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Abstract

System identification consists in the study of techniques allowing to estimate
parameters of models for dynamical systems starting from input and output data
experimentally collected. This problem is strongly motivated in the context of
control system design and by a number of other practical situations such as the
determination of useful system parameters in system’s testing or analysis.
Among all the system identification algorithms, it is possible to recognize two big
classes:

e Black-box identification: allows to estimate parameters of a model whose
structure is selected according to some general a-priori information which does
not require any knowledge of the physics of the systems.

o Gray-box identification: allows to estimate parameters of a so-called gray-box
model, which is a dynamical model built by means of the first principles of
physics in which some parameters may be unknown.



At the current state of art most of the system identification techniques are devel-
oped under the assumption that the model to be estimated belongs to the LTI
systems class. Moreover most of the system identification algorithms deals with
the problem of identifying black-box models, mostly described as a discrete-time
transfer function in the Z-domain.

On the contrary when dealing with gray-box identification the most natural choice
is to consider continuous-time models having the form of state-space models. This
is because when modeling a system thanks to the first principles of physics the
involved equations are differential ones.

This thesis arises from the analysis of a recent article: ’'Combining linear algebra
and numerical optimization for gray-box affine state-space model identification’,
O. Prot and G. Mercere, IEEE Trans. Autom. Control, 2020. In this paper
the authors, propose a linear algebra approach for grey-box system identification.
Differently from previous literature, this approach has the advantage of not relying
on non-convex optimization, thus it does not get trapped at local minima. Never-
theless, it has the drawback of not envisaging the presence of noise on the data.
In this thesis, we propose a new mathematical formulation of the gray-box identifi-
cation problem that takes into account the possible presence of noise and relaxes
the technical conditions considered in the above mentioned paper. In particular,
this formalization of the problem is carried out in a set-membership framework,
i.e. under the assumption that all variables involved in the problem belongs to
some bounded set. In fact, the only assumption on the noise is that it is bounded
and solving the problem we look for upper and lower bounds on each parameter
we want to estimate, obtaining therefore an estimate giving information about the
quality of the result.

The problem of finding the bounds of interest is formulated as a set of polynomial
optimization problems (POPs), which are solved for global optimal by means of
the tool of convex SDP relaxation, implemented in software as sparsePOP, SeDuMi
and Mosek. Such software has been used in order to perform a validation of the
proposed solutions with numerical examples.

Finally further relaxations of conditions under which we developed this new solution
are discussed, in particular gray-box models with polynomial dependency from the
parameters and MIMO systems are handled.
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Chapter 1

Preliminary Concepts

The objective of this thesis is to present a set of tools which can be used in order to
perform the identification of gray-box dynamical models for linear time invariant
systems. This is why in this first chapter we give an overview of the system
identification problem and recall the distinction between black-box and gray-box
models. Moreover some notions about identifiability are recalled.

Then, since in the following chapters the problem is dealt with in a set-membership
framework, we also give a description of the set-membership estimation problem with
particular focus on the estimation of discrete-time dynamical system parameters
for system identification. Lastly, due to the fact that in such context polynomial
optimization problems are naturally arising, a brief overview about theory allowing
to solve them is presented.

1.1 System identification: an overview

System identification (SI) is the subject that studies how to build mathematical
models of dynamical systems out of experimentally collected data [1].

This problem is strongly motivated for a number of reasons, among the main ones
we can find

o Feedback control system’s design, which in (almost) all cases requires a
mathematical model of the plant to be controlled [2], [3].

o Modeling of economic processes useful for trying to predict behaviour of stocks
for effective investments [4].

o Need to make simulations of systems: useful for example when we want to
determine the response of a system when stimulated by an input which cannot
be generated during an experiment [1].

1



Preliminary Concepts

In SI, two important classes of system are considered: black-box and gray-box
models.

1.1.1 Black-box models

We define black-box those models whose structure is selected according to some
general a-priori information which does not require any knowledge of the physics
of the systems. [1].

The most common situation is when the system can be modeled as a linear time-
invariant (LTT) system or can be linearized around the observation point. In this
case the model structure is that of the discrete-time transfer function of some fixed
order n

Bt A Bzt 4 o
244zl +ag

where o and [ are parameters to be determined thanks to available data.
This problem has been widely studied in the literature, because on one hand this
is the problem naturally arising in the context of control systems design [2], but
also because its solution turns out to be easy under some assumptions [1]. Many
solutions to this problem are available, and in Section 2.5 we present one of them,
which is useful in the solution of the gray-box problem.

A less common choice for the a-priori choice of the model is that of the continuous-
time transfer function

H(z) (1.1)

 Bus™ o+ Bis+ Bo
s ags + g
Also in this case the problem is motivated by control system’s design problem [3],
but its solution turns out to be harder with respect to the discrete-time case due to
the presence of the time derivative operator s instead of the difference one which is
simpler to be managed. A detailed overview of the state of art in this condition is
presented in Chapter 3, where we also propose two algorithms for the solution of
this problem.

