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. ÏDENTIFTÀBILITY AND ACCIIR,A,CY Â.SPIICTS

I Gustavsson, L Ljung arrd T Södersrröm

ûept of Automåtic Control
Lund Institute of Technology
5*220 07 Lund 7, Sweden

ûepr of Aut.onatic Control
Inst of Techrr, tîppsala Univ

S*751 21 Upped.la, Sweden

It is often necessary in practíce to perform identification experi-
ments on systems operating in cl-r:sed 1oop. There has been some confu-
sion about the possibilities of successful i.dentification ín suclr

cases, evidently due t,o tire fact that certain cörnmon rnethods then fail.
Å rapidly increasing iíterature on the problem is briefly eurveyed in
this papero and an overview of a pârticular approach is given. Ît is
shor^rn that predictíon errtr identification methods, applied in a direct
fashion wíll giv* correcÈ estimates in a number of feedback cases.
Furthermore, the accuracy is not. necessarily wcirse due ¡o t,he presence

of feedback; in fact oprimal inputs rnay very well require feedback
terns. Some practícal applications are aLso descríbed.

1. TNTRODUCTTON

The purpose of an identification experiment is ro determine Eire ciy*

na¡nics of a gíven process. llost processes operate ås a part of a con-
troL configuration and the inputs to elie process âre frartly determined

as feedback from other sígnals. Tn many c¿se$n seeuri.ty clr productíon
reasons do not permit that the regulators årÊ renoveti Curirrg a¡r i.denti-
fication experiment. In other cå5es* 1íke for economical and biological
systems, the feedback effects may be inlierent" Consequently, nct seidnrn

identificati,:n experiments have to be performed on firocesses opërâting
in cLosed loop.

During the last fsr^r years there has been a rapíd1y increasing lite-
r¿ture on identif icauion of closed 1ct:p svsËems; and ar thís svmposi.un

a special session' ís devoted to these probl,ens . Tlre reãsÕl1 cbv i ously is
that the task contaíns some fallacies, ând it i s ¡"¡ot immecliately ciear
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when identifiearion can be successfuily perforrned baseci on closed loop
experiments and how it should be done.

The purpose of this paper is to describe the problems r^rhieh may

arise for closed loop identification, to suîrfilsrize basic resuj,Ës on

possibilitíes and methodË and to give an overvier,¿ over the literature
in the field.

Several different approaches have been caken to the problem. Varioirs
esÈínatiÕn schemes have bee¡r suggested, different feedback configura-
tÍoas have been considered and the systems and models have been para*
meterízed in varying h¡åys. Moreover, sÕrnet.ímês thê regulator may be

considered as parr of what Ís ro be identified, and t,hen the input and

output are considered as a joÍnt process. This approach, whi.ch has been
pursued in a series of interescing papers by caines and chan [1], tzJ,
is quite nâtural, ê g for economic syscems, where the feedback mecha-
nism ís not open for manipulêtion. For other pfocêsses, in parlicular
for induscríel ones, it ís natural to assume thêt the regulator is
known, and that it ean be chosen freeLy as Long as it yiel.ds acceptable
per:formance of the ouü,puË procëss

Consequently the picture of approaches, methods and results is quire
díverse, and it is of eourse impossible to give a comprehensive treât*
ment of all aspeets in a psper Like this. Tn order t,o make the paper
readable, we have chagen to organize it as follows. In each sectíon ne

firse describe problems, definitions and resuits r¡hicil are related to
our or^rn acrivities in rhe field, [l]-[7]. At rhe same rime r¿e also cov-
er a çubseântíal part of the majç,r results in the líterature on cLosed
l.oop identificarion. In the second part of eacir eection, we descríbe
and discu$s ãspects from ot,her pâpers. rn rhat wsy the påper ean he

read as a survey of the field, as well as a fairly complete overvíer^t
of one of the approaches taken.

In the next section rve shall describe the bssic problems connected
with ci.osed loop identificatíon. SecËion 3 contaíns a ciiscussion of
identifiability and accutaey. S*cEion 4 contains the nain resulrs on

identifiability and aecuracy äspects, anrJ there aiso cl¡e major survey
of other papers is given. secrion 5 reviern¡s some applic.rcions of
closed loop ídentífícation.
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2. BA$TC CONCEPTS

2,1 Pre I imi nari es

The result of an id¿ntificâr,ion experiftent depends elearly cn

several items:
û the system,

o the model $tructure or the moder. parameterization,
o t,he identíficat,ion method used,
o the experirnental conditions.

Qr*qq*
rn thís paper a linear, ñultivariabre, ciiecrete-time, st,ochasric

ÞTsteF, S, given on the general form

ï(r) = cu(t-l).,tr) + H*(c-l)u(*) (2.1)

wiit be considered. The output, y(r), is a v#ctsr of cliniension n, and
the ínput, u(t), has dímension n,r" The varia'cles {e(c}} are å ser{uence
of indepencíent, random variabJ.ee with eero mean vaLues and covariances
re{t)eT(È) = h. ïn (2.r> q*l denotes rlre backward shifr Õperaior,
q 'u(t) = u(t-t) ' rt is assumed thae Go(z) anrl fiç(z) are marrices of
proper dimensicns with rational functiorrs as enÈríes. It j.s also assum*
ed thât Hs({i) * r, which implies thar e{r) has Lhe same qf irnensian as
y(t), but this is n,r Lass of generaliry. Also ler derlrir(z) I have ail
zeroes strictly outside the unit circle

Model

To determine a model of che system chê funerion G(z) and ii(z) have
to be paråmeterized in a suitable manner by a parameter vector 0. A

model eorrespor¡ding to å èertain value of 0 is denoted by,r{(o) and is
given by

-l *,ry(r) = c'(q')u(r) n nn(o'ir(r) e.z)
where {s(t)} ís a sequence of índependenË, random veötÕrs ¡¿itl.¡ eero
mean values and covarianc"" ñ. when 0 is varied over the region of
feasible values, eq (2,2) represenrs a family of models <lenored by l{.
Ti¡is fsmily will sometimes be referred to as the'rmod.el structure.r.
The idenÈification problem is co determine the paramerer fi so that
l.{(0) in some sense suitabty describe s t,he syscerno S, g,.iven by eq (2.1),

The paraineterization of cu (e*t ) and H* (e*r ) can be made i* several
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Experirnenteî condi tions
The input u(t) ro rhe system giver: by eq (2.1) can be determined in

several rúêyË" rt can, as ín open loop experiment,s, be ehoeen freely by

the èxpêriment designer. it can aLso be determined partly from outpul
feedback by a regulator of a given strueturÈ ecc. 0n the whol.e, the
mann*r in wl¡ich the input is deÈermined v¡ill in this paper be referred
to as qxqs.r:Lmetr-ql co.¡¡djrion, denored by x. rn thíe concept orirer ex-
perimenlal conditi.ots such ås the sampling rate, che experiment length
etc. csn be included. These wil1, however, not be considered here,

In thís paPêr r¡e *hal1 <iiscuss ídentifiabilíty and aecuracy å$pecrs
of systems aperating i-n ci.ased 1oop. A rypicaL uuch systern is shou¡n in
fíg 2"1,

NOISE

v3

SYSTEM

RËGUtA.
TGR

fig 2å Bl.ock diagram of a typical. fee<lbaek sysrem
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$everal diËferenr confíguracions r¿i1i be discussed in Section 4.

They *re essentially eavered by the one given in Fig 2.1 and correspontl

c* variou$ ð.s$uaptions about viri * 1r2r3, and about the character of

the r*5,;ulåtor. i^ie shail rhroughoul assuma that Lhe signals u and y are

ftêasurablâ.

Tdene if ication nethod

Finaily, the pröeedure by which Ê is d*termined is call"ed th" !9gll!*
ficaiion nierhod, I. For systems operaãing in closed loop different ways

to apply the identifíca¡ion flethods åre possibte. One way which alr^rays

een be applied is to treät the input*orltput d¿ta exactly as if they

were cbtained from an open l-oop experir¡ent" Thíe procedrrre will be call-
ed di::ect identificaÈion T.f for exarnple the regulator is linear,,T I
noise-free and time-invariant (or alcernð.tes between such feedback 1ar¿s)

then an indi.rect way of es.tirnating the påraneter$ calt be applied. The

ci"osed loop systerfr cån be regarded as a whoie anci íi$ páråíûêters can be

deÈermineci by some method " The open }oop FrÕc€ss pårå¡nerârs cån tiren be

determined from fhe estimated closed loop procees parameüers using che

knowledge sf the regulator. Thís approåeh r¿ilL be call"d i3l]i1ggå*!dgg-
cification , I Z. Notice thae it is sometinies dif f i.cuit to ref er a speci*

fi,c identífication scheme to be eíeher * direet or an inelirect identi*
fiea¡ion methr:d,

Furt,her, in some câsès it may l¡e advantâgeÕuË to consider both the

input and output procâsses joíntly as th€ ûuf:put of a system driven by

ncise only. lhia apprc'ach na.v* ue ealled ioinr inpuc*output identifica-
cion, io, e.nd has in parlic,Ì¡iår bee¡r pursued by Caines and Cilaa, It],

-)
l",l 1
ii ¿.¡ .

