguations Can L¡e interpreted as the ôveragètrajectories of the stocbastic diffeience equations- Theconvergence propelrties of the algorithrns can ¡e investigatedby looking at the stationary þoints of the differential
eEuations and their stabilit.y. ,lor a iglltry of this veryuseful tool see I,Jung {19?7ai and rjuüg (1g77bi.
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The minimum yari;¡nce co¡¡troller can.btvo. step procedure. First the output
esti¡nate(l k+ 1 steps aheati. Second t he
cl¡osen such ilrat the predicted v¿lue is
som€ other clesired value).

4. I

e i¡rterpreted ¿ìs d.of the process is
con t,rol s ígna I is
egual to zeco (or

A predictor for the process e-ll can be rritten dri.

$(trt.*r1 . - d[t{')rln) t $({') uu) (q. r)
uhe re

"Qlq') 
. ô{¡ * ot"it*,,, r o(, it''

3 ¿{') -- lâr t Êr{'n .,, ' Êr. 1t*'
lhe basic 

""1!:gqnips regulator rÌou consists of tro ste¡rsrhich ðr€ repeated at-eacñ sampling iniãrval¡
Sten 1-_--_-The parameters or¡ ¿nd pi in t[e moclel (tt. 1] af,eestinated using the ¡¡rethod <¡f reast sguaies.
Êt.s.e_¿lhe est j"mated parameters are used t c rletermine thecorttral signal

u['l). ffi O*l (4.2)

r TÌ1"
Astrom
Eorisso

f
A

prope rtie s

thm and its properties are further discuttenmark 11973, , tdirtenmark ( t97J) and
llg an¿ t{ itter¡¡narr {1977il . onty somell be repeated here-

In istr8m and äittennartc ( 1973) th€ asy mprof !h* . algorithn ar€ anatyierl. It is " süoestination converges and ii the regulator h
many p¡rr¿metçrs then the self- tunÍng regulverge to the optf uraJ. uini¡run varia¡rce cont rolalgorithu also has a stabilazing propert,y inthe input and the output ui11- l¡e- b<¡i¡nded ûolre, s?e Ljung alril tJittenmark (1y76). !'urtgence of the algoritbn has beer¡ analyzed inr¡here it is shorrn that the convergånce of
depends o¡¡ it a polynomial related to thestrictly positive reã1.

r1ri
rJ
ui

algo
and
O¡

secl in
strðn,
of its

The basic
minimum phase
mininun pbase
( 19 74) . This
state Eiccati
phase systems

selt-tuning regulator cansystens- One algorithm u
systems is descrÍbed in i

algorithm is based on s
eguation. Àn ottrer algor
is describerl Ín Clarke and

properties
hat if rhe
ufficien tIy

ri11 con-
ler (2.3) . The
the sense t,hat

ith probability
her the conver-
lj unq ( 1 977b| .the algorithn

C- pclynornial is

onl y be usecl f orhich cðn handte ncn-
s t rðü¡ a nd trti tte nmark
olubi on of a steaily
ithn for non-mininum
caHthorp (1975).

ot icunt
ass
a tor



q.¿

The nice theoretic¿r proper-ticr'; c¡f the serf-tuning rcqu-laLors have uade tl¡em vèry- at-tractive for i¡,iustriãl uée.
sone iqdustrl¿l appric¿tions are reviererl in lströrn, Boris-
sonr. tjlng and flitte¡rnark 119771. t{ost of rhe reporterl
applicattous have been fe¿sibility sturlies durinq,¡uite lirn-
ited tines- The use of a self-tuniuq requr¿tor in a¡¡ cruto-pilot for a tanker is ao erception, Kálls[rörn, istrôm, Tho-
rellr Eritsson and Sten (197ð) . ï his ¿utopitot has nord bee¡r
used for several yeðr$ on dif f ere¡¡t ta nkers. Exte¡¡si ve com-parisons rith other controllers have been done unrler differ-ent ueeit,her and Ioading conditior¡s.

Àll rhe
l¡een f ound
inse nsitlve
it,hn and it

app
th
fo
si

lications have been very prcnising-
at the self-tuning reguiator is eåsy

he shoice of the paraneters in the
very goorl control.

rt
ve5

It hasto use,
al gor-
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[)rerliction of tirne-series is an important proi:lr:nr in manytechr¡ica.l and economic situat,io¡¡s. 'prerl ictio¡r of tin¡e*sei
ries is cliscussed f or i¡rstance i¡¡ Box and Jenk j.r¡s ( 19 70) anLl
Brovn (1963) . À tiue-serie côn of ten be rlividerl into t*oparts. One part which is deterministlc and represents trenrl
anrl se¿sonal varLations. The seconcl part can be regarcled a$
randon di"sturbanc€s arouncl the determinist ic ¡:art. Tbe. ram-
do¡n part can of ten be nodelled as eg (2. 1l uith Eì=0. ihedeternrinistic as rell as the randou ¡rarts are usual.ly
unlrnoun and time-varying, This m¿kes it, interesting to con-sider self-tuning predictors vhich can atlJust to the vari¿-
tions in the generating process.