H(s) (1.2)

1.1.2 Gray-box models

We define gray-box models those models built up by means of the first principles
of physics, but where the physical parameters involved are unknown and needs to
be estimated thanks to experimental data.

Dynamic systems can be modeled by means of differential equations [5]. In this
case the most common setting is that when the system can be also assumed LTI
and therefore gray-box model is described in terms of a state-space model as

(i) = A®)x(t) + BO)u(t)
Ma = {y<t> — C(0)(1)
2

(1.3)



Preliminary Concepts

where 6 is some vector of physical parameters to be estimated.

This problem is still considered hard to be solved, even under some simplifying
conditions, and is generally tackled through the minimization of some nonlinear
and non-convex optimization problem which can give very bad results due to the
fact that standard algorithms could trap in local minimums. In Chapter 3 we
present a possible solution to this problem which is not affected by this issue.
Similarly, the gray-box identification problem can be posed in discrete-time when
the gray-box model is

w(k+1) = A@)x(k) + BO)u(k)
y(k) = C(0)z(k)

Although this is less motivated, there are practical situations when problems of
this kind can arise. The entire Chapter 2 is devoted to the solution of this problem.

Mgz{ (1.4)

1.2 Identifiability

The system identification problem, in the most common case of parametric models,
can be mathematically posed as follows:

Problem: given a parametric model M () and a set of input-output data of the
system [u(-), y(-)], we want to find a parameter vector f such that

y(-) = M@)u() (1.5)
Now, the questions we want to answer are

e Does the solution exist? Assuming that the model structure is correctly
describing the behaviour of the system, yes.

e Does the solution is unique? This is the subject of identifiability, topic of the
following discussion as in [1].

Two models M(6;) and M(6,) are said to be indistinguishable if

Yo, () = 4o, () Vu() (1.6)
and the model class M(6) is said to be globally identifiable if
36, + 0, : M(0,) and M(6,) are indistinguishable (1.7)

If M(0) is globally identifiable, then it is possible to determine the parameter
vector € uniquely.
Consider the SISO discrete-time transfer function
Opi1 + Ongoz b+ o+ O 27"
1+601z7 +- -+ 6,277
3

H(2|0) = (1.8)
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In this case for the identity principle for polynomials it holds
H<Z|91) = H<Z|92) <— 6, =0, (19)

and therefore the model is globally identifiable.

Next, consider a generic model [6], as for example the gray-box model in equation
(1.4). In this case it is of course possible to find a corresponding transfer function
model by

H(2]0) = C(0)[2I, — A(6)] "' B(0)
)\n+1 + )\nJrQZ_l + -+ )\2n+12_n (110)
= — H
1—|—)\1z*1+...+)\n27n (Z|)\)

Of course, the coefficients of the transfer function A must be related to the model’s
parameter 6 by some function R4m¢ — R2n+1

A= \0) (1.11)

At this point it is possible to state that if the solution of this equation is unique,
then M(0) is globally identifiable [6]. As a consequence, if dim@ > 2n + 1 it is
not possible to identify the system, since the solution cannot be unique. On the
other hand, the condition dim 6§ < 2n + 1 is not sufficient to state that the model
is globally identifiable because in general equations (1.11) are non-linear and can
have multiple solutions.

When the solution of (1.11) is not unique, then it is possible to consider the notion
of local identifiability [1], [7]. A model class M () is said locally identifiable in @ if
there exists an e-neighbourhood B.(0) of 0 such that

76,0, € B.(A) : M(6,), M(6s) are indistinguishable (1.12)

Along this thesis, we will always assume that every gray-box model Mg(0) is
identifiable at least locally.

1.2.1 Relation with observability and controllability
Given an LTI model M(f) of order n, it is said to be

« Observable: when all the components of the state vector z(¢) can be estimated
from the measure of the output y(¢). This can be checked by testing whether
the matrix

C
CA

0, = | CA? (1.13)

_C’A”_l_
if full rank.



Preliminary Concepts

« Controllable: when the input signal u(t) is able to move the state of the
system z(t) from any initial condition to any final condition in a finite time.
In practice describes the ability of the input to modify the state. This can be
checked by testing whether the matrix

C.=|B AB A’B ... A"B] (1.14)
if full rank.

It can be shown that, if some components of 6 does not appear in the reachable
and observable of M(0), then M(6) is not identifiable [8]. This can be interpreted,
at least form an intuitive point of view, as the fact that in order to perform a
sufficiently informative experiment the input must be able to excite all the dynamics
of the system and the output must be able to capture such dynamics.

For this reason from now on, along this thesis it is assumed that the gray-box models
M(0) we want to identify are minimal (i.e. both controllable and observable).