In genei:;r.1" it r¿ii-i b* assu*eci in the followång Ëìiac a statistically
ef f ície¡le identificatir:n r¡¡erhcd is usecl ' In parEicular prediction
e¡rrür ident"å:1icåtiÕn met.had* tike the maximun'r likelihood method vril,1

be consicieïei: " Ther¿ t.iìe Färäm{ìÈ.er t is ehosen so that â suitable scalar
functåc¡n (e g the deternån*ñt rlr tlie cråcê) of tlre magrix

i-T
Qo(s,,14(e)) **liy(r)*y{r:lr-i;{{(ßäliv(ti-i(tlt-i;'ll(e)) J ^ Q.5}

ís :nini.r,rí.eed, ef iSi- i{tle*:;il(t)) deno¡ee che linear least sqr}ares

pre.Jí.etion of yir) bas*rl on de.ta up to tine r-l and using che :nodel

¡l{t), T1-¡* månimieing elemenfr i s tl:e esÈima¿e 8(N;S,,1{r l, Í) . Neglectintt

initial væl"ire eif.ects åi i s given by

,uirjr-r;,ti{e}} * tï*Häl{q-r}]y{r.l + H;1{q"1ico(,r-i),.¡(r) (2.6)
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The "rrue" predicrion i(rlt*l;.1) is defined analog*usly. ln Ljung [8]
it is shor¿n that under míld condítiono

0(N;S,r!'l,f,X¡ * Dï(SrÂ'{,IrX) with prob one as N'r*
where

ûï(Snrt'l,I,X) - {0ltim inf *mli(rlr-1;Si-itt1e*1 ;li{(07}i2* ç7 i2.7)
N-ræ 

¿1

It is alsc clear t,h¿r "desired estimates" are given try the set

DT(*c,Ål) * {0 lÇr(z} * G"(z) and tto(e} * fiS( e} a^ e. n) (2.8)

This set consiscs of the paråmeter values chat give models [l(6) with
ehe same transfer function and the same noíse eharacterÍ.stics as the

aystem S.

2 , -¿ Basíc problems

There åre severaL ínterestirrg problems coneerning identification of
sy6f-ems operating in closed 1oop. Some of them r"rill be revier,¡ecl here.

ïdenlifiability
The question of identifiability côncerns whether or not the open

i.oop charac¡eristics cf the system cên be obtained as the number of

d*ta äends to ínfinity. The problems rn¡hen identifying systems operating

under closed loop can be illuscrâted by the foi.lowing examples.

ET,AM?LE 2. i
Consider the sytstem given ín îig 2,2. w

lLC..A..å A simple closecl loop eonfiguration.

Suppose the identifieation is performed by me¿irods which Co not imply

a causal structurer € B ¡nerhods based cn correl¿tion analysis and spec-

tral analysie. Then an êÈtempe to identify GS from measurements of u

and y, i* a direct fashion will give

u

t

s tJ
tr

û
a1



lo

í e ¡he inverse of the transfer funclion of the feedback. ThÍs has been

poínted but e g by Akaike [9], Âström-Eykhoff [10J, and Box-riÍacGreg,or

[1r j.
Using other identificatiÕn methodsr a B a prediction error iden¡ifi*

cåtion method and postulating a causaL parametrÍc model, identifiability
may be achieved for this type of experimencal condifion. This is not â1-'

weys true r.¡hich can be seen from the next exaffii:le 
Ë

EXAMPLE 2.2

Consider the system

-1 -'ty(r) + ay(t ') * bu(t ') + e(t) {2.9}
r+ith a proportional regulator

u(t) = gy(t)
An attempt to estimåte the pãråmeters a and b, e g by tire least squares

mÉthod, shows that all paråmeter estirnat.es

a+â+yg
Ë*b+y

y arbitrary, g¡íve the same value for the identífícation criterion. For

y * 0 an errcnêous description of the open loop systern ís obtained.
Nocice in particuLar thaÈ it ie of no help to knor¡ the regulator para-
meeer g.

If on the ocher hand identíficatíon is considered in a class of mod-

els gíven by

Y(t) + ay(t-l) = 6u(t-1") + e(t)
r+here a is known, it is obvioue thst the systeñ (2,9) will be identifí-
able. Ë

The examples have shown the fotl"oroing characteristic problems when

identifying Ëystems opèrating in cLosed loop,
o the importance to choose an appropri¿te identification

rnethtd (see Exanple 2. i.),
o the importance of usång experÍmental conEii¿ions whicir r.ri11

guãrantêe identífiabí1ity (in Example 2,2 e g shifting
between two prÕportional reg,ui"ators ìùí.th different g

wil I do) ,

o the importance of choosing a proper môdel. siructure in
cåses r¿irere the experimental conditionc do not gu&rarÌtee

identífiability (see Hxample ?,2j .
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Teseing af identif iabil"itv
As wiLl be seen in Sectíon 4 some conditions ínvoking the Lru€ order

of the sysÈem must be evaluated in order to ¿ê$t identifiabil"ity for
certain kínds of experimental conditions" Thus a priori information of
thê order of the system is a cruci*l poinr. Morêover, the order c&nnot

be tested a posteriori, i e it is not possible tr re$t afrer the âxperi-
ment if the system is actually identifiabl-e. thie fact has been pointed
ûut e g by Bohlin [f2] and *an be illustrãred by the ioltoning examp1"e.

EXAMPLE 2.3

Consider the system

-1 *1, *1 -tA(q')y(t)*q*B(q'¡u(r)+c(e-')*(t) (2.10)

r¿ith che feedback given iry

F(q')u(ti * G(q')y(e) (2.11)

It is obvious thår the sys-Lem

..'t *1 *'r -t. -1 -1 -1lA(q ')+riq ')G(q ")ly{r) - [q ^B(q "]*L(q ')r(q ^)l u(r)*
* e (q-tle(r) (Z,tz)

with tha Íeedirack {2.tf¡ and r¿ith *n arbirrary polynomiaf l(q-l) will
l¡sue the same ånpr:Ê*û'rtput relatåon in closed troop as the 6y6tem (2.10),
Hence from input*Ðr¡tpuÊ experåmenes (under the given experímenlal con-

ditionsz a Línear, noise-free, time*invaríant regul.ator) the tf,ue system

cannot be distånguished" Thie üreåns Ehåt iË cannÕt in general" be est¿b-
lished a posteriori that the obtained syet,em ie ídentifíab1e and hence

thåt the escirnaged moCel has the Ësme rpen loop transfer function as

thc system. 
n

Accuracy asBee ts
$o f¿r only ídentifiabitity hås been eonsidered" In practice also

the quality af the estimates, i e ehe åeeuråey! for a finite number of
data ie of interest. It is then an important questicn haw the experi*
mentaL condítíon influenees on the âeeuracy. ihås problem is ciosely
related to optíual experimënÈ design aad can be r¡Í.eü¡ed å$ án extension
of the optimal inpur synthesis prablem t¿hích has been given much atËen*

tion. Regarding this problem see e g the surv*y Fep€::, Mehre 113l.

2.3 Oiher formuLations and pr*bl"ems

The preliminaries given ín Section 2,.L cûver xrost of che åpproaches

in ehe liter¿ture. lhe system ar¡d aodels &re ¿imost always taken ro be
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linear. lTsu;¡1iy r.!Õr€ sp*eific 1j-near models than (2.2) are considered,
e g {ä.3i, i?",ii (fi¡r.l,lfSl,[16j], inpulse respônse modets ([17],l18l,
[19]] c:r rrånsfer funceíon rno¡JeLs ([9],Ii9]-t22l), cf Table 4.1 'pelow.

lâ*s*- experiin.*nt **nËiguraricns stucl¿sd &re covered by Fíg 2-1. There

ixay b'a soms lnórÈ spe*ifie one.q råisc¡¡ssed, and ít should be realized
tha* í<iantå:fiabiliiy ËrÕperti.es may be erí¿ical1y depencient upon wlrat

is kn$""rn about the speeiål struÉt'.¡re of the 9yÉtem versus rhe regulåtÕr.
sem* s*hem*e" like indirect ådentificarion u$e thau vr, rathêr than u

å;; *i*¿suragì):"e. The $tsÈ ri¿ve:i:se eituaeion is for ehe choiee of estima*
cii:n sehene, T, Ap*rt fro;c predíc,tíon errÕr idencification methöds,
(2.5i, of whieh leas( squâres is a special caee, eorrelaËion and spec-
tral analysis methods are ofcen diseusced. They canno¿ be used in a

d.r-r*cr ídentífication fashion, ef Exampl"ø 2,3-, but severaL special
eeh*nes have been deviced aad diseÉesed, e g Akaike [g], [t7J and Box

arrd MeGreeor lft].
?roblems, in addieion rei ¿hoËe líe¡ed ir:r Ëec' tier, 2.2, whieh have

besn diseussed are basic*liy the preblern ro ¿icg*rc r+hether feedback is
preÉent and lo analyse causal relai:ianehi-ps bee**een tire reeorded sig*
nals. These quesÈions ere ereátedu * g ån l:].

3. TI]NNTTFTA,BTLITY AIdÐ ÞiEÅSI]RAS üF ÅCCÜF*CY

3.1. It!,rntífiabiiitv

The eoneepe of idenrif{abilit;' has bee* given several.

finítions ån fhe l.iierature" the n-¡ost ernmÕ$ âpprûê,ch is
ideneífiabilíry pyöpêrty rû cônsi.çtenry of the pârað*r,ãr

The "true" parå,meter ûO is then said to be ídentífiable,

different de-

to relste the

.esrÍmaee âf¡¡¡.
if the sequence

of *st,imaees â{N) co*v*rgss ec êo in sÕrn€ suÕehastic sen6e, seer ê gr

Åstr¿im* Bol:lin, i231, 3re.l*y*Tlre f 24l and rse*Anrcn t25l. Tn rhis paper
the definiti*i":s åneroriueeci in Ljung er al I4l t¡ill be used. (0, is rhe
sef elef i.ned hy {2,8}},
*äFfi\¡ITIi)ll T"; The aysreæ S ís said to be Syscem ldentifiable under IJ l
gjs_j, sr(À,{,irx}, ir 0{t'1; s,À{,T,x} + Þî{s,Å{} wictr prob one as N+.o

[i.. e. inf le{tt,"S"Í,,{, T,X} - ü i + 0 w.p. ]^ ae N "o*1.
t€Ð*

I
L}ËFT¡{ITION 2: ?he systÉ{n S is saåd to be Strcngly Sysfe¡ii Ident.ífiabLe
snCer T aad X SSI(ÍrX), if ir is ST(¡,,1,I,X) f*r aLL M such that Dr(S,,,1,1)
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i.s non-empey.

