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Abstract: n this paper, we consider a prob-
lem Lo estimale process paramelers using inpul-
oulput data collecled from the process operal-
ing n closed-loop conirol system. When orders
and delay-itime of the process are knoun cor-
vectiy, under some condilions of identifying co-
pervments, it 1s reported that accurate identifica-
tion results can be obtamned by applying predic-

tion error method. To gel accuraie cstimaics,

it 15 necessary lo know orders and delay-time of

the process. It is difficull Lo determine them in
closed-loop adentificalion, because ill-condition
for identafication ure easily caused by seleclion
cf wnsuitable order or delay time. Furlhermore,
tee procedures to select orders and deluy-time
v epcnsloop wdentification arven'l always avail-

albilc o closed-loop dentificalion. The purpose

af this paper 1s to delermine a deluy-time wnder

switable nasumption that order of the process are

knoum as the first step.

1 Introduction
[Las often mecessary an practice to adentify

the process operating in closed-loop control s

v
l/u‘

o

e Such identification 1s essentially difjicuit

becanse process tuput bas correlation wilh out-
pul Voough feedbuck foop.  Ascovding Lo esti-
mation of the precess in closed-leop system, it
w5 said that consistend eslunalors are given by
{east square melthod wsing mpul-oulput data of
the process if there are at least one lime-lag and
additive novse v the loop. These conditions re-
quircs that the structure of the process and the
controfler are known. [l s vaporiand lo sclecl
wmodel structure (1.c. orders and delay-time).
Selection of model orders and delay-lire means
vertficalion of the estimaled models with wvari-
cus orders and delay-lime. Model verification
18 basically performed by comparing medel oul-
pul with actual cutpul for the same inpul. L is

why characteristics of the objeclive process re-

Heel inpul and ovdput. There are some crileri-

ons for model selection: AIC, condition numbers
of the dala-matriz, pele-zevo placement and so
on. But controlled process in closed-loop sys-
tem doesn't show its properly on ils culput. So
these criterions aren'l always useful for model
verification in closed-loop identification. In this
paper, the problem to selccl delay-lime is dis-

cussed.,
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2  Problem Statement

Consider a following closed-loop control sys-

tem as shoum n fig.1.
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E{w(k)} = 0, E{w(s)w(k)} = 026,
E{v(k)} = 0, E{u(j)u(k)} = 026,

E{w(G)u(k)} =0

where u(k) s input to the process and y(k) is
output, w(k) is additive noise to the process out-
putl and v(k) 1is addilive noise lo the process in-
put.

The inpul u(k) to the process is determined
That s
The oulput y{k) and the input

from output feedback by a regulator.
r(k) = 0.
u(k) are available to estimale process param-
b} 1L ds as-

sumed that ¢ structure of regulator is given and

cters {a‘ha?: "')an.,ybO:bly"'

orders of process n, and ny, are known a priors,
but delay-time sn’t known in advance. Least
square method using ARX model 1s adopled
as identification method. We consider how to
choose suilable model among estimaled models

of various orders and delay-lime.

3  Cross Power Spectrum between Input and
Output

We should select suitable model among can-
didate models after various consideralions. The
estumated model 1s verified based on one-siep
ahead prediction sequence {g(k)}, which is cal-
culated by estimated parameters and past data
{y(s),s =1,---, k—=1},{u(s),s=1,---  k—~1}.
Usually, the model is selected so that predic-
lion errors become as small as possible. Specira
of input and oulput will give some information
about the property of process in frequency do-
main. But we should pay attenlion to ezlract
valuable one. In closed-loop system, a pair of
input and oulpul sequences doesn't always show
the property of the process, because the input to
the process consists of the output through feed-
back loop.