1.3 Set-membership identification

According to the set-membership (SM) estimation theory, it is assumed that the
available measurements g belong to a bounded set ). Also, is given some a-priori
information on the system S to be estimated as

S:f(6,5) =0 (1.15)

Thanks to available data and such a-priori information, it is then possible to define
the feasible parameters set (FPS) Dy as the set of parameters § which are consistent
with both the a-priori information and the available data. In formulae:

Dy={0€R”: f(6,5)=0 Vje} (1.16)

The SM estimation problem consist into correctly characterizing the set Dy.
When SM estimation is applied to system identification [9, 10], such elements are
given as:

o measurements collected from the system are a set of input and output samples
experimentally collected

[, ] (1.17)

and corrupted by some bounded noise. Generically it is possible to write
i=a(ue e, <A €R
g=9wmn) Il <A, eR

where u, y are the true values of the signals, while 7, € are the noise sequences.

5

(1.18)
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 a-priori information on the system is given in terms of a regressor model

y(k) = f(0,r(k),C(k)) (1.19)

where r(k) is the regressor, a vector depending on the past values of input
and output and possibly by the present value of the input. In the same way
¢(k) is a vector containing present and past values of the noise samples.

This generic description allows to model many different noise structures and system’s
models. In this context, among the most common noise structures we can find

» Equation error (EE): when the regressor model has form

y(k) = f(0,7r(F) + e(k) (1.20)

where e(k) is an unique bounded noise sample |e(k)| < A.. In this case, under
the additional assumption that f(+) is linear the problem can be solved by
a set of linear programs (LP) since the FPS is defined by the set of linear
inequalities

y(k) = f(0,r(k)) <A, €R k=1,...,N

f0,r(k) —yk) <A.€R  k=1,...,N
and therefore is a polyhedron. Although this mathematical characteristic turns
out to be nice form the computational point of view, the EE noise structure

assumption turns out to be poorly realistic. For this reason we will not enter
into more details about it.

 Errors-in-variables (EIV): in this case the noise is assumed to be additive on
the signals as

u(k) y(k)
System |——T1——>
+ H
(k) —>O O=— (k)
(k) y(k)

(1.21)
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Moreover each sample of the noise 1(k) and (k) is bounded as

Ay(k) < nlk) < Ay(K)
Ac(k) < e(k) < Ac(k)

>

(1.22)

See [11].
« Output error (OE): is a particular case of the EIV structure, when

A(k)=A(k)=0 Vk=1,...,N

i.e. the input measurements are assumed to be noise free.

In the following, we will always assume an EIV noise structure as it is much more
realistic in practical situations than the EE one. Another assumption we also do
is that f(-) is linear in u,y (i.e. the system is LTI) and described by (1.1), so the
regressor form of the model is

n

y(k) + HZ aylk —n+1) => Biulk —n+1) (1.23)

=0

Therefore the FPS is described by

<

y(k) —n(k) +T§:aiﬂ(k—n+i) +ank—n+i)=

:iﬁf(k—n#—i)—i-ﬁie(k—n%—i) k=n+1,...,N (1.24)

An(k)zgn(k:) <A,(k) k=1,...,N
(k) <ek) <A(k) k=1,...,N

where 6 = [a, 3] is parameter vector. When we want to find upper and lower
bounds on the parameters 6; in order to characterize the FPS, we need to solve
optimization problems

f; = min 6, 1=1,...2n+1
- 0€Dy

0; = max0; i=1,...2n+1
0€Dy

(1.25)

Since the description of Dy (1.24) involves polynomial equations of degree two (i.e.
products between unknown variables 7, €, are present), optimization problems
(1.25) is subject to polynomial equality constraints. Therefore (1.25) belongs to
the class of polynomial optimization problems (POPs).

7
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1.4 Polynomial optimization problems

As just discussed in the previous section, the problem of estimating parameters of
a black-box DT transfer function model in the SM framework is formulated a set of
POPs. Moreover, as we will accurately motivate along the following chapters, also
the problems of estimating parameters of gray-box and continuous time models in
the set-membership framework can be formulated with a set of POPs as well.
For those reasons, in this section we present some notions about POPs and their
solution which allows to motivate considerations made in the following.

In general, a polynomial optimization problem [12] is the optimization problem

p" = minp(x)
subject to (1.26)
gi(x) 20 j=1....m

where p(x), g1(x), ..., gm(x) € R[z] are multivariate polynomials in x.
The feasible set of such optimization problem is

K={z:9;(x) >0 j=1,...,m} (1.27)

and being described by a set of nonlinear and non-convex polynomial inequalities,
this is in general also a non-convex semialgebraic set.

Non-convex problems are NP-hard and could in general present many local minima
[13]. For this reason standard solvers based on gradient descent algorithms are
likely to trap in some local minima, gives bad results.

In order to deal efficiently with the complexity of such problem, some authors
proposed some approximation of the problem in order to reconduce it to a convex-
one which can be solved efficiently for global optimality. In particular the hard
polynomial problem is approximated with a semidefinite program (SDP), and this
can be done mainly by means of two approaches.

1. SOS relaxations: it is possible to re-write the problem (1.26) as

p* =supp
z,p

subject to  p(z) —p>0on K

Moreover, since positive polynomials are a subset of sum of squares (SOS)
polynomials, the relaxation is introduced by approximating

p(z) —p=so+ Y, g where s, ..., s, are SOS (1.28)
j=1
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At this point, imposing that a polynomial g;(x) is a SOS can be simply done
through the constraint

gij(z) is SOS <= 3X = 0:3' X7

where Z = Z(z) is a monomial basis for the polynomial. Notice that such
constraint is a linear matrix inequality as long as the degree of the polynomials
are fixed, and this brings to an SDP problem.