DEFTNTÎTON 3: The systen S ís saí¿ to be Pãr&meter ldentifiabLe under

S*j***g_{, P1(il,l,X}, åf ir is s1(lt{,f ,X) end Ër{S,rt{) eonsisrs of ont;r
one eLement"

Tliese defínitíons make no referenee ñü ¿r:ly "truer, påramet,er value,
0Or but sheuld be regardeti ss consi;,*ten*y*ariented einc'e the require*
mene that Dr(Srl,{) is non-ernpry implíe$ €håt rhere is a ,'very good"
raodel availabl.e åm$ng È,he scc of ri,odels Â,1. rf che ser of perniteed
values S *cnt*ins æ "true" pãråinete.r frO the.n che defånítion of para-
metêr ídenriiiabiliry is *quívaienc ro rhe definirio¡rs given by e g

Tse-ånÈ,an 1253, i]lover*i,IilLems iZel snd Eetlman-Åstr¿im lZ7 j,
Noeí*e cher FTiÅ4, T,X) Ís al"rrays impi.ied by SI (MrI,X) if DT(Srô{)

eensists *f oniy on* poånt, îhis conditj.on on Þr(Srll) irrvolves neírher
f n*r Xu and is che prob).em *f cenanical representåtíön of transfer
functione as åeditatad. e*.r,!.åer" rt turlr6 oul tr be convenient to treat
thie problem *eparatei'y *.nd sru<iy Ëhe identifíebiliry propertíes for
dífferent experåmenial eondition-c, ådentífication methods and model
s¿:ructures by consielering SI{Mr IrX) 

"

ül*arlyn ir rr*ÇÈs*&ry e*ndítion on ,1,{ ro achieve sr(rtlrlrx) Ís thac
ÐT(S,Mi is n*ir**mpry" Tf i?re $]rsgenì is SST( I rX), this condiriorr is
al*o a suf fí*åe¡rt eoncti-ei,sn Õü [,f for sr(¡l{, f ,Xi " rn chat cåse Èhe fact
"';ha* ttre sy$tea mäy operåte in elosed loop doas not add &fly extra diffí-
cui.ij"es rçhen ehoosing appropri,ate rnçdeJ. structures !1. Experimental" con-
cligi*ns the,t give ssr{Iáxi êhêrefc}re ere equåvalenË rô open loop from
th* våe'o¡ poinÈ of í.dcncifíabítíey

3,2 Críteria of ac

The r*asons for performing påranneter å<ieatifíeation may for example be:
deflerüÍnatíon of cercain pårametãr va7"*e,x wilích i:ave sorne sp*cific
physi*al meaning, eontrol syse*:Tt d*ci.gn, ar sredi.*tio¡.¡"

The result of an ideatíficati*¡r ic v*ry ofter; rre*d. for: all the abova
purpüse€. This ímmediately i*adc tÕ ttl€ eanelr"¡síon ti¡.r.r i.¡ is i"tcÍ poû*
e íble f,o gíve a single erÍte"ri.on *f êe*r:;:e,ey *avering all sitr_¡atir:ns 

"

Dåscussians abc¡ut differen¿ criee::ia s,n,J ?:ei:erêûeË.ç f-* Õth*r ç,c):ik$ c¡:r

thíu subjeet eån be foun¿å in Mehra lrSJ* e*i, ð g, s6ders¡rõm er ¿l t6].
Õna ccnu'nan measuÍ* r:f ¿ecuraey i* cü urie l.h* covaråa*-ce ¡nar¡:i-x F of

the parantefer estfmåtåË {it v¡i}1. br* ê*.p.r;!:t*d ehat i:l.¡e es cirn¿rtc* åre rJn*

båased) . Ân al"tern*ti-ve åç to ¡.¡se Fislier's inf acrnatian rsaerix J, -qeÊ
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e g liaüdåll-$terarr i;gl ffrr a deiÈnítion. In eq (Z.g) e(t) can be re-
garde<i as e funetícn of ô, let c'(t) denote the derivative of e(¡) with
rêsËect tc ê and ûvåluaËed in ê0. Then the ínformatj.on mat,rix can be

utríeten as

J * r*{ ã{e 'i*}' ¡,*r r'{t} } (4.1}
ç¡irere i-l ås the numbçr af t1at*. Foí sÈatistical"l,y efficient methods iike
Èhe maxirnr¡m likelåhood methoel the eovarianee macrix P of ô â$J¡mptotic:-
ally satisfies

_ -_1ts s J (4.2j
For an arbitrary identificac.iern mettrod ihe tråfiì6r-Rao ínequality, see

Ctawâx [Z*] and for this pårticirláä c&se aleo Å,e¡rðm i3ûJ, can be sraced
ås

P>J' (4_3)
It çiLl be generaLly assumed in thar following ehat only efficíeng me-

tirods are considered so rhae F is ärinåmal", L a {.&.3.} is satisfied. lt
ís then equivalent to usê llt or i ë.s å. me&gur* of Èhe accuracy.

Tt is, hor*ever, advantagûûr¡s ts havs a sea:.er f:*å$ure, l¡r chís påper
ïe ehall. rake der J * (eler p)-1* whicli iuäî*l"v ueedr e s Mehra

[r3J ana Nahi and Napjus i:t;. T!:e targer r't1e ve].ue *f der J isn rhe
better the ídentifif,stion resulâ"

4. TNFTUËT.ICE TF T'SNÊBACK ÛN TÞËNIFT,TBTLTTY Ai,]r ACOI.IRACY

From the discussion of the prevíous s*cgiorrs, it follrws êhår â1l
the three items, the model structure [4, the identífi.catian mettrod I
anci the experimental condition*.{ wil} have i¡rfluence on rhe iden¿ifia*
bility of a system ås weli a* on Ëhe &ccurêcy e¡hen år is idencåfiable.
Some generaJ- resulÊs conrlerning the influenee of ¡N{ and T are given in
$öderström et al tåj" ln generaL ít *.an be said thar the maxírnum 1ikeli-
hood n¡e¡hoel (- ininånå¿ing det Q in {2"5}} is aLways effícienr, Furrhero
if this pracedure fails tc give i.dentifå*bilíty, rhen no ot,her method.o

based Õn meås¡¡rements of y and u, r,rÍ11 "ne succeseful .

In thí.,e seeåion the ínfluei:cc of X r.¡ill be discuesed. In one sense
the experimental eondåtisns r¿il1 have a greater influenee on the resulrs"
T.f ít is found fhêt an X d¡:es nor yield identifiability or acceprabLe
êeeurâÕy' then the whole identíficåtion experíment har to be repeated,
fn contrast, íf ¡ü'(or l) r¿as not ehcsen'ín a suieable mânnëï it is pos*
síble tÕ try orher,!i (or T) on the same dara.
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4.1 Infl"uence on identífi-abilitv

It foLLoç¡s from (2-6) and

for whieh

t2,7j Lhst the r*t b, *s]¡rsist.Eå t:f thsse B

l].m
N''oo

r.¡here

rr(z) * H*'(z) * ri*'(z) (4"2)a

-T * ìuu(z) * H0 (e) Ge(¿) * Hr'iz) c"(r) (4.2)u

Clearly, DT*DI (û, defined L,y (ä.8)), sínee for û €ü., we irave L* {z} *

rM,.6 (ai e 0. Ho'*evero åf tLre syetern is nou St under the currenr experi-
mental eondít,ions, then rhere exiets a e* €0, such thât 0* {DT. 'rh1ß

"N.-t-lnî îî ¿

I
llu{a*1)r(r} * r*u i,r*i}u(ri lt * u (4.i)

u*{z} and t'f**(a} are such that (4.f)
a 1ånear, time ínvariant, noisefree

üeåns Êhat the RÕG-ueró filters L

halda. This eiefines, essentiallyo
relacíonship betr*een y and u,

Iro*(c-1) u(r) - iux(e-1) r{r) (4. 3)

ThexeÊcre *n1y if the¡:e ås a feedbaek like {4.3) $¡e måy loose 51, This

eondítå*n is the nosÈ generai st¿temect äbrue System ldentifiabiliey,
bl:t åE Í.e stsnds ie ie fairiy inpi.icít. l,le shall therefore proceed Ëo

giv*: an exêrt explicie condition for SI, which ehoutd cover most pracei*
eaL ca*es rf int,erest.