[q 12.61 shors tvo difËerent Íays to *rite the predictorif the process is knovn. There aie several othel ways to
Iri!€ t,h€ pcedictor rhich arr are equivalent if rhe systerä
is knorn. the different rays to write the ¡rretlictor cÀn be
used to determine different self-tuning preilictors. rr¡Horst t19771 five ûifferent self-tunfrrg predictoEs arê dis-
cussed and their relat,ionships are investlgaled. severalsinulated exanples crr€ given rhich itrust.r¿te the behavior
of the ilif f erent a lgorÍth¡ns.

One r?y to see the relat ionshJ,¡rcontrol is to start uith the far r j.
The preciction êf ror oE the resiriua I

6r{trc) r br+rk) * it+ *¡¡¡¡

The pred ict ion problen can noi{protrleü. The piedicted value îthe control signal. The predi
the variance of the resicluals is
pare (2-5). The resiclual can
output. The self-tunlng regula
to solve the prediction problen,

betyeen pretlictio¡¡ anri
ght h¿ ncl side of (¿. þ) .
is defined as

be regarderl ås a control
(t + k I t) can i¡e regarded as
ct ion is nct rlone suctr that
as small as possibler com-
thus be interpreted as the

tor ca¡r nor þe userl clirectly
littsnu¡ark (197{}.

been used on real(197ö) ¿ncl Hotst
a n<l n at ur aI ç¡as

(1 e?B) ) .

The self-tppinø predictors hly* properries yt¡ich are verysimilar to thosã - of the self-tüniiig reÇ or,rtors. Foü
instance if the estimation convêrges antl if the predictor
has sufficiently many paraueters then it. cill coirverge toth¿ optinal predictor {2,61.

rt is also possibre to use auxiliar v¿riai:les to iuporvethe pretlict ion. The a uxiliar varíatrle can fie sone ðtt¡ei
neasurable variable, a rarìp or a seasonal profile. The aux-iliar varialbcs çan thus be used to include the deteru¡inis-tic part in the preclictor.

This type of adaptive tr¡redictors haveclata f or pÈedict lon öf ponõr Ìoad (Bohlin
(19771!-, urban sêfetr flors (Beck (1977))
consumption (Hanza, Sheirah anil Hittenuark
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In mar¡y communicat.ion applications tl¡e recieved sirl¡¡alsare cof,r upte¿l by r¡oíse. The ob ject ive of the reciever is tofilter out the noi,se as nerl as possible. The filtered siq-

nal at time t ca¡l then be a function of the neasureu¡cnts ut)to and including time t. sometin¡es it is possiule tc¡ nakesubstantial improvenents by n¿ling .r s¡ncothinq estimate,
The estinat.e at tin¡e t*k is then l¡ased on tlata up t.o anrlincluiling time t. Fixed tag srnoothing is ,¡sef ut f orj.nstance in connunic¿tion þut also in nonitoring of thequality of a product. or of the ¡rollution in air or uater-

The stationary fixed lag smoothing problem lsprediction. In I{agandor ãnd Hittenñark (197?)
that the snoother consists of tyo parts. Firstyhich ¡rredicts the signal z ltl o¡¡Ë step ahead.
smoothing esti¡nate is given by a tilter with tÍo
mrrasureüent ancl the precliction error.

rt is nou possibre to nake a serf*tuning smoother for thespecial çase chen the ¡neasureüent ¡ioise iñ (z.g) is uhit,e
noise- rn thls case it immediately follows that the one
u!"p,aheail .precliction of z(t) is identical to il¡e one step
ahead preclict ion^of y (t) . A self-tuning predictor can their
be used to find ä1t+1lt). The p¿rameters i"n the predictor
ar¡r simple fuuctions of the par¿metef,s in the innovation
nodel f or y(t) , rhich is needecl to deternrine the f irter ínthe snoother- An estinàte of the innovation nodet is founildirectly ¡ithout naking any spectral factori-z¿tion. thÍs
means that the coûputatious in each step are very moderate
and t,he self-tuning smoother is rell suited for real tirne
ap¡rlications.

Tþ" properbies of the selt-tunrng sooother rlepends on thep.redi.ctor. rf the predictor converges then the- serf-tuning
smoother yill convçrge to tbe optimal smoother.

o. 1

rel"ated to
it is shorn
a predictor
Second the

inputs, the
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7. s uf'l MÀR Y--------*
rn the provious sectior¡s re l¡¿ve seen th¿t ilre self-tuu-ing algorithr¡s for control¡ ¡rre<liction and slroothing ôrevgry related. The idea behind the self-tuning algorithrus issinply to nake an estination of the unknoun-¡rarameters and

us€ tber¡ as if they are the true oûê$r rn nar¡y cases it is
nc¡t necessary to make an explicite estimation of the parane-
ters in the ptrocess nodel. rt is instead pclssible toclirectly estirlðte the på!¿rneters in the contról]er, pre*
dictor or snooth€r. lhis wilr sirnplify the co¡nputðtions
tl¡at have to be iloue at each sampling time.

lhere are good tools available rhich nake it possible toanalyze the asynptotic as rell as the trausient- properties
of the algocit,hns- rt is tound that the algorlthms haveuery good theoreticar properties rhich also arè verifíed insimulations. This rnakes the self-t.uning algoritlrr¡s relisuitecl for applicat,ions on real processes.
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