So, chosen some integer ¢ such that 2¢ > max{deg(p),deg(g1),...,deg(gm)},
the SOS-relaxed SDP problem is

p% =supp
@,p
subject to

. (1.29)
p(x) —p=so+>_5;g; where sg, ..., s,, are SOS
=1

deg(so), deg(s;g;) < 2t

. Moment relaxation: proposed by Lasserre in [12], it is strongly based on theory
of moments. Without entering into many formal details, it is possible to state
that the problem (1.26) is rewritten as

v = ol p(x) = nf [ pl)u(d) =

=infp'y s.t. yo = 1, y has a representing measure on K
Yy

where 1 is a Borel measure on R” and y = (¥4 )aenn is the sequence of moments
of the measure pu, defined as y, = [ z®u(dx).

Now, the condition 'y has a representing measure on K’ can be replaced by
the weaker conditions

M(y) =0  M(gy) =0j=1,....,m

where M (y) is the moment matrix of the sequence y (an infinite matrix whose
(o, B)-th entry is y,+5) and M(gy) is the localising moment matrix of y on
K; ={x: g;(z) > 0} defined as the moment matrix of the sequence M (y)g;.
This problem, cannot be already cast as an SDP due to the infinite dimensional
matrices involved. For this reason, we need to consider instead truncated
moment matrices M;(y), obtained in the same way but starting from a sequence

9
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y truncated at order ¢. In this way, the relaxed problem can be formulated as

the SDP
pr<pOM = inf ply
yeR 2t
subject to (1.30)
Yo=1, Mfy) =0
M _deggy(959) =0 j=1,...,m
Let us now see some properties about bounds p;?% and pM®M which can be

obtained with (1.29) and (1.30).

o Duality: it is possible to verify that the problems are dual SDPs. For this
reason

P9 < pMOM < pr (1.31)

Moreover when K has a nonempty relative interior, strong duality holds and
508 MOM

by =D
» Convergence: when the quadratic module M (gy, ..., gn) is Archimedean (see
Putinar’s Positivstellensatz, [12, 14]) then

lim pf9% = p* (1.32)

t—+00

and considered (1.31), it is also true that

. 80S _ oy MOM _
Moreover, when the POP involves polynomial equality constraints {h;(z) =
0,...,hme(xz) = 0} such that given the real variety associated to the ideal
generated by given constraints is zero-dimensional, i.e. the set

V(J)={x€eR: f(z) =0Vf € J} where J = {%hluzuz GR[x]}

=1

is finite, then there exists some finite ¢ for which p* = pM°M. When above
condition is true in the complex field (harder condition), then p* = p?9° =
pMOM See [15, 16].

Considered the structure of the problems we are going to formulate, this is
not an unrealistic condition, in fact the POPs formulated in this thesis will

always involve a huge number of polynomial equality constraints.

10
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Since the objective of the POPs we are formulating in the context of set-membership
identification is to give a characterization of the feasible set in terms of upper and
lower bounds of points belonging to the FPS, it is important to figure out what
is the meaning of obtaining lower bounds for the global optima by means of DSP
relaxations.

(0,) & o (), z

Figure 1.2: FPS relaxation

Consider figure 1.2. Since the parameters (0;);, (f2); are evaluated by means of
DSP relaxation of order ¢t of POP (1.25), then given (1.31) it holds

(0:)e < 0;

Equivalently when solving the maximization problems, since the maximization
corresponds to the minimization of the negative objective, it also holds

—(97‘)15 <-0 = (E)t >0,

In other words, when solving the problem with SDP relaxation we are (at worst)
giving a conservative description of the solution. Instead, if classical non-convex
optimization methods were used, the solution could also trap in some local minima
inside the FPS, therefore giving a wrong bound estimate.

Mentioned SDP relaxation methods are implemented in software as sparsePOP
[17, 18]. This software requires a description of the polynomials p(z), g;(z), h(z)
and is able to generate the associated SDP relaxed problem. Then it automatically
calls some SDP solver such as SeDuMi [19] or Mosek [20] in order to compute the
solution. In this work, all numerical results given in the examples are obtained
thanks to these software.

11



Chapter 2
Discrete Time Problem

In this chapter we focus on the problem of estimating gray-box state space model
parameters for SISO discrete-time LTI systems. Even if, as discussed in Section
1.1.2, the gray-box problem is usually much more motivated in continuous-time, it
is worth investigating this problem for two reasons:

1. problems of this kind can naturally arise in problems involving networked
systems as sensor networks;

2. the procedure established in this chapter will turn out to be useful when
dealing with the harder CT problem in the following.

Firstly, results from [21] are reported and discussed, then an alternative formulation
of the problem based on polynomial optimization is proposed. Starting from this
formulation, modifications allowing to handle the presence of noise in the set-
membership framework are introduced. Finally results from numerical experiments
are reported.