tee the input *ignal, u(t), tc the proeeÉs be gåven by

u{e) * n. {q-r} y{È) + xr(+-l} v(r} i.l,, o,r (4,¿4t

r'rhere F¿ and Ki *re línep"r ratioûâl functi*nç of the deLay operåtor
q'. These fiLtërs &re ehanged duríng the icie*tificacion experiment bet*
ween r {cåifferent) ones, so that eaeh ie used a nÕn-uero proport,íon of
ehe tots.L girne" Ti'¡e varíable v is * ve*,ear of dímeneíoa no and ic is an

exÊernal dåsturbance cÕ the input signal", eonparing trith Fig 2.i. we see

thåË v e'an be *,ansider*d as an addicioaal extrá ínput signal v, (measur*

able), as noise v, in thê regslåtrrs ês seÍ point chan¡¡es in the regu*

latar, v3, Õr ss e cornbånati*n ai rhese effecto. Ta include tire cåse

vrher* v is correlared !¡åth lhe systÈm noåse å, &esumâ that ít can be

roritten
v{r) = i(r} * n(q-l} eir} {4"s}

where R is a causal fílcer, Before:*e give rl'¡e reeul.tr:+e m*y remind ehe

reaelers of the c,ûncept of pereirten3-y ex*itirrg *ågnale¡ sÉee e g Á,strönr*

-Bohlin i23J and t{iayne I"zz3, \de *ay thet å sågaei #{"} ¿n persiscently
exciting (p e) of order m if
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ðÏ
tx?¡ere

f.{lN
0

vm{r) * eol (ü(r),.".rü{r-m+i}} (¿+"7)

It i,s clear thåg Íf v is s. sËashascic pr**âss with fu11 rank innava-
gionsn then ít is p e of any finita s:rder"

Thee¡rem 1

Consider the cysuem,S, i2.i) wåeii input síg;ral" {4.4), Xn where i i*
p e of any fånite order" The ma<iei.;-:ec ffiåy eansísr of erbitrary time

invariant Linear modeLs as år¿ i2.?)" hte assunre there ie a time delay
e*"ther in the sy$tem (and modeL) *r ín the regulat*r, í e G(0)Fl(0)*0.
?he ídenfífie¡.ti*n methcd I i.s a presietiorr ertðt iden¡åfication mettröd

iã.5) applí*d i.n e. ciíreet Ëa*hio*. Then "S is Ëtrictl^y $ystem Identifi*

" $ I v*(r) V (tiT
m

T1

o
(4.6)

r* n +n rt. I"Y '^u (4'8)
å¡Ê. Z

and aflthe ¿imensi+n rrf K" i.u n.rinr, *f Ëi o.rlnr, of 0

s* the eimensicn of the ¡uatråx ín i4.8) íe (no+n,

,r,l

n
vrl)l

lntv -tt nylnyn

r (n 
r+nr)J

Thi.s sheorem is ã,n e:<cension of rLre reeules åÐ Ljung et al l4]. The

i:r*aå ,":Í thê *:irénded ver*íoa is in Södersrrön et ai. lg¡j.
übvf.ously, Æ^ neceËsary condition for (4,8) eo hoi.d ís ¡hat
r >* ln_. "+. n.-)l(n + n-_) (4.9)*Yti"Iv'

*n the Õcher hand, if (4.9) hold* t¡ìen Ki and F1 can always be ehosen

s* ehås (4.S) ås satåsfi*d,
tet us díçcuss some specíal. e¿ses of the result. Firsc we see thar if

nþ * o* and fr(a) ís non*singuiar* Èhen {4"S} is sa¿ísfÍed for åny r
(inclu¿ting r*t) regardlese of the feedbaelq fiLt*rs Fr" Therefore, if the

cuml¡er af iadependenc "*xcrå ånpucs" is equel to ehe numher of inputs
eå Ëhe syste&, ti:en we alwa-"rs hsve SSI ? i?ô måtts:f what fhe f eedback

might b*, Tiris faet is by nor+ also videly recogníari:dn see belord. T'f

tl:lere åre no exrrå inpuËs, &v-0, Ðhen i4.S) cen be saiåsfisci if and ontl'
rf

r ¿ I + n.-/n-- (4"ft)uy
by a proper choice af fe*dback ia**,ç, ?.his m&eâs thet by etrifting bec*

ween suffåeiently naûy sêÊulatorc Ëe c,åir aisc obgaån SSI ever: if no

extrå ír:put eígna1 Ís ¿i.lor,¡ed. Tiri¡r f*er ç¿an pai.need sut in t4l. For

example if n.-=n*-*'Èhen it j"s suffieier.t Èo usÊ twa regulåtors. These"uy
shall be chosen sû thå* det {friæ}*Fr{a)i f ùo which ås quite a niil.d
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cnndieåon. In *ertaån appi.icaeåoRc adeiiäional, inpue r,¡or¡ld require a

very good regulator in order ta keep Èhe output varianee aufficíently
lorc, In such tåses ie may be eaaier uo fånd several. dåfferent regula-.
tors thåt yield scÈeptebl"e ôËq.pl:t r¡aråanee, uÏ'iân to fínd one slose to
the optimum" ?hen tlìâ Þ¡åy cf oi:eeiníng S$T by shåfting regularars is
of ímportêtrËe.

I,le may r*p*åf; thae when i4.g) i* aatisfåedu i e'phen che system is'
SSl, Èhere ås ns ad<iítíonst ctíffieul¡íes ån fånding ån åpp.ropriare
modei $fruetuf,e due ts t.h* feedback t*rmsu The t¡holc i.dentifieatían
procedure can b* perfcrined *s Eir*ugl"r ch* dara v¡as ccllected during open

l*op opere.tí*n. Tn faet, Íhe open laop såruatíon is juse a special case
in Êhe eh€Õreæ {Fi*S). Tt ear¡ alec he remerked that when the dietur-
bance eí.gnai åe fieasur*ble, in¿iår¿eÈ ådentifieacion may be appl,íed, as

d.escribed Ím Seetíon 2. li:*t the tre.nsfer funetion(s) from v to y are
*ieter¡nån*d {*ro if v*to y is nodel.}ed ae a tiÍ¡ê sêries) and knowirrg

the regu.ietaris) Èixe apen i*op dynarnica is sol.ved fÕr. l{owever, it can

b* sher+n, *f tjung er el 14J ¿1nd [33], rhår the identifíabítity pro*
p€rtie"s {r::'äi:i.s ¡;ro*edure *r* et{ê.fgly the sår¡ê è$ those for dÍrect
idecrtifi*ati*n usåag (2.5), å e Theorem Í. ís valid also for índírecr
å<lenti.f åcatir:n - 

.

T^f,nen i4.S) is nÕe såÈiëfi*du ¿:hen the sysréffi ls not SSI. Ît may,

howeverr b* sT för eerËaån modei 6c,ruct.ures, buh these can be charec*
teråzeC onïy ån eerfis *f feirly eomplex expresuíons involving rhe
æa¡råx in {4.8} and f,,he strl¡cfrura cf f:he ãrue ny8Èem s. Neíther eåñ

ir be teste{Í a pa,stericrå frsm dat* onl3rn whefher the ehosen M actu*
,r1ly yielded SIu cf Example 2,3

An importånt ease ç¡hen SåT is írnpoccible ie whe* *he regularor is
time ånvaråan.t, linear and noåsefree ¿{rid n* e?{gts ånpue ís added,, L e
r=10 R,r*Û. We shal.l furrher ånve.*tåg*"t* thie ea*e far nuonr=l ¿¿nd ¡V

h*ing dif ferencê equåtío¡ì modeT.e"

Lat ehe syatem be gíven by

S: y(t) +aty(t-L) +... +âRâ lir*nni *rru{r*k*l} +... +*r.o* r*k*nO)+
+*(t) *cle(g*f)*""u**n,- r:{t*r:*,,\ {e.il}

k¿0rånå+0'bnb*ûnen**0 \
e¡¡d the regulator å-c

u(r) *-fru{r-1} - "", *frrfu(i*n.) *Srjiir) +..* rSn y{r"-nr,) i¿*.tZ)

+ 0" 
"F ir

t.t, * u' un*
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Defíne rhe pclynomi¿is þ,tz), B(z), ö{z}, F(¿) aa¿ G(z) by

A(*) * I + å1ã+... +urrn u C(z), F(z) analogously

B(z) * bru + ".. *brrh* b

G(z) - ã0 o Slu*"""*goo" I
c)

Assume thae F(c) and t(*) are relarively prime and rhar there is no

*o¡nmön feat*r r* all che pôlynomís1.s A(z) n B(a) and c(z). Further
åsåume rher rhe p+tynomíats e(¿) and A(s)t(a) - ,kn(r)C(") have exacrly
rtp *onnon factors, Then r+e have the follawing result.

Ti¡earem 2

(si'dersuöm er al [SJ) consider ctre syÊLeïfl given by (*,ll) wíth the
feedbscle X (4^1,2). Let ehe cLass of modets f,4 aleo be given by (t¡.11),
where the eoefficíents uårbi and cU ara eeÈåmatÈd using the idencÍfi-
cêtion nethçd (2.5); l, ?hen S is SI{rf{rîuf.} if s,nd onl"y if

max (nr-n6r nU+k*n*) - nO : 0 (4.13)
u

A síuilar resulr is shor.rn in Varehík I"Z*}i *f elso Box anci Mctreg,ar

[35]. I* [Sj further resu]"ts are gíven f*r the dese lrhen rhe rimê delay
aad the orders af ttre modeL ds not er:is:eide r+íth those of the system.

Remerk i-

In order to te6t ådentifiability of a sysr€nr soma ca¡tdition invcking
the lrue order of the $ystèm must be evsluated, Thus a priori infsrma-
tion of lhe order of [he syste$: is a erueial poínt. lforeover, th* örder
eannot, be tested a posterícrí, i e ít Íe not poesibl^e rÕ tess after the
experÍmence if tt¡e sysrem re*l.ly ç¡as idantífíable å.s $as illusrrated by
the Example 2.3.

