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y = [xi xa ] is measured sad ot asd «a are known constants. Discuss whether the
parameters $5, % aact % are identifiable.

Jfefttsrit' Although we did not give any forma! defsratioa of ideatifiabslity for
nonlinear model structures, they are quite analogous to the ctefiuJtioas ia Sections 45
and 4.6. Th«s, test whether two different parameter values am give the same input-
outpat behavior of the jaodd,

[See Holmberg and Rauta (1982). Xj here is the concentration of tte bsoaisss
that is growtog, -«*ie A-J is Ae cOTssatration <rf the growth Snaiting sBisstrate, ^ fe
die maxiiaiim growth rate, % te the Michaelis Menten oo^tant, and 6^ is the yield
cosJfideat.]

DmwasesqpresssoafortheprecBctioaQf y ((k4- l)r),^ven»r andy(*T)forr < Jt,
based OB the model (5.78).

STJ Consider the Monad growth model structure

SEJ SKJW (5M) by induction as ftdlows: Sampose first that tere is just «ae regressor,
associated wilh t attrihates. Then there mist be * rales in the rete base, for it to be
complete, covering all the attributes. Thus (5,56) follows from the assumption (5^4).
Now syj>pose that (5,56) hokis for rf regressors and that there are 1C rote. Here
IT =s &] «^2 • • -*rf, with ij as the aamber of attribotes for tegr^sOT /\ Now, &M

anotter regr^scsr f^-H with J^^j attrflsates, rabject to (5.5% Bar the rule base to
remain complete, it most sow be oomplemeated with K • ̂ -^ sew rules, covering tise
oombinatsons of the previous eases with eadi attribute of the new .ragrsssor. Show the
isdaetson step, that (5,56) holds also wben ̂ .̂  has been added.

5f«l Tusse-cajntiauous bilinear systesK desctipis<Mss are comt^oti is maay fields (see Mohkr,
1973). A model can be written

Sec,S.10 Problems IS?

(S.78a)

where x(t) k the state vector, w(t) is white Gaussian eofee with variaace matrix R\»
and «(l) is a scalar iasm. Tfee output of the svstem is sampled as

(5.78b>

where *(f) is white Gtossiau measurement noise with variance ̂ . The iapsif k pkce-
wise constant:
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II methods

NONPARAMETRIC TIME- AND
FREQUENCY-DOMAIN

METHODS

A linear time-iBvariaat model cam be described by its transfer functions or by the
CGiTesfKmdSag impulse responses, as we found w Chapter 4. IB this chapter we shall
disosss methods that aim at determining these femetioss by direct techniques without
first selecting a confined set of possible models, Such methods are often ako called
nonp€«sre»feifie siaee they do not (explicitly) employ a finite-dasomonal parameter
vector ia the search for a best description. We shall cBsoass the deteraaisatioa of the
traa^r function G(q) from input to output Sectfos 6.1 deals with time-domai
methods for this, and Sections 62, to 6.4 describe freqiiency-cloraaia techniques of
various degrees erf sophistication. Hie detemtinatkm of H(g) or die disturbance
spectrum is discussed m Section 6.S.

It should be lioted that throughout this chapter we assume the system to operate
in open loop fi.e,v {u(t)} and it'Cl)} are mdependeat], Closed-k>op cosfigiirabsotts
will tjpfcally lead to problems fen- nonparametric methods, as outlined in some of
the problems. These issues are discussed ia more detail ia Qiapter 13.

0.1 TRAMSf E^T-HgSPO^Sg-̂ l̂ AL^SS ,AI4-D ̂ RBglATIO!̂  ArmtYSIS

Impsfes-Eespw^e AjrfvA

If a system that Is described by (2,8)

(6.1)

is subjected to a pul-se input

(62)

theii the output will be
(63)

1S§

6
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Sec 6.1 Trajisient-RespOBse Analysis sad Cofrclatsos Analysis 1SS

bydefisMoaof GQ ami the impose response ifoCOl- If the noise te^ei is low, ills thus
possible to detenai0e the impulse-response coefficients {fo(l}} from as experiment
with a pulse input The estimates will be

(6.4)

and the errors v(f )/<x. This simple idea is impulse-response mmfysa. Its basic weak-
ness is that many physical processes do aot allow pulse inputs of sach aa amplitude
that the error v{st)/m is insignificant compared to the impulse-response coefficients.
Moreover, such an input could make the system exhibit nonlinear effects that would
disturb the Itsearaed behavior we haw set oat to model.