2.1 Discrete time gray-box problem statement

The problem can be formulated as follows:
Problem: given the discrete time dynamical system described by state-space

model Mg
z(k+1) = A(0)x(k) + B(0)u(k)

y(k) = C(O)x(k)

and a set of samples from input and output sequences
{a,9} ={a(),...,a(N),g(1),...,5(N)} (2.2)

we need to find the parameters vector 6.

12
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2.2 A linear approach

The classical solution to the problem [1], is based on the minimization of the
prediction error as

N
0" = arg mein L(O|u,g) = arg min > llg(k) = galk, 0| (2.3)

k=1

where ¢; denotes the output of the parametric model when input @ is applied. The
main issue of this solution is that in many cases the above cost function to be
minimized is highly non-convex and as a consequence standard solvers are not able
in general to compute the global optima.

In [21], the authors propose a linear algebra solution for the problem allowing to
avoid this issue. Their approach can be briefly resumed in the following steps:

1. By means of any black-box system identification algorithm, compute a state
space black-box model M g for the system starting from the given input-output
data. Out of this step we get a set of matrices A, B and C such that

My - {x(k +1) = Ax(k) + Bu(k) (2.4)

y(k) = C(k)

2. Matrices A, B and C obtained from the previous step are related to the matrices
A(#), B(0) and C(6) by a similarity transformation

AT = TA(0) B =TB(6) CT =C(0) (2.5)
or equivalently
SA=A6)S SB = B(0) C=C()S (2.6)

Where S =T
Out of this equations it is possible to find a set of linear equalities thanks to

the known terms of A(#), B(6) and C(6).

3. Equalities obtained in the previous step can now be arranged in matrix form
as

Myvec(T) = pr or Mgvec(S) = Bs (2.7)

depending on where (2.5) or (2.6) has been chosen at the previous step, where
with vec(X) is denoted the vector obtained by arranging the elements of matrix
X in a column vector, while Mx and Sx are completely known matrices and
vectors.

13
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4. if either Mg or My are full rank, then it is possible to solve for unknowns 7" or
S, and finally find 6 by comparison of the matrices 7' AT with A(9), T~'B
with B(6) and CT with C'(0). Otherwise, if neither Mg nor My are full rank,
it is possible to combine this technique with nonlinear optimization in order
to find the missing coefficients of the similarity transformation.

Such an approach relies on linear algebra tools only, and therefore turns out to be
computationally really efficient in finding the solution. On the other hand, since
the matrices Mg and M are not guaranteed to be full rank in general, the "pure'
linear algebra approach fails and the problem gets harder due to the necessity to
introduce nonlinear optimization.

Secondly, this procedure does not take into account any form of noise affecting the
data and assumes that the black-box description obtained in the first step of the
procedure perfectly describes the system. In fact, numerical experiments show that
in the presence of noise the parameters 6 are not correctly estimated and the error
may become dramatically large when the noise augments. Moreover, out of such
procedure there is no way to determine the quality of the result even if the noise
can be correctly characterized.

2.3 Polynomial approach

In the procedure summarized above, a critical aspect is that equations (2.5) are in
general bilinear even if the matrices A(f), B(f) and C(f) are assumed to be affine
in 6. As a consequence, in order to get linear equations out of them, we need to
discard all bilinear equations and keep just those among them which are linear.

An alternative idea, is to retain all information from such equations and solve
instead the polynomial problem of finding the unknown € by means of the solution
of the system of n? + 2n, polynomial (bilinear) equations in n2 + D unknowns:

AT = TA(9)
B =TB(6) (2.8)
CT = C(9)

The problem of solving such polynomial systems of equations has been considered
in the literature. One method can be used in order to determine the solution is
the Stetter-Moller method (or eigenvalue method). This method is based on the
relation between the variety associated to the ideal Z generated by the polynomials
with eigenvalues of the quotient space R[z]/Z. For a detailed description of the
method, refer to [22].

It is possible to notice that the considered system of equations involves usually
more equations than unknowns since D < 2n,. As a consequence now we can

14
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make some considerations about the expected number of solutions of the problem
under different conditions.

» When the identified black-box matrices { A, B,C} are realization of the same
system as the gray-box ones {A(#), B(6),C(0)} (e.g. the black-box state space
model has been obtained through noiseless data), the mapping 7" between the
two systems is unique and we expect to find just one solution.

o When the identified black-box matrices {A,B,C} and the gray-box ones
{A(9),B(0),C(0)} are not realization of the same system, i.e. there is no
matrix 7" allowing to map one into the others, we expect an empty set of
solutions. This is the most reasonable situation since usually experimentally
collected data are effected by noise and therefore it is not possible to find
{A, B,C} exactly representing the true system.

Overall, this approach turns out to be useless since even a small noise can cause an
incorrect estimation of {A, B,C} and as a consequence the final set of solutions is
empty.