Rernark 2

The resrults ean for: exar*ple be applied to tha special ease r"¡hen a

mínimum varí.ance regulatcr, [36], íu ssêd" T,r sen than eanily be shoçn
thåt (4.13) reduües rr

k ¿ n + 1.
e

4,2 lnfluence on the åecuracv

From Seceíon 4.1 iÈ follows that good identifíability properties årê
obtained for a number of feedback aitr.rations. Tt ís, how*ver, sometimes

elaimed ehat even if identification of syst,enrs operating in closed Loop



16"

is ¡heoretícat3.y possiblen tbe o'näairr*d estir¡ât,{i$ å.re iri prae tice very
poür, due to the effeet of the faedbaek e€rrms in lh¿ inpur sígnal.
tlormal"lyo the rea$an for fe*dbsck controi. i* co decrøese the vsriance
sf the cutput. Then, naturall"y, also î:hê ;.nfûf;naçion cÕntenis *f rhe
meåsured data deereåses and e?re esLåüac€Ë obteined håve rçr:rse åc.f.uracy.
$or this reasÕn el.osed troop experin¡ei:ts may i:e ånferíor Èa apen ior:p
onec. However, thís c*mparison j.s e l*a::t3r irnfr*,ir. ûfcen the limiting
variable for en identificå,tión exp*rirn*nt ir; åhe Gutput variance, Due

Èo security or producticn r*as*ns ehi* variåri*ê must be kept ireloî"r ¿

certaån v6.iue" Therefore ciåfferent Éxperímentai c*nditíons shr:ulil be

compared for the same úutput våri_er:c*.
Then Èhe ånterecÈing qu*sÈirns t$ ask are:

c Ar* open leop exp*ríments inherently b€ttef, thar¡ *losed loop
ones gåving t,he same üuf;Fue varÍanee?

o Is tirere åny sysrematíc dífferênêå bettueen varíous experimental-
c,*ndieåcrns ehãã all" 3'åeld ide¡rrífi.abi1C.ry?

rn siÍdersrrö:n et aL l6j,[7], thêF* f;w* pr*blea6 sre studied by means of
eirnulaËions artd anatysis of, Lor*r *rder sysËems, the ånÉ¡¡ers are quite
clear for Èhes* examples: Open Loop *xperífteûts e,fe ñot necessarily
?:e8ter the.n elosed locp oûês that give the sârne output variance, ånd,

i:here í$ ns €fseßmacíe dåfference betrøeen díffar€nt experimenral eondi-
gi*ns *hat yíeid ådentífíabítiry. Tn facto ir ean be shswn thar rhe
seme irrformetiôn matrices can be obtainecl rsiehln each class of feedbar:k
conf iguratåoneu like'r'rhen ê¡n exÈrå inpuf eignaL ts injected, when the
::eguìaEor ålternat€s between di.fferent f*edhack laws or rn'hen a linear
reguLator of suffici*nely high order í.s u-qed

ãnccuraged by these resuläse lre prÕeêêd tÕ *ptimiee the experimental
eonditions in order go obtein as gecd a*euraey of the parameter estí*
males as poseible" bIe shall consider ehe fol"lowfng el.asses cf experi-
mentål ccndåeÍons 

"

x(9) t 0pen loop experinrencs" Tl-¡ê covariance funcrion (cr ihe spec-
trr¡n) af the ínput signai ås at rhe *xp*rirnsnr Cesigrrer's
disp*ea1 

"

x(s(rnn)): shif ts betweer: r lj.neË.r xegr.rl**ors sf orúer n. The ¡:ara-
meters of the reg*].ators, and thå próperrtion cf the eâts1
tifie eaeh ane ås ¡,:sed are åt d{ *s*s*i 

"
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X(E(a)); A f.inear regulaËor af order n a¡rd *n exË,r& input signal"

The parameters of the regulat,or as treli as the eovari¿nce

funcÈion of the exerå ånput ås aÈ då*pasal.

lo choose the opti.mal experi*lental cor¡ditía*e ì'¡ichín tlre class X(O) ís

of co¡¡rse the well-kno¡+n probiem of opeimal ånpr.re design, whieh has

been srudied in å greât number of papersr I & T.evin [3?], Lavadi [38J,

Gagl.iardi 1391, Aoki-StaLey 140J, nai:i-¡¡apjua l31l, Goodr,¡in êt eI [41] ,

Keviczky-Bányasz [aZ1 , toodr^rin*Payne [43] ' tj ubojevið [44] and ]4ehra

t131. Tn ¡hese på.Feï6 ttre pa*såbílity tc change the expêrim.ental. eondi-

rions by for example i¡:troducing a feedback hes r¡ot beêa coneidered.

Unfortunately, ir is tcchnically very invalvad to eonsídêr optiñiua-

tíon of X for a general åystem. We shaLl thetefore anaiyse lhe problem

on1.y for a first order systêm,

St, y(t) + ay(r-l) * b u(t-l) * e(c) + ce(t-]") (4.fr+)

Asswre thet che mod*l set M is eircsen ae

Mrr y(t) +ây(t-r) *Ëu{t-t) + e(t} n å s(r-l) (4.15}

Ac meâsures of Èhe ¿ccuraey the decermÍ.naûÈ of the information matrix,
dee J, gíven in $ectíon 3 wåL1 be u¡ied. When ño re$triction is put o*

the variaRees of the input and the ouäpt¡t it wouLd be fsvourable to

have very Large eågnals. This Íe of cturse fos differênt reasûns nst

passible in praceice. Therefore rhe cåsêÊ of eonslraíned öutput vari-
ånee,

')2Ctr r y-(r) s l-(t+ôr), 6l t 0

aad eonslrained inpur varíance t
jj')

tZ, H u-(t) s ).-ôZlb*, 62 t 0

wíIl be eonsidered. tf rhese constraines åt sêeme mcra realis¡ic to pul

bou*ds on the varíe¡ree of the oúÈpuË,"

EX.A.MPLE 4. 1

Consíder the slstem S, (4.14) where nez{e}'1. Assume thåc det J is
maxinized subject to the eon$traina Ct. Then if can be $hcwn, [;],i6Cr],
ther the optimel experimentaL conciitÍon irr the claes X(E(n)) is obtained

ès

u(r) *ffr<rl +v(s)

vhere v(t) i.s rdhite noise r"¡ich Eariance 6rir-eã).
sufficiene to take n*0-

(4. rÕ)

It i¡* *onaequently
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I* th* class X($(r,ni) the optimal experimental' condition wil'l' be

1,lð (1-cI ) y(¡) (4. 17)
L + ôt

{ghe * sige and - sågn sre u*ed l}ft çf thê tine each). Hence r e¿n be

caken ¿s ä sad n êË û.

fioth (4"1é) an$ (4.1?) give che Ôptåmal v¿lue

o

,¿

3 tdet.loN
b? ( t-cz) 3

IË ean alsc be a-hown that 4o. open loop ånpuC can yial,d this value' un-

Leec ån the degeneråted e&se aãea s¡

A.lt.hough we consÍder i¿ fü be more R&tt¡rai C* requíre tha¿ the vari-

anee ûf the outPut is bounded than thel thÈ vErian*e of the input is

baunded, it ís Ínstruc6Íve CÕ s*e how this chenge *f constraine wí1'1

influence the resulï.

EXÀ¡'PLE 4.'2

consíder *gaån the system 51' (¿..14i wieh e * å o 0. Lêt the cti-

terion stíLl. be det J buf ehanSe lhe consÌirainË to cr, îben optimiza-

ríon in rhe classes x(o), x(${r,n)}, x(s{1,1}}Ê x(E(n)) wíll give the

sâme Õptirnum, nameLy

detJ*N2
ð 

2 
(6 

2+ 
i.*az)

uz {r-^zf
The optiruum eån be obtained in elsss X{t} íf

u(t) * *"å*r w(t')
i"*åq

vhere w(s) is t¡hite noise r.'ith çariance ö2(1* *2llaa "

In rþe claçs X(S{r,n}} tixe c'ptinun ís obÊeined with shífts between

ehc L!üü proporeicnal reguitåtÕr6 (eactr used 50ß of fhe totsl rine)

ðâ (1+ð2*a )*að *
u(e) =

¿

A(1 + ôr) tr

Tþe analysåe has several irrporrant implicaUíone. In rhe fírst place

it ehostrs rhat feedback terms may have ta be incl,uded in the irrput sig-

nal ín orcier to obtain optimal accutacy. The optimå]. input probl"em' as

usuaLly discuesedn therefore cåR be sai€j nat tG be weli' posad' Inclusion

of feedback Cerms is by no meåns any problem ín Prac¿ice, and therefore

rhe oprimal ínpuc should be sought in the elasees X(S('r')) or X(E('i)
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r"tr:h€r eha¡: i.n ,{{ç} "

Çr:* urighi discu$s r:he generality of Èhe reaults in Example 4'L' It

ås dåffåeul8 c(} cêËry *ril the anai"ysis in the general case' buu it

s*eîå* pler-ieåble. tl"¡åÈ it i* elr+ays favourable lo eÕnÈrol the proeess

.,*¡ith a rnånimun varåance eorrl;:crlier and add ext,ra input so that the

const.rsint on ði-¡e rulpuL va::isnee i.s met. l{ow, to knot¡ the minimum

varíance ccntroll*:: iç *s.ãentially equivalent io know thê systêm it-

self and then t.here ås no 8ee¿l fe¡r icien8ificstisn' ?his is the usual

di"l*;mna cf optima! input syfiehe$is; The' $y*tef,x musL be known in order

to deeign ehe cprimal irrput sígnaL. Hswever, the foltowirrg rule-of*

*i:irumb cen be pivenl Ðe.ereass *h* outpull varianee as mueh as p*ssible

usång a feedback'reguletor" Thí¡¡ mskeg t'¡6e *$ the s.vaålable a pri*ri

information about the system in a aen*j'bie 
'nar.ån€r' 