Step-Eesposse Assl\*

Similarly, a step

applied to (6.1) gives the output

(6.S)

From this, estimates of f o(^> could be obtained as

(6.6)

which has an eiror [y(f) — v(t — l)]/cr. If we really aim at deteoniniBg the in^atee-
response coefficients using (6.6), we would suffer from large errors m most practical
applications. However, if the goal is to determine some bask eoatrol-relatecl charac-
temtics, such as delay time, static pin, and dominating feiie constants p.e., the model
(4 JO)], step responses (6,5) can very well famish that information to a sufficient de-
gree of accuracy. In fact, well-known rules for timing simple regulators such as the
Ziegter-Nidtofe mte (Eegter aad Nidsols, 19̂ ) are based on model Momatkm
read^d in step responses

Based 00 plots of the step response, some characteristic numbers caa be graph-
ically coustruc^ whfch m tarn can be ased to determine parameters is a mode! of
gives order. Wg refer to Rake (i980)for a discussion of swsfa characteristics.

Correlstlsm Aaalysis

CoEsiiler the model descriptiou (6.1):

(6.7)

If the input is a quasi-statiosary sequence [see (2,59)] with
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110 Chap, 6 Nosptraraeaie lisas- md Freq^scy -I>jEmi!i Methods

and
(open-loop operation)

tiiea according to "Oseorem 22 (expressed in the time domain}

(6.8)

If the input is chosen as white noise so that

then

An estimate of the impulse response is thus obtained from an estimate of !?>« (r);
for example,

(6.9)

If the input is not white noise, we may estimate

(6,10)

and solve

(6.11)

for £(t). K the input is open for mampalatioB, it is of course desirable to choose
it so that (6,10) and (6.11) become easy to solve. Equipment for generating such
signals and solving for g(£) is eotemereiaUy available. See Godfrey (1980)for a
more detailed treatment

In feet, the most aataral way to estimate g(k) wten the iaput is not "exactly
white" fe to taiseate (47) at n, aad tteat it as an n:th onkr FIR model (4.46) with
the parametric (least-squares) methods of Chapter 7, Another way is to filter both
inputs and outputs by a prefilter that makes the input as white as possible (Input
prewhilsniag") and thea compute the eorrelatiois fimctios (6,9) for these filtered
sequences,

S.2 FHEOUg^V-RESPOMSE ANALYSIS

Swe-w«« Te§&ig

The fiiMamenta! phyaca! iHteTpretatlou of tibe transfer function G{?) is that the
complex aumber G(^) bears iBtormatioB about what happens to an inpm sinusoid
[see (2.32) to (234)}. We thus have for (6.1) that with

(6.12)

https://www.pearson.de/9780132441100


Sec. 6.2 fetpsssey-Rê xmse Aml>*is 171

thes

(6.13)

where

(6.14)

This property also gives a due to a simple way of determining GoCe1*):

Wish the input (6.12), determine the amplitude and the phase shift of die

resulting output cosine signal, aad calculate as estimate €?# («**) based on that
iaformatioa, Repeat for a number of frequencies m the interesting frequency
band,

This is known as frequency snafysis and is a simple method for obtaining detailed
mfonamtion about a liaear system.

Bf^peacy Analysis bf tte C©yrefeli©» Method

With the noise component v(t) present is (6.13), it may be ombersome to determine
|{?o(el<k*)l and q> accurately by graphical methods. Since the interestiag component
of y(t) is a cosine fatjctioa of known frequescy, it Is possible to coneiate it out tern
the noise ia the following way. Form the sums

In^rtiag (6,13) teo (6.15), ignoring the traasient term, gives

(6.15)

(6.16)
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172 Qsap.6 NaapafaiBsirie Tisae- sad Reqaeisey-Domssia Methods

The second term tends to zero as N tends to iafiaity, and so does the third tens if w(t)
does oot contain a pure periodic component of frequency o>. If |v(l)} is a stationary
stochastic process such that

thai the variauce erf the third tena of (6.16) decays like l/N (Problem 6X2), Siaii-
krty,

Tbese two espressioas suggest the foilowmg estimates of |G?>{e3a'}| aad y:

Rake (19w)giv%s a xnore detailed account of this method. By repeating the pro-
cedure for a minsber of frequencies, a good picttire of Go(«la>) over the frequency
domain of interest am be obtained Equipment tbal perfonns such frequettsy m&J-
ys® by tfte wruetorcw method is oonnneidafly a'mlabk.

As advantage with tills method is that a Bode plot of the system cat? be obtained
easily and that one may concentrate the effort to the interesting frequency ranges.
Use main disadvantage is that many industrial processes do not admit sirajsodial
inputs in normal operation. The experkaent must also be repeated for a aussber of
frequencies which may lead to long experimentation periods.

(6.17)

(6,18a)

(618b)

(6.19)

(00)

Rdatk^l-^ptoF^j^ws-A.mh.'sJ.s

Qja^arisg (6.15) to the defimttoa (237),

shows that
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