2.4 Set-membership problem

Formulating the problem in a set-membership framework, allows to overcome the
problems due to the presence of the noise in the latter approach. It is possible to
show, that

Result: if the noise affecting the data can be modelled as an EIV (refer to Section
1.3), then it is possible to obtain a black-box model describing the system as

My : {az(k‘ + 1) = Ax(k) + Bu(k) (2.9)

where matrices A € R"% " B € R™ and C' € R™ are unknown but bounded. In
formulas, this means that each element of A, B and C can be described by:

Ay <Ay <Ay 1<i,j<n,
B, <B;<B; 1<i<nmn, (2.10)
C;<C<C 1<i<n,

How to obtain such a description of the system is the core of the next section,

where a constructive procedure allowing to build such model is presented.
Thanks to such result, it is possible to formulate the problem of finding bounds on
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the parameters to be estimated as the optimization problems
%=, 1t O
subject to
AT = TA(6)
B =TDB(0)
CT =C(0)
A < Ay <A 1<i,j<n,
ﬁiSBiSBi 1<i<n,
QiSC@-S@ 1<i<n,

(2.11)

And similarly for the upper bound
;= max 6, = min -6,
0,A,B,C,T 0,4,B,C,T
subject to
AT = TA(6)
B =TB(0)
CT =C(0)
A < Ay <A; 1<ij<n,
B, <B <B; 1<i<n,
C,<C<C 1<i<nmn,

(2.12)

Let’s now analyze the nature of the optimization problems (2.11) and (2.12):

o The optimization variable is composed by all the unknown parameters in the
gray-box model @, but also by all elements of matrices A, B,C and T. So,
letting

D =dim6# and n, = order of the system (2.13)

then the number of (scalar) variables involved in the optimization problems is
D + 2n? + 2n,. This is quadratically increasing with the order of the system
and in practice is quite small in most of the cases.

o The objective function is a simple linear function involving just one variable
of the vector 6

o The feasible set is defined by the following constraints:

1. AT = TA(0) represents a vector of n2 equality constraints involving
bi-linear terms due to AT and, in general, nonlinear terms due to the
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product T'A(f) when each element of A(f) is any nonlinear function of
the variable 6.

In order to simplify the following derivations, I assume that A(6) is affine
in ¢ and as a consequence the terms of the product T'A(6) are bi-linear in
the optimization variables.

2. B = TB(0) are a vector of n, equality constraints involving nonlinear
terms in 6 in general, but assuming that B(0) is affine in 6 as already did
for matrix A(€), such constraints turns out again to be bi-linear.

3. CT = C(0) is another vector of n, potentially nonlinear equality con-
straints. As long as I assume also C() to be affine in 6, then such
constraints are also bilinear in the optimization variable.

4. A;; < A < Zij, B, < B, < B;, C; < C; < C,; are linear inequality
constraints.

Therefore, it is possible to state that, under the assumption of A(#9), B(6),C(6)
being affine in 6 the problems (2.11) and (2.12) are POPs due to the polynomial
constraints AT = T A(#), B=TB(#) and TC = C(0) and have degree 2.

2.5 Derivation of the uncertain black-box model

In this section we discuss how to obtain an uncertain discrete-time state space
model as described in equations (2.9) and (2.10) starting from a set {a@,y} of
input-output data. Such data are assumed to be corrupted by a bounded noise as
in (1.21) and (1.22).

The procedure allowing us to get such a black-box model, consists in two steps:
at first we need to find bounds on transfer function parameters, then convert the
transfer function model into an equivalent state space one.

2.5.1 From data to transfer function

The first step is to obtain bounds on the coefficients («, ) of the transfer function

Prz 4+ "

H -

(2.14)

describing the input-output mapping, given the available data and the system order
nz. Notice that it is assumed [y = 0 due to the fact that the considered structure of
the gray-box model implicitly requires the considered system to be strictly proper.
More then one solution have been proposed in [23], [24] and more recently by means
of polynomial optimization techniques [11].
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In the SM framework and considering EIV noise structure, the problem consists in
the solution of POPs (1.25) which are explicitly written as

0F =  min 67
- 0,5777,6

subject to

50 = () + 32 Byl — ) — 3 Byell =)+

. . (2.15)
> gk =) +> amk—j) k=ny+1,...,N
j=1 j=1
Ay(k) <nlk) <Ayk)  k=1,....N
Ac(k) <e(k) <Adk)  k=1,...,N
and
6P = max 07 = min —67
a,B,m,e a,B,m,e
subject to
g(k) = n(k) + 3 Byulk = j) = 3 Bie(k — j)+
. =1 . 7=l (2.16)
=D gk =)+ > amk—j) k=n.+1,....N

Lower (or upper, when maximizing) bounds on the parameters can be found by
means of convex relaxation techniques such as the SDP ones presented in 1.4.
The number number of optimization problems to be solved in this step is 2(2n,) =
4n,, while the number of variables are 2n, + 2N.

2.5.2 From transfer function to state space

The conversion from transfer function to state space model can be performed in
more than one way, and each conversion have different properties. In order to
understand which conversion is most suitable for this particular problem, let us
now recall some standard techniques allowing to operate such conversion.