Then add an exüra

perturtration signal (e g whire nçåse) se ehåÈ Ëhe ougpu¿ variance

reaehes Írs allo1¡red value. Àltern¿eiv*l;i, ehrange Cir* reguiator pâfa*

meters in 8wo differea¿ hlays si, thet th* bol¿n¿i sn tha varíanee of

ehÊ oulpL¡C, is met. Then Sirift becæe*rr *i¡Bå* tt"to fegr"rÌ^âi-sr s*fringS'

One way ¿s obCaín a suåesbl* reguiaÈor in thê fifs€ plaee if *lre pro-

cesæ dynamíes are unkncwn eoul-d be t+ tlsí* a gslf*t*ni"ng regU!'ag*rn

Åström and I{itcenmark t45l "

e - 3 Sur'¡ of other eo''r¿ri ti **s

A number of papers c1*4.1"ång !¡i"th lilå pr*:bienr ef ådeneåfyi'ng å prÕceês

oFerâting in closed lo*p are nct¡ av¿j.Lab1c" se far mÕËt Ûf thert clis-

cuss ähc probl*ur frcrn the ådentåfisbití.Cy p+ine üf vie+r" in the ieillot¿*

ing rhe refererrces r,li.!l be briefT.y revåewed. in a short review like

ehås it is not possible to give fult details. Notíone like idencifiabí*

lity ee* -r¡il1 therefsre be'.rsed î¡iehoue gÍving the definit'ione that

werc used ån eaei-¡ par¿ieüi¿3r pååpeï- Neverthelese it is mos! ofüen intui*

tiv*ly eLear;*hat is meånfl, ln Tebla Ct-l sn átEempt ís made to sysÈerniz*

Che csnt,rrbueåons a*crrriing tü Ëhe {:ås*$ díseueeed and fhe methods and

moclel st¡i¡*Èrii:*c r,¡sed" Thc påPãr$ are revíewed in chrOnologieal order"

sghså-" Ij,4 j ¿igcllËsðs ídenrifiebili.cy of *ontínuous' deterrrinístic,

ií¡rear st&Èe Ëpaee syÊleîr¡c wigþ aÖ èxtrå percu¡i'ÞêÈian and t¡ith a time

invari*nr:, noise free feedback. f. l.ease $quåre* approa*h tÕ lhå pã'rå*

m*t*r actiara¿ion ie €ake:r" l{ec.ese avy atz& suf fíeieat *ondiríons far j'den-

ÈtËr"&Þrrrcy ar€ ån this case Ëh*r i:ha eantr*} law is non*l"inear in the

$tateÊ, an<1 ll€t Èhe system å* **nrpleteiy *arr8r*!1abie"
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lhe probLem of ídentificatioa of clcsed loop ey,*tems has been treâted

by Ahaiþe. [91r t17]. There ara also several åpplieasåons using his ideas,

e g otouro et aL [46] and Ïroh er al [4?]. Âk¿ika p*ånus st¡t chet crÕss

spectral arralysis requires' theg the ir:pug is nreasured without noise aild

that the noåEe and Ëhe ínpue are índependenf' Shis laet *ondiCion is

violated fcr closed loop systeñs. If there is an extra perËurbatioÛ¡ i e

rl*0, crosÍt Êpectral analyeis can, hÕr+*v*r* be used in a special way'

Akaike treats p4rticuLåri.y the c*se s¿hen Èhere ie an unmeâsurabLe dis*

t,urbance in che feedback loop" Then ordinêry ðfÜåE spëeftål anal^yais

fails, Instead thê prebien is soLved by introclucirrg a causai time domain

¡nodel.. Direct ådentific¿tion is used uieh an ímpuLee fesponpe ¡nodel with

a finite number of parameters"

Priestley tfgl rrastË the problem af estifûe¡Íng the process trangfer

function from data coneisting of record'e of the input and Èhe output

from a closed loop syste¡n t¡íth addítive dåsturbances. No known perturba*

tioa is avaiLable ¿nd the feedback is línear. Dlrect identåfication is

used- lhe least squares neehod is cornpared t^¡íUh the leeighted least

squêres methÕd"

In rhe $ufvey påper on identifieaeion ¡y Âlqë,qr-g$-*Eylqt¡o.Êå tl0l
ide*tifieation of cl.osed loop systems is only dlecussed very briefly'
An exauple is gíven for the cåse of noiee free¡ l.Ínear, time invaríant

regulator wiChout ex,trs pergurbation. In this da6È e noncaugAl rnethod

will give the inverse of the regulator å9 the model. However, a nrethod

usíng a causal model nay or fftey not give the Coftect modeL, cf Exampl"e

2,1 and 2.2,

The mosr general dÍecussion is gíven by .8?hliq [12]. ThÍs paper is

eoncerned r*ith ehe basic tiniratíone of idencíficatíón and the pråctical

innpl.icetions of the mathematical aseumptione lnvslved. Thue also identi-

fication of processes Õperêring in closeci i.oop during the experiments is

treaeed. Bohlin remarks that therÊ are very simple but reelistic cases

shen idengifícation is ímposeible under cl.osed loop conditions" However,

a closed Loop during ühe experimentÈ does nÓt necessarily prevent iden-

tificatíon of the open loop char*cterístics. ln the case of noise free,

linear feeclbaek ¡¡i¿hout any exbrâ perturbåtio¡r the Procêss is nac iden-

tifíable wåthout a priori knowledge sf fhe structüre. A chosen sarueture

calrnot be vslidated by thê detar ef Exaalple' 2,3'

fn ÞSþ1þ [48]. tire arubiguity of th* maximu* likelihood methocl ís

treâËêd. It is defron$tr¿ted that åf the regutetror is naiee free, línear,
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tåme invaríant and íf nô ext,ra perturbet,ion is ånjected oni.y the noisre

r,raRsfer function for the closed loop syotem is identifiable. When the

structure ís known, identífiabitíty of the open le}op lransfer funcLioü

is secured if there is a one te ûnè cûrrêspoad*ae* betwe*n the parame-

ters of, the open loop tranefer funcråon st¡d thÊ cltssd toop noise trans*

fer funcrion" !{o explieít condigions fos ti¡e ídentífíabil'ity of rhe

open 3.oop dynauies are gíven.

lsblrlHg t49l rreârs tha eås€ wieh en *xars pareurbacion v, or wi.th

an unkno!¡n diçÈurbanee vZ. The eh*iee af msdel strußeurè and idenrifí-
eatirn eriterion ås alsc discussed, It is clemcnatrated that thíe choice

ís of crucial imporrancç. F'or the clâsed toop câse È,he differencê egua-

ti.on model for Èirc proce$s auËf ån*lude possíbilÍt'ise ¿a handle eorraLa-

red dieturbances. Ðireet ådentifieåtiÕr¡ is proposed. An applicatíon to

¿ bsll miLl" ís i:resented"

Þgx-n*4_Jeg$ågggå [t]1, [:.$] i$.rse sho]¡ thât correl"ctíon rnethods faiL

for ciosed loap äysc€Éis" If en e:€trå inpue eigrtal íe available however

i.denr1fi*a'bian is pcsei.t,ie" ?hey *lse dåeeuãs $het cån be done in the

c¿se of nß *xf,rå inpu-e by m*rlel]"i*g the pfoc.ê86 a8 å Éure ¡ine series

**ing Ðhe cuipçC {i e índi::eet iqteneífåeation}. "Ihey propose a t'est for

feedback by r.e*eång r:he e'tres,-ì eovaríanee betweên the inpuc and output.

Â.ppliee*årïis gt poLyrner visc*sity and paper ûachÍne dEta are given.

Caånes ¿nd l'í411 [5û] dioeuss påråmetâr estí¡üåLíon of cLosed loop

s)¡Étems and parricuiarl.y rl¡e eêsê'øíftr ar¡ unknown dísturbance ín the

feedback locp. They stat* ähêi direet identiflcatían using the loss

f¡:neríon fCIr the apen loop manimun Likeli,hood eeÈination r¿ill not give

ti:e maximu¡n likeliho*C estimate$ for ehe eloe*d lacp ease. Instead it

is pr*posed ¿o estimate {.he paramei*rs ån eh,e mocl-el ccasietång of che

ínputs ancl outpuÈs e¡rpressed as tåme seri*s od the noi.ee sourees' This

ídea has been pursued by f;aina* en'J ilhano see b*åo!ù

&SqqH.å$ [Sti ¿icusses rhå ide$.tåfåeacåon *f syseem$ opÊråting in

closed loop. Indirece identificãfíûn uifh th* i*aet $qsar.*s marhad is

used" It ís stated Èhåt the open Ì"aop er&nsf€f funeti*n c;¡n ba ahtæined

åf an €ãqtra perturbaeion v, is i::j¿i*te¿l sxf ç¡þrst1 il'lrrc¡, is €å,Jislr:rbance

vZ åcting in the feedback laop. An exa*pie uei.rrg dår**r åd';¡reåfi¿etíon

i.s al"eo gíven.