In this section, we shall consider whether
comparing a nonparamelric estimate of the
transfer function of the process to models by
least square method will be helpful to verification

of them. Then power spectrum of the {u(k)}
and {y(k)} 1s

‘I’uu(w) = F{d’uu(T)} ) (Iiw(w) = F{wa('r)}
where,
QSM‘(T) = E{u(k)u(k + T)}

tyy(7) = E{y(k)y(k + 1)}
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From equations (1) and (2), the following

cqualions are qiven,

27BN (27
AGz"DY P + 2~ 1B(2=)G(2 1)

y(k) = u(k)
N F(z71)
Az F(z71) + 27 B(2~1)G(2z71)
A PG

u(k) = Alz=Y)F (271 + z"lB(z—l)G(z“l)v(k)

G(z71) Wk
T A EGE + 0BG (k) (1)

Therefore we get

wlk) (3)

Dyy(w) .
(bun(u}) -
lz_dB(z_l)F(z"])!Z=cN0'3 -+ IF(Z_])B=ewai

[AGF(z )i e0d +1G ()L o

z=el¥ 7w

(5)
If the noise component v(k) doesn’t exist in (2),
or ils level is low compared with one of output
noise w(k), equation (5) tends to

¢, (w) ~ lF(z‘l)
D, (w) G(z71)

2

(6)

z=elw
On the other hand, if v(k) stimulates the pro-

cess enough to identify it, from equations (1)

and (2), we have
—1y 12
(I)yy(w) ~ Z—d']:))(z ]) (7)
Gyuw) A7), e

From equations (6) and (7), we can nolice
the followings: If input noise v(k) is small,
Dyy/Puu s close to the inverse property of the
conlroller. Then comparing Dy /Pu Lo the
Jrequency characterisitics of models 1s meaning-
less. Morcover, since process input u(k) closely
correlates to process output y(k), identificalion
with mput-output data of the process can be cas-
iy dl-conditioned. If input noise v(k) is large,

Byy /Py s close to the property of the process.

As mentioned above, the availability of
Dyy /P n verijicalion of the models depends

on the levels of w(k) and v(k).

4 Selecting a Delay-time of the Process

In this section, we consider the procedure to
select a suilable delay-time under the assump-
tion that orders of the process and structure of
the controller are known a priori. So we can use
ARX model for estimation of the process, where
the orders of model’s denominator and numera-
tor are n, and n, respectively and delay-time 1s
changed. As we mentioned above, special care
must be laken to the levels of noise w(k) and
v(k).

If v(k) 1s large, we can select the model with
the smallest prediction error variance among
the candidates, because a pair of input and out-
pul sequences shows the property which is close
to the process property.

However, if v(k) does not exist or its level
is low compared with w(k), we can't select
a suitable delay-time in the way mentioned
above. Thereforc another melhod for this case
15 needed,

Trom cquations (1) and (2), we have
{LE)AG) + MGG (k)
= {z7L(z")B(z7") = Mz F(z7")}u(k)
+ Lz wlk) + M) EGET (k) (8)
where L(z7Y) and M(z7') are arbitrary real-
cocflicient polynomiuls. From equalion (8), we
find that there are various models that represent
the relation between oblained inpul and output

sequences. We have to sclect suitable delay-time

among the candidates.
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We will assume the following model for equa-
tion (8) and estimate paramelers using inpul-

output data.

Az )y(k) = B(zNu(k) + Calk) (9)

Comparing the equation (8) with model (9), the

following equations are given aboul the orders.
order{L(z"NA(z"Y) + M(271)G(z71)}
= order{A(z™1)}
order{sL(z"1) B(:™Y) = M(z7) (=)
= order{B(z71)}

1Y and B(z71) are

cstimaled so that the prediction error variance

Frosn these equations, if A(z

becomes as small as possible, we can gel bounds

nbout suitable delay-time as follows:

o [fn, < ng, then order{/i(z"l)} = ng, so

that suilable delay-time satisfies

B~-my+n,—n,<d<f—-ny, (10)
o Ifn, > n,, then order{A(z"1)} = na, so

that suitable delay-time satisfies

d<pf—my (11)

here, B is the suitable order of E(z_]) in the
mean that model (9) minimizes its prediction
error variance. As the delay-time is large com-
pared with the orders of the process and con-
troller in this kind of control systems, il can be

said that d = B — ny, from equations (10) and
(11).