Given a n,-th order transfer function (2.14) there exists an infinite set of minimal
state space models (2.9) such that their transfer function computed as

H(z) =C(zI,, — A)'B (2.17)
18
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corresponds to the given transfer function. Among them, some canonical forms
have been considered in the literature:

« controllable canonical form: involves the coefficients of H(z) in a row of 4

and in C as
0 1 0 0
0 0 1 0
At = |
0 0 0 1
—Qp, —Qp,1 ... —0y —Qq <218)

;
B*=[0 0 ... 0 1
C = Bu. Bua - B B

« observable canonical form: involves the coefficients of H(z) in a column of .4
and in B as

0 0 ... 0 —ap,
1 0 ... 0 —ap
A% =10 1 ... 0 —an_s
0 ... 0 1 —a (2.19)
obs T
B =B Bt - B B
cobsz[o 0 ... 0 1]

» Jordan canonical form: does not involve directly all the coefficients but the
poles p € C™ and the residuals r € C" of the transfer function. Suppose as
an example that H(z) allows a partial fraction expansion in the form

T Tn

11 1,2
H(z) = ’ + ’ + + -4+ £ 2.20
(2) (z+p1)2 z+pl  z+4p Z + Pn, ( )

Then the corresponding state-space model matrices in Jordan canonical form

are
AJordan — 0 0 —py ... 0
T
glrtm—lo 1 ... 1 1]
CJordan = |:7"171 7’1’2 o ... Tnx}
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Among all those possibilities, the Jordan form should be discarded since it is not
straightforward to link bounds on the transfer function parameters 2 = (o, 3) with
bounds on poles and residuals. Moreover the problem would be badly conditioned
due to the high sensitivity of the poles with respect to the denominator’s coefficients.
Instead, at a first look controllability and observability canonical forms may instead
seem to be equally suitable for the selected task since both of them are easily
built just by a suitable re-arrangement of the transfer function parameters without
additional manipulations. Performing a deeper analysis about that, we can notice

 In both cases, matrix A is sparse (i.e. contains many zeros) and also some
terms are known to be exactly equal to one, without uncertainty. Sparsity
allows to reduce the number of terms arising when forming the product AT,
while the presence of not-uncertain terms allows to simplify the expressions
even if not reducing the number of terms.

In controllability canonical form, matrix B is composed by just ones and
zeros, while in observability canonical form matrix C is composed by all
zeros and ones. Assuming now A(6), B(#) and C(#) affine in 6, it is possible
to notice that while using controllability canonical form all equations (2.5)
remains bilinear in the variables T, 0, v, 3, using controllability canonical form
equation CT = C(0) gets linear in the unknown variables. This is an important
advantage in polynomial optimization since linear constraints are not relaxed
and the solution is likely to be less conservative.

For those reasons, the following calculations are developed using the controllability
canonical form. In fact, substituting A°, B°* and C°* in place of the generic A, B
and C in (2.5), we find:

A% ()T = TA(9) &

0 0 0 i, t11 tig - tin,—1 tin,
1 0 ... 0 —au 1 o1 log ... tap,—1 l2.n,
0 1 ... 0 —au- : : : : =
e tne—11 tnp—12 -+ tnp—ine—1 tna—1n,
0 0 1 Q1 L Zfnz,l tnz,Z s Zfngg,nzfl tnz,nz ]
t11 tip ... tip,—1 11,
21 top ... lop,—1 12,
=| S : - | A()
bnp—11 tng—12 -+ tng—ing—1 tng—1n,
L tnx,l 75n¢c,2 s tnx,nx—l tngc,ngC ]
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Then, explicitly taking into account the assumption about affinity of A(6) with
respect to 6 as

D
A0) = AO + 3 Ay,

d=1

(2.22)

the previous equation is re-written as

0 0 ... 0 —apn || tu t1,2 tna—1 t1n,
1 0 c. 0 —Qp, 1 t2,1 t2,2 t2,nzfl t2,nz
0 1 ... 0 —ano]| : : : | =
R bnp—11 Tnga—1,2 bng—1me—-1 Tng—1my
O T 0 1 - L tnac:I tnﬁf)2 tnacynat_l tnac,nx |
[ t11 t12 t1ng,—1 t1n, ]
a1 o2 12,1 t2,n, D
_ . : : [A(O) + Z A(d)ﬁd]
tp—1,1 tha—12 tnp—1me—1 tng—1m, =1
L tn;ul tnam2 tna:7nz_1 tnm7nz i

Then, expanding row-by column matrix multiplications

Ng D
= St (a2 )
k=1 d=1

—Qp,ln,

Ny nge D
=Dtk al(c(,]g)' 2. a;ﬁf? t11 0d (2.23)
k=1 k=1d=1
for what concerns the first row (all columns), while
S 0, N~ (@)
lic1j — Qng—ititn,; = Z Lik <ak;7j + Z ay ; ‘9d>
k=1 d=1
5L 0) N NR (@)
= Z t“g ak’j + Z Z ak,j ti,k Hd (224)
k=1 k=1d=1

for what concerns all the other elements. In above equations a}jf;.

