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ON THE IDENTIFICATION OF FEEQBACK SYSTEMS

M.R. GEVERS (Louvain University, Belgium)

ABSTRACT

The identification of linear systems operating under feedback
control is considered. In this paper a number of racent identifia-
bility results are briefly reviewed first; attention is then focusad
on the "joint process” method, in which a global innovations model
{s identified for the vector stocnastic process made up of all in-
puts .and outputs, from which the open lcop and feedback dynamics
are subsequently derived. It is shown that without any knowledge
about the structure of the "true”™ system the jolnt process model can
lead to different transfer functions for the open lcop model. A set
of sufficient conditions are given under which the open laop transfer
function and noise dynemics can be uniquely and correctly recovered
from the joint process model. It is argued that whet might 'in soma
cases justify the uss of the jolnt process method rather than direct
prediction error methods {treating the input and output data as if
the systsm were operating in open loop) 1s not its superior identi-
fiability property. but the fact that ths model can be identified
with coveriance factorization methods rather than with maximum 1like-

1ihood methods that require an & priori parametrization.
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I. INTRODUCTION.

The identification of linesr systems operating under feedpack
control is presently the subject of much ressarch. This problem is
of great practicel interest since many industrial, biological or
economic systems operate under some form of feedback. In most prag-
tical cases the dynamics of the regulstor is unknown (e.g. & manual
operator] and the control cannot be discannected during identifica-
tion. 1In acoition the system and the regulator are usually pertur-
bed by unknown noiss processes.

Fig. 1 represents a closed-loop system with linear open loap
dynamiésx u 1s the measurable input signal, s is a measurable ex~
ternally applied signal, ¥ is the measurable output aignal, and w
and v are unmeasurable external noise sources that can be assumed
white. The signals s and v may or may not be present. In general
the regulator can be known ar unknown, linear or nonlinear, constant
or time-varying. Fig. 2 represents the special case where the re-
gulator is linear and constant; the joint process method, that will
be investigated in this paper, is appliceble to this particular
case.

In many prectical situation the identification is'performod
with the objective of replacing tha existing nonoptimal feedback
by an optimal regulator. This requires the identification of both
the open-loop transfer function F(z“1J and the noise dynamics Gz~
(see figures].

Y

In anslyzing or designing identification methods for feadback
systems the question of identifiability of the open loop transfer
function end noise dynamics is of paramount importance. This question
has been intensively investigated in recent years. The most compre-
tensive work on this subject is due to Gustavsson, Ljung and Sdder-
strém [13 - [3]; the survey paper [3] gives a good overview of
other results on this subject.
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Gustavsson et al. have shown [1] that identifiability depends
upon the structure chossen for the model, the identificetion method,
and the experimental conditions. Thay consider besically thrse
different identification methods :

are determined from tha estimated closed-loop process parametars
using the knowledge of the regulator. Tha fact that the regu-
lator must ba known and nolse-free reduces dramstically the appli-
cability of this method.
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2°* on
to the input-output data exactly as if the system were operating
in open loop. For this method, Gustavsson et al. have shown [1 b
thot the system ia uniquely identifisble provided the chosen
model structurs i{s abls to reproduce the true system transfer
function and noise dyns mics for a particular valua of the
paramater vector 6 , and one of the following conditions hold :
the signal s can be chosen to be parsistently exciting of high

order. Under this condition, Defslque, Gevers and Installé

~—

have proposed & particular identification algorithm (41:
b} the signal v ias independent of w and is persistently excitings
c) the regulator is nonlinear and nondsgenerats)
d) the regulator is persistently time-varying.

3°) Joint_process_idgentification, when:the vector stochastic process,
made up of the input and output processes u end y, is modelled
as the output of a system driven by white noises the opan loop
model is subsequently derived from the matrix transfer function
of the joint process by matrix msnipulations. This last method
was first proposad by Phadke and Wu [5] , [ 6] ., and independently

derived by Cainas and Chan [7] , {81.