O  Simulation Examples

The structure of the process and conlroller are

given as equalion (12) and (15).

y(k) = z"lﬁg ]; (k) + (1 ) w(k)12)
a(k) = ?E‘;gw(k) (13)

1—2.3617271 + 2.064627% - 0.60652~°
0.4605 + 0.090427! — 0.3197272
1—1.4z71 404272

= 0.018—0.01527]

il

A=)
B(="1)
F(z71)
G(z™")

where var{w(k)} = 0.01 and the cases that
var{u(k)} 1s 0,1.0 x 107%2.5 x 107%,1.0 x
107%,1.0 x 1072 are simulated. Reference in-
put r(k) = 0.
and oulput data is 5000 for each case. It is

The number of obtained input

supposed that the orders ng,ny,ny,ng and co-
efficients fii =1, ny), gt =1,---,

known a priort. These simulations show that

n,) are

proposed procedure 1s avatlable.

First, we evaluate prediction errors of the
model (n, = 3,ny = 2) which is estimated as
changing its delay-time from 1 to 20. Loss func-
tion J which is defined by equation (14) is cal-
culated.

N
)= LWm =iy )

where N is the number of data and §(k) is de-
fined by the following equation.

na 7ny

(k) = Zayk——z +Zbu(k— ——])

where & and b are estimated parameters and d
15 estimated delay-tume of the model. Loss func-

tion for cach case is shown in fig.2.
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Figure 2: Loss Functions when changes d

This figure shows that delay-time giving the
minimum of the loss funclion 1s true delay-
time of the process when wvariance of v(k) 1s
large (1.0 x 1072). But as the variance becomes
smaller, it 1s more difficult lo select delay-lime
by this procedure.

Next, for the case which above sclecting
method doesn’t operate effectively, we shall use
model (9).  As n, > ny, the model wilh
order{A(z"1)} = n, will be estimated for
changed order{B(z™1)}.
shown in fig.5.

In the case that var{u(k)} =

Loss funclions arce

1.0 x 107%,
though ithe delay-time cannot be selected by
Jirst procedure, the second procedure shows that
order{B(z"")} = 13 from fig.3. That is delay-
time d = 10 by equation ({1).

Estumated parameters (n, = 3,n;, = ‘2,5 =

10) and (rue parameters of the process are sum-
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Figure 3: Loss Tunctions when changes 7,

marized in tablel.

tablel. Parameters
estim. | -2.36 2.06 -0.60 045 0.17
true | -2.36 2.06 -0.61 0.46 0.09

-0.41
-0.32

It 1is clear that level of the inpul noise v(k)
influences results of identification in closed-
loap systems. We can see the level of the in-
putl noise v(k) through condition number of the

data-matriz (15).

: YTy | YTU
Z7Z:<UYUU> (15)

where

YTY =

b y(ilk_l) Zy(k——l)y(k—-na)

2 YUk= 1) ¥ (k—nn) 2 Y(k—rna)Y(k—na)

UTu =

RN 2 (kDU (k—Dny)

E u‘(;‘c—ﬁ)u(k—g‘—nb) Z u?k-—@—n;)

YTU =UTY =

2 Y= 1)Uk 2 Yk 1) U(k=T=np)

o Ykmna )W k=) 22 Ylken ) U(k=Bnp)
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o If the input noise exists and it stimulales
the process enough, delay-time 1s easily se-

lected.
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But, it may be selected suitably by proposed

procedure.
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Figure 4: Condition Numbers

Condifron numbers for d are shown in fig.4.

From fig.4, we can understand that condition
numbers are very large when wvariance of v(k)
is small, and especially condition numbers for

d < ng—mny are too large to estimate process pa-
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ramelers. When variance of v(k) is large, con-

dition numbers are uniformly small.

6 Conclusion

The procedure of selecling a delay-time wilh

input-oulput data of the process was proposed

i this paper.

And we verified availabilily of

our procedure through simulations. In identifi-

calion of the process operaling under closed-loop

system, 1t 1s important to evaluate influence of

noises. The main results are summarized as fol-

lows:
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