EyJiqóÅå [Sg] ¿is*us&e& briefl-y i.rå*nsåfisåì.:å*l'À tf clcsed 1o*¡: *-lrstems

in conr,.eetion r,rit¡ leaee sqîtå{rÉis eeÈinii'rlå*31 . -'1ii'r+ e'äsi€: r4¡ith r¡e;j"ce free

feeclt¡aek and r,rith e perfur'irsti¿rrr sígnai is tjr;sel:ee¡. In¿iårecr ¿nd eiårect
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ådenrifi.eaÈion are pfcptsed as the swo exåoti.ng possibititieç' Ït is

É:eÊtiÕned ÈheË difticulf-ies can arise ín índireet ident'ification be*

cat.is* ie is noa 81s{åys trivial to scLve for the open loop dynamics from

tkÅe ¿ltsed ioop Ërånsfer funetíE:n"

Ë3gg lrsl is urainly eoncer¡red r"rich paramÉter identifisbiLícy of

conËinuous and diserete eirne e¿ate $påeê gysleriË' À recou¡mended htey to

ni*de} å syster0 l,¡ith feedback is to çrírc dötr$ the $Èåte spsce equåtions

for the open loop systee and ehen modí.fy these êquations r'¡ith the feed-

ba*k 1aç*. The closed loop syste¡xl is åhen e}€pr*sged in eerms of the cpetr

1**p parametar¿¡ and ehe paremeierc üf Èhs feedb¿ek }aw" lhe idensifiabi*

lity qrresti*rns f*r the anknar+n PårÉme!:€ì"s *:f Chis claped 1'oop sysCem cån

ehen 're answered ae for the Õpeil Lcop ear*'

toadçån . Favne and M,urdoch [53i are mainly cûncerned r*ith the syn'-

thesí.ç af oPtiurei tect signals for el"oee{ ioep ådentifieatíon' A veriant

af the ease çieh *n e:åtrå perturbafår¡n ås tËeåüed. Âceording to t'llf

nÕßåón indirece identificaflåan íe useû

liq$Þqås.gg ¡5a3, t55i has disctîeeed pr*blerr¡s rel**:ed ccl ehe identifi*

e,ariÕxl of closesi loop sy**qüË" ln prån*íp!Ê ahé e¡asa çi.çh un¡neasurable

disturbanees in thc fsedba*k io$p iç åreateei- Låndbeägêr useê indirsct

ídenrifícaeion accordång te osr nari.Õr¿. }åe a]'*tt pf,ÕFo$ê$ a straÈ*gy in

order tû Ëry to eehåeçe iúenr:iiiebj.iiry by *r¡*ce-4eively ånere*sing th*

complexity çÉ Èhc regutreeo's ená perf+r:inín8 Õn* experimenc t+ith each ¡:r:*

gulaeor une¿i å l:e¿stnåbte m*¡1ai' ås *þgained"

Panich and Trachevskå å [56J ef*rive ideneiíiabå1íty con¿iitions in ehe

ease ûf a ïinear n*isefree feedba*k wiehor¡t åfiy Êxtfa input ass um¡.ng

speeial 68ruðÊuïes *f f.he syctem and of the ragulator making lease

squåres ådenrifícaËí-¡:n appi.ícabåe" Ne¿ess*ry eondåtions cura out to be

ãhêt thè lag *f the sy*Ëem íç iarg* enough Õf thåt che coütroLler is

c*mpiex ,è}lrugh" símutatåans illusÈrate +¡h¿t håpPens for dífferent number

of delay* ån th* system and for dåffer*nt coñlf,oLlers'

Vc¡re.irik *t ¿:i lS?J con*åd*r the ideirtificstlon of a closed loop sys*

cerr. llri,¿h di.seurbaneee ån th* feedback Loop whi"ch may be eorrelåeed with

t.be syseer..r d,i$tr.årbðà1"rcs.ç. Tlre disr1¡.rb¿nceÈ ¿re agçumed to be uncorrei^a-

te,1 in tim.e. toneiåiå,:rrË Gn ihe signals and the rcgulaËor ere derived

.c¡néer r,¡hÍr,l: the paraæ*terÊ af th* Ëysteft and./or the regulåtor converge

tr thÉ frååÈ vålu*s snd r:*der r¡hac eondieione t'he estimsces are effícient'

These rssults &râ a:{te;lded in }-2g-i!¡þ [$A) to såseõ where thê sÈructtrre

af che disturbences äre rnare coraplex. ldenCifíaþitíty condÍtions åre



aiso give:r for t,be {:a$e wiren thcre ís no dísturbance Eource ín the feeri*

baek l*oP.

.#Égg. [ãü], l31l gåvee ecndåråone on t^¡hich eignals that must exiet

snd ,,*hich¡ *igrrals thåf heve tü bÉ ineagtrred t0 bA able go determine the

ope* loop *haraeteri*È:í^ss Ërcm closed laop experi$enÈ$ by carrel¿tion

{çpee eral} nnalyrås. in general e¿ees the Ëegt¡lator has tÛ be knor^¡n'

l,"Lsæ esgirretes af tire s'*tained aceuracieg 6ré given.

Fhadke *nd kÏu [ågJ pres*âr å pr*eedure for the identífícation of a

mriltj.varíablc sysÈem deeeribed by å vêÕlÕr dåfference equation model

rshi*h. ås aimilar gð thÉ oñe prcp*sed by taines an¿ Chan [l] '

Tbe proeeclure consistc of Ê!ût stepå" First a multivariate time eEríes

¡rradel" ís fittect t,û thå ínp'.:e aad ouâpttl serås*o ?hre open l"oop characte*

råsCics cãn th€n be determineå fro¡a thí* m*del" 'lhe conditionå år'ê that

there iç a disturbsnce êsuree ån ths fesclbarek laerp and Lhåu Ehe plant

(or feedback) hae åt least one 1*5" l!r* proee*ure ås eËPlied t'Õ lhe

idenuíficatåoa of e mu.Ïflívarisbie nodel af ¡¡ '*lasI furnåf;e'

?hiim and Krebe [2?] carnp*re e*rrelagi^ar¡ ånêlyêåå and paramet¡*r esti'-

rnaeiÕst when applíerl ta the ideagåËåeaeí** *f claeed io*p system* " They

discuss the possåbilåtåes äô r:ôé *Õrrâ'tâÈåorr aåråå!ïsis arid *sn*lude that

e g generalised l.easÈ âqueres snd maxåm"¿m likeiå.hcrocå methÖds å1.e prâ*

ferabie.
Kurz and ïsermann
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[59] considar s¿ç*ral dåffererrc elÔÊed loop ecnfi*

gurâtíon6 and diecu*s under çhsË *onditions ehå åPen ioop ehar**teris-

tics are ídentifí¿ble" À slx]*etåga {on*1.årre} *ientåficåtion prcceeture is

used. In the first stûp certselatíon aftâty*ås f.* pe'rformed" The obtai¡:ed

est,inrat*s af the cürrelstion funeååons åre thêR u$Ðd in a i"ease squêres

pêrêfüeeet' èstr.mêtion. The dåfferane eåsås are ållu*traËeci by simulagiols

trying ão shÕn the ¿ehievabla åccorácy ín ehe differe¡rt câsês 
"

box and MacGrescr [35 ] stl¡dy ¿he effects o& the est'imation of charac-

teriståes of s;rst*ms opeËåuing in c106ee1 loop of oPt¿úality and subopti*

maliey of the regutrator, *f ehe influence âË en additional input signal

a*d of -tage i-n th* eyseerns" In pa::tåcui.ago they consider two prablems,

the eçãimågicÉ of, parameËere i11 fh* dynamic aild etochestic parts of che

Fyslefi and the e5Èiruagíon af only thÖse f!¡actíona of ghese paramerer's

r¿l¡åch o*csr in the ÈÕnfroI equaciün. Identifíabilåey eonditions åre

gåverr shcwíng thaC the condi.tione fe¡r fhê låteer cá$e are much t'¡eêker 
"

Caines ¿nd Chan []J and eepecial"ty i2] gír'e å very cÕnpleÈe treåt*

ffenç ef rhe prabtem wieh feedback i¡r ehe ånput eågnaL " They present e
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definieíon of feedbaek betr,¡e*n å¡1 asdereei paLt ,sf. i:iultÍ'varåabie pro*

cessås. Tt provídes stahåsci.eai eråteråa fErr th* deÈeeti*n çf feedbaek-

The proposed ídentifåcatiun prr:cedure seår{$ isåth s muleivarieble sime

seriea, modelling the ånpuÊ *nd aut¡:ue" T-t isr *ae'.!m*d thât tlìêre is e

dåsturbanee ån the feedbeck loop snd thaâ thÕr€- ås at least one lag

ei"r"her in the sysËe¡ü or ån ah€{ r*gulå*til . Frc¡m ths obu¿ined ¡nod*l tl¡e

system and reguLatcr che"sa*te::íst,åes e.?Í: *e dczåVed" The papere in-

cludes an applieafåor¿ eo eeü:ìÕrîrie m*dsl buåldå*g" An appliea[icr¡ tc>

pÕwer sys*ems ideneificåÈíôn is described ån [¡"i an* furËher developecl

ån Caiaes ¿nd $irrha [{it]-
G_r*SçS [6äJ *ensidere rhe ådenËåfíratåein of e!CIned i"oop feed"oaek

systÊrús of diff*rent e*nfåguråti#ns ar¡d eåiæeusse*l eoneåstency of ¿he

obeaiaed peråüeter estimåt*s.
Wel lstr:ad enú E¿knunits [63J co;¡eider ehe iriÈileif iâbílity problem in

Uhe cssr* ç¡h*n ih*: sysr.€m i'¡a* uneorrel.¿tsd di*tUrbgnees. They also dis-

cr:çc the,:*se when Èh#rå å-o no leg eåeher ån the gyËt€ft Or ín Èhe re-

girlar.o,-, ãt ås proposed that uh* íåerztlfjeåÈíÔn in thíe caae can be

pr::form*d u*ång an in.Êfrr:¡*ents.i vsríable ¡¿ethÔd'

5* fa:: the papers revier"eç1 I'lav* irraånl3r becn eoncer$ed with th* ície¡l*

t.ifí,*aei*"rr *f, {he open ioop dynamic* frani *loe*d Loop experiments with

{:i:.{i6så:ì* regr^r1aÊcrs" Ldentifia"uítíry probi"emo f,:t elosed l-oop system$

¿t¡]p,ilãr also Raturaily ån many adapeåve *ontroL sítuaeions. For sueh

-¿:rr:'b1e.:ns ihe feedt¡ack is generålly tirnevaryång ln å very subtle r*ay"

Scal* pap*::ç h¿ive diseusçed such problen:ã, e g fufCle and Phill"ipsoË [64i,

*qeridic ancr Lcbbåa [16],'¡,obbia and S*rieiås [65], Belakrishnan i66J,

i* j r:::g ecrd I'fí È ï*:nsrark [Õ ? ] ,

eaptions eó Tables 4"1 a¡rd 5"3

Farafrghese*q índicate Lbet r:nly ¡: çhort diseuse{etr ås given,

Ueedbec.k cåses

NR:

r flT "l.¡LL o

r{t:
LTV ¡

Exi.rér inpuË, the nignai Yr å.n Fíg ?.å ås n*n*ae'rû"

H*is* in ehe regulaiarÉ rhâ aågnai vn in 'FiE 2.j i.s Î,ün"-äÈr{}.