In this paper the joint process method, which has been successful-
ly used by the suthor for the identification of & glass-furnace pro-
cess [9] ,wil) be invastigated. In Section II the method will be
briefly described. In Section III it will be shown that without
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some a priori knowledge about the structure of the true system,

the joint process method can lead to different (i.e. nonuniguel) open
loop transfer functions and noise models. This is basicelly cdue to
the fact that several causal and causally invertible spectral face
tors can be defined fro vector processes. These spectral factors
forin an equivalence class;unfortunately the open loop transfer func-
tions and noise models that are derived from these equivalent spec-
trel factors are not equivalent; therefore it is in general impos-
sible to recover the correct open loop dynamics from the joint pro-
cess model However certain conditions on the delay structure and an
the noise structure of the true system will imply that the joint vec-
tor process can only be modelled by a unigue representative of the
class of equivalent spectral factors. In Section IV two such sets
of sufficient conditions about the delay structure of the unknown
system will be given which, when satisfied, guarantes that the joint
process transfer function will uniquely correspond to the correct
open loop dynamics. Finally it will be argued in Section V thet
the use of the joint process method may be justified not so much
beczuse it guaraentees identiability in cases where the direct
method fails, but because in some cases it may bs advantageous to
use identification algorithms that are applicable to purely nonde-
terministic processes (such as covariance factorization methods),
rather then input-output methods which require an a priori parame-
trization, i.e. which require more knowledge about the structure

of the system.

I1I. THE JOINT PROCESS METHOD

The joint process method is applicable to the case where the
open loop and feedback dynamics are linear (see Fig. 2) and where
no external input is available {s = 0). It is desired to identify

tha open loop dynamics of the process y :

wik) = Flz ) ulk) + Glz ) wik) (1a)

Trom measurements of the input and output processes.
The feedback loop is described by

628

uli) = vz iy - iz v (1b)

The vectors y and w ar2 p x 1the vectors u and v are m x 1, w
and v are unchservaple i. i.d. vector processes with zero mean and
covariances 21 and 22, respectively, F, G, H and K ere assumed to be
regular, stable and inverse stable matrices of appropriate dimensions;
in addition it 1is assumed, without loss of generality, that Gl=} = I
and Kl=) = I,- Assume finally that C{ wlk)v*{3)} = 6kj' I,

The basic idea of the joint process method is to consider the un-
measurable external white noises w and v as the true inputs to thse sys
tem. A new cbservable vector stochastic process z(k}, made up of the
input and output processes, and a new vector white noise process € (k)

are defined :

2(K) = y{k) € (k) = wik)

ulk) v(k]

Then we can write z(k) as the output of a white noise driven mo-
del

200 = Wiz e (k) 2)

where the transfer function matrix w[z-1] can be expressed in terms of
the open loop and feedback models as follows:

(1 -Fa1 e (1 - FH) R

W= -1 -1
(I - W1 'He (- W) K

The covariance matrix of e(k) shall be denoted Re-
Converssly, the open loop and feedback dynamics F, G, H and K can
be recovered fironm N[z’1]. Let wtz‘1] be partitioned into four subma-

trices of appropriaste dimencions

2] W,
W= 1 2
wa w4
Then it is easy to see that
-1
= b
F w2 4 {42}
-1
] w1 w2w4 w3 ) (4b}
Hoewwu! (4c)
31
-1
W - W :
K 4 43A1 hz {4d)
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The idsa of the joint process method is to first identify the
transfer function matrix w{z'1} by modalling the joint input~output
process z{k) as the output of & white noiee drivan model. The open
loop transfer function and noise dynamics are subsequently derived
from W(z~1) through (4l.

III. NONUNIQUENESS OF THE OPEN LOOP MODEL

For vector stochastic procssses there exist diffarent causal and
causally invertible spactral factors N(z-1) for the same spectral den-
sity matrix function, depending on the structure of the covariance
matrix of the vector innovations pfocess. These spectral factors form
&n squivalence class Cu: they can be obtained from one anocther by a
*similar tranaformation® {7): if W(z ) is any particular realization
of the process z(k) such that the spectral density Sz(z] can ba fac~
tored as

s,(2) = u(z "R W,
then H(z JT 18 also a realizstion of z(k) if T is any {(p*m)x(p+m)
nonsingular constant real matrix. Indeed 2(k) can be written as:

200 = Wiz 1 L T et = W27y (0.
The covariance matrix of e1(k] is R‘:1 defined by
Re, TR aTh

In order to obtain & unique joint process model Phadke [5] and
Chan [ 7] suggest using a unique “canonical® repressntaticn for wizh;
Chan suggests setting W{e) = I, and denotes the canonical form thus
obtained as W (2 '). Notice that any lement W(z ') of tha class C,
of squivalent spectral factors can be transformed to tha unigue
reprasentative Hc{z-1J through right-multiplication by an appropriate
transformation matrix Y.

The major problem with the joint process method is that the
simtlar transformations on w(:"l do not presarva the open loop and
feedback transfer function matrices F, G, H, K of eqa. (1). This is
easy to verify; a simple example will be praesented below. In parti-
cular it can be shown that, whatever the delasy structure of the true
system 1s, the following holds:
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Lemna: Let Wiz ) be the Joint process representation obt:ined from
an arbitrary quadruple {F, G, H, K} through (3). If W, {z ') 1s the
equivalent ®canonical® representation, then the corresponding open
loop and feedback reslization {F . G » ﬁ . K } obtained from w (z
through (4) has a deley in both the open loop and the faadbnck loop.,
i.e. F (0) = 0 ond H, () = 0.