Línea.r, tå"me-ånvari.an8' fte.!i&lèfre* regul'a[$* '¡'í t'l¡riuï exïîÉ in'pui'

l{on-'1 in*ar reg*latcr "

Line*r: tírne"-varyåcg r*gxldr'Ëfi r "

Tdentif íeatian þleEh$d {e f Se*ti-or: lì.l"}
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fåEig-!*t Classifíeation of sorire påpeËs dealirrg with thesretical

aspeebs of iden¡ificacíon af closed l"oÔp systêms '
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TT:

JÏ.O:

PE:

GOR:

lnciírecc identifícation
Joint input-output idencif Ícat'ion

Predie¡ion êrror identificalión neÈhod (e g ML or L$)

Ccrrelaai.on ûr specËraL analyein

FY.S.qem.

$I$O: $ingle inPut single output

MIMO: MuLtipl.e input mul'tiple Õucput

Moelel 8t.rucËures

StaÈe space madel

ûåfference equation modeL

In'çulse response model

Frequency respo¡rse modei.

CAÐ.

DE¡

TR.:

FR:

5. APPLICATTONS

ln this ÉecËiÕn tro applicarions of identiflcat.åon of processes ôpe-

rating in closed Loop during thê expef,irûente 'PilL be described' tther

appLications found in the Lireragure $tí11 be er"rrveyed ån the seecnd part

of thís sectåon.

5.1 f.icati ons to ehic dvnami es and to a 1¿boratory prÕcess

EXAMPLE 5.1

Thís applåcation is concarned v¡åth ehe ídeneification of ship dyna-

urics" Á. model of the ship dynanrics ie needed for example when deeígning

auUopi.lets or for símulation" In this caee åt åg vsluable to be able ¡o

r¡se daÈe from closeé 1^oop experímente for the üodelling, einee the shíp

ghefi eåÊ speråCe under faírly norm¿l eondÍtionð ö\ten uhile the experi*

nenÈs are eerråed oue'.

?wo expe.råme¡¡ts r,¡ith a full"y loaded 255 000 tdw supertânkÊr, T/T Sea

$r,¡iftu ere ctmpåreel. The shíp ia 3â9 m long and hae a maximum speed cf

l-6 knct*" Tire rnêaËär€mêñts ntere lnade in the IndlAn Ocêan. The ¡¡eather

ccndíeåons, ¿he trim of ehe rhip and the ttater depth rllere about the

same'in thë Ë¡¡* exp*råmenüs" The dynamics frorn requested rudder angle

gç ehe shipos headång angle was detêrmined" The first experíment $as

performed in open loop, the $êcond one in cLosed Loop with å proportio-

,nal regulåttr ånd with arr additive rudder dístUrbance in order Èo
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g

secÉre the ídenrífiability. The open Loop experímen¡ lasted 78 mÍnutes'

the closad loop one 59 minutes. The sarupling interval w¿s chosen to 10

seconds. îhe variance af the input siþnal ttås ¡Þproximatívely 4 times

larger in ehe eLosed lcop experiment. On the oËher hand the varisnce of

thê heading angle for ehe elosed Loop e:qperimant $as e¡r one fourth of

the corresponding variance for the open loop e*periment'. In Fig 5'L the

inputs and outpuÈs ere shown fon the trÁtÕ e¡{petinrents. the experÍments'

are described in more detaiL in Kället'röri [711'

The dynanics f,rom che requesËed rudder angl* to Bhë differeneed

heading angle 1'8e determÅned ån a model form l"Íka (4.i.1) using the maxÍ-

muu Líkelihood methad. (The reassn f,or usånB che dÍffereneed heading

angLe ås rhe ourpuË inetead of the angle åtself, ls that due to the

physical knowledge of the prÕcess iC Íe known thåt theËe ie a pure in-

tegratçf in the pfocesð, when no wånd åa preseRe¡ via" the heading

angl.e ís the integrared angul"ar vetociry cf rtrs ehip [72],]

ìl

Ë
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liñi tñ¡n1

åts.åLa}RequestedrudderangleaadheadÍnganglefortheopenloop
experiarent. b) Sane for the cloçed loop experl¡uen¡'

3'or both experimentg Ëtêti5¿íca! tesÈ5 åndicated Ëhåt e third order

madel rd¡¡s ¿rpprspråaÈe. Aleo cross coffeletíon funetions between the
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resíduals aild tf¿e input indicafed ¿ third order model. The paråmecers

of Che nodels are given ån ?able 5.1 together r¿lth the e8limated accura-

ciec af the Fåråmeters.

tpen iaop experåmect Cloced loop exPerimenr

ãL

8,2

a3

6r
6 t
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" 297

-ü. 6¿+9
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1 .355

-L.426
0.603

0.078

À

å

+

*
*
*,

t

û.051

0. r74

0.037

0" lL0

0. 230

CI.196

0, û58

0.04r.

-u. 01 2

L,337

-0.330
-0.526

-2,L46
L. 702

*1.284

0.484

t.095

t
t
*

È

t
*
*
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0. 073

0.088

0. 034

0.132

0. 248

0.273

0. 088

0"057

fable 5.1 The est,Ímated parametêrs of the third order

difference equaÈion models of the shíp dynamícs" The

b-parameters are ecaled t¡ith a scele É¿¿tor 1ü0'

rhe nrodel,s do not differ very much. The zerÔê and tire poles cf the

correspondíng continuous mcdels ara gíverr åe lable 5"2-

0pen 1.oop experíment Closed loop exPeriinent

Zeros -0 " 
031

0. 31

-U.IJJð
r"25

?oles t.OCI2t
-0"062 r 0.036 i

t,0ü15
*t).056 å 0.051. i

TableJ.å Palas and zeros of the eoñtinr¡ous modete of

the shíp dynamicc.

There ís oRe unstable mode ía the modeL. This is not unexpected

since if ç¡ae knowr: in adv¿nce tl"¡aå the ship rnight be uneeable under

câr¡&in 'lca<iing eondieíon$, Fur¿hernìsre a pair of complex poles occur"

These mo<les anay be due Lo norrlinear ef fects ån ahe ship dynamics.

Another explanation fnåy pocsibly be the dynamíce of the rudder sèrvo'

rn concl"usÍon we may say that the tuto experiments are quite com-

parable both regarding reslllgs and accurasíee. llt¡wever during Èhe

closed loop experimengs ehe varíance of the output srås considerably
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Less. The disturbar¡ces in the cöur$e of Èhå ship wÛuld be quite åceept*

able for longer experimeüts, when the conttol loop ie closed.

E)ßMPLE 5.2

In thie case a l¿boratory process, e bår "tith å rolling ball is iden-

tífied. the angle of the bar and the posieion of t'he ball cån be mea-

sured. ttre control veríable is the veltage of ¡he motâr driving the bar

around

I

Fíg 5,r? The proceçs; A bar, r+hích can l¡e rot¡ted with a motor around

a horienrìcaL axis, appl-ied ín íCs midpoint. A m€têl balL roli's freely

along the b*r.

In this eåse ?¡e r¿ere interested in the dynemics from the angle q to

thê pCIsirion x. tc is elear fronT baeíc physical lat¡c that this dynamics

is a double integraror: 6{s} = L{s2. Obviously¡ the ídenrífication ex-

perinenf cånnot be performed in open loop. tdiÈtt no congrol, the ball

wii.t very quickly ro11 off rhe bår. À eimple llÐ*eontroll¡¡r feeding back

$ e0 the voltage of thè motor was used' A disturbanee wae added to ehe

setpoint of this c,on[roller' so thåt the bai"l was $åde t0 ro11 from one

end of the bar to ¡he othef. Inputs (ç) and tUtputs (x) are sholrn in

Fig 5.3.
lhe sanpling lnt,erval wae 0.t4 s and tlie êxpåfimeuc lååtÉd 20 sec"

The parameÈers of a second order qlifference mtdel (4"if) were d*termined

using the maximum líkelihood meghcd. The model r{tås cc}nvested to e ofiãi*

nuous time, and an ampl"íCude Bode pLot wâs dreì{n1 Fig 5.lr- Tf is seen

that in a r^ride frequency rångÊ the modcl gives a gcod d,:scription of

the sysËen L/ s2. ttre "båd" behaviour fcr very low frequencies is

u

x
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û.25 rod
Slt point tÞ lhe
regulotor

lnput I

o25 output x

-0.35

Time lseel

FlS,J:3 Inpure (ç) and outputs (t) fsr the identiricatiün e:(períment.

loti*tl

Fncquency ût

rig L3 rlmpLitude Bode-pLot of the frequency r6sponêe Ôf the obrained

nrodel, Èonverted to continuous time.
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