Proof. By a35umption w (o) = Ip.m. In addition [see Section II),

S (z 1) and X (2 1 arg such that G (m) = I and K A=) = I. Applying
(g) for Hc(z- ) with 2 = =, and taking into accnunt thess various

assumptions, it follows immediately that
Fc(-J = Hc[-] =~ 0.

Example: Consider the following feedback system, with instantanscus
tranamission in the feedforward loop, and a unit delay in tha feed-
back loop:

y(k) = -b y(k-1} + & ulk} + wi(k)

{u(k) = y(k-1) + v(k)
The joint process matrix transfer function 1is
-1 1 a
wizh = [1 ¢ wraiz) » "
z 1+bz

After transformation to canonical form, we gat the following equi-
valent repreasentation
-1 -1 -1 1 [+]
w2 =1 ol 1 [{1 —
This leads to the following open loop end feedback modals
yi{k) = (a-b) y {x-1} + wc(k) (5a)
{u(k) = y(k-1) « vc(kl (5b}

Obviously the open loop model that would be ohtained through the
Joint process method using the canonical representation is not equi-
valent with the true open loop model. Notice in particular that the

model (5) contains a delay in sach loop.
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IV. SUFFICIENT CONDITIONS FOR UNIQUENESS

From the lemma and the example it follows that the use of the
cenonical representation for the joint process matrix transfer function
will always lead to a madel that has a delay in both loops, even though
the true system does not have this property. More generally the fact
that the equivalent joint process models lead to nonequivalent open
loop and feedback models implies that the joint process identification
method is, in general, not applicable. However the method would be
applicable if the true system were known to ocbey certain cenditicns
such that
~ either there exists only one element w°[z-1) in the class CN of
equivalent spectral factors that satifies these conditions;

- or thg class of equivalent spectral factars satisfying these condi-
tions forms a subset Ca of Cw such that all elements of CG lead to
the same open lcop mogel.

Two such sets of conditions under which the system can be uni~
quely identified through the Joint process methad are the following
1°) if the system (1) is known to have a unit delay in both paths,

1l.e. F{=) = H(=} = 0.
2°) if the noise sources w and v are known to be orthogonal, and if
etther F(z' 1) or Hiz™"} 1is known to have a unit delay.

To prove the first part, notice that W(»), evaluated through (3)
with F(=) = H(®)} = 0 ang G(=) = K(») = I, gives W{=) = I. Hence only
the canonical form wc{z-11 corresponds to a system with delays in
both loops.

To prove the second part, notice that if RE is block-diagonal
and F{=} = 0, then W(=), pvaluated through [3), has the form
I ]
W(w) = ) (6}
H{=) I
Let T be an arpitrary real constant nonsingular matrix. Since any
equivalent transfer function matrix W(z"1)T. evaluated at z = w, must
have the form (6}, it follows that T must have the form
I 0

T =

T3 I
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with T3 arbitrary. Since the transformed covariance matrix T-1RS(T-1)'
must also be bleck-diagonal, it follows easily that T = I, Hence with

this second set of assumptions W(z-13 is also unique.

V. COMMENTS AND COHCLUSIONS

The two sets of conditions given above may not be the aonly ones
under which the joint process method will lead to a unigue (and
correct} open loop transfer function and noise model. In general
however the joint process method has rot proved to have any identi-
flanility property that direct methods do not have, as wa have shown
above. As a matter of fact, if either one of the two conditions
given asbove holds, a direct prediction error identification method
will also yleld the correct open loop parameter estimates, as Chan
has indicated {7].

This does not mean that the joint process method should be
ruled out. Rather we believe that it is useful in all cases where
the feedback system to be identified is known to obey one of the
two sets of conditions mentioned in Section IV, but where no other
knowledge is available about the structure of the system. In these
cases 1t will often be advantageous to use covariance factorization
methods or the joint process z(k), at least as a first step. Indeed
these methods require no structural knowledge, but they sre not
applicable to processes with deterministic inputs, whereas maximum
likelihood methods require an a priori parasmetrization of the sys-
tem and hence some more knowledge on the structure. One such case
1s the glass-furnace process. where delays are known to exist in
each 100p, and where the joint process identification method, together
with a covariance factorization algorithm, has been successfully
applied (8],
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