k,j of matrix A with d=0,1,...,D.

denotes element

Similarly, we also substitute B°* in place of B in B = T B(f) obtaining
B (8) = TB(6)

Bn,
ﬁnzfl

i3

L A ]

t11

21

bny—1,1

L tnw,l

ty o
oo

tn,—1,2
tnm,2

U na—1
ton,—1

tnx—l,nx—l

tnx Me—1

21

tl,nz
t2,nz

tnw—l,nx

tnac SN

=

B(0)
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Then, assuming also B(#) affine in 6 as
D
B(#) =BY + 3" By, (2.25)
d=1

the matrix product can be written as

Bra [ t11 tig .. lip,—1 t1n,
Br.—1 ta1 125 S 7 P t2n, D
62 tnz—l,l tnm—l,Z “ee tnz—l,nz—l tnz—l,nm =1
L 61 ] L tnz,l tnx,2 ce tnx,nw—l tn,;,nx ]

and expanding row-by-column matrix product we end up with
Ny D
Bro—it1 = D tik (b/(fo) +> bl(gd) 9d>
k=1 d=1

Ny Ng D
= Z bl(cO) ik + Z Z bz(gd) tikOa (2.26)
k=1

k=1d=1

with i =1,...,n,.
Lastly, we also need to substitute C°* in place of C in CT = C(f), obtaining

T =C(0)

t11 tig oo limg—1 11,n,
a1 top ... lop,—1 t2n,
0 ... 01| : A L =00
bng—1,1 tnp—12 -+ tnp—ine—1 tna—tin,
L tnz,l tnI,Q s tnz,nm—l tnz,nx ]

Then, assuming also C'(6) affine in 6 as

D
CH) =CcO+3 Wy, (2.27)

d=1

the matrix product can be written as

t11 tip ... lip,—1 t1 n,
to1 log .. lom,—1 121, D
o0 01| S : : =[C<°>+ZO<‘“94
tnp—11 Tng—12 -+ tng—lme—1 tng—1m. d=1
L tnz,l tnz,Q S tnz,nzfl tnz,nz ]
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Expanding row-by-column products we end up with

D
tnx,i = CEO) + Z ng)ed 1=1,...,n, (2.28)
d=1

which is linear /affine in unknown variables [T, 6, a, 3], as expected.

Thanks to this procedure we are able to find bounds on parameters (a, 3) of a
state space model {A%%(a), B%(3),C°} out of noisy samples of input and output
sequences. Moreover it is remarkable that in this approach all the information of
the black-box model is encoded in 2n parameters only, namely o and 3, therefore
in formulation of POPs (2.11) and (2.12) it is not even necessary to include as
variables all the elements of A, B and C, but just a and 3 are sufficient. As a
consequence, such POPs can be re-written as

6, = min 6,
97a7ﬁ7T
subject to A (a)T = TA(0)

B*(8) = TB(0)

(2.29)
0 ... 0 1T=C()
a <o <o i=1...,n
and
9, = max 0,
0,a,8,T
subject to A (a)T = TA(0)
obs _

0 ... 0 1T=C()
a <o <o i=1...,n

Where constraints here written in matrix form for the aim of compactness, has to
be replaced by (2.23), (2.24), (2.26) and (2.28). This is actually fundamental when
coding the problem into a POP solver which is not able to handle directly matrix
representations, such as sparsePOP.

From the comparison of POPs (2.11) with (2.29) and (2.12) with (2.30), we may
also remark that the number of variables involved in the optimization procedures
falls from 2n2 + 2n, + D to n? + 2n, + D, therefore the solution is numerically
more efficient.
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2.6 One-step procedure

At this stage one can realize that, to make the long story short, what we have
proposed in order to solve this problem is to adopt a multi-step procedure when
two different but linked polynomial optimization problems are solved, one after the
other. In particular the parameters uncertainty intervals (PUIs) on the transfer
function parameters % = («, ) are used as bounds constraint in the successive
POP.

In other words one can realize that constraints

<o <o =10,
— _ , (2.31)
@SBZSBZ Zzl,...7nm
are equivalent to the intersection of all constraints of the first POP:
n—1
glk) —n(k) + > aig(k — i) + ain(k — i) =
i=0
= Bk —i) + Bie(k—i)  k=n,+1,...,N (2.32)

Therefore it could be a good idea to replace constraints (2.31) on o and [ in the
second POP with constraints (2.32).

By means of this observation, we are able to solve the problem by means of just
one class of POPs, which are

subject to
A(a)T =TA(9)
B(8) = TH()
0 ... 0 1T=C()
ng ng (2.33)
G(k) = n(k) + lﬁjﬂ(k —J) - 2:1536(1{5 —J)+
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and

04 = G,ar,,%%y},ce,T 04 = e,al,rﬁl,ir?e,T —0y4 d=1,...,D
subject to
A(a)T =TA(0)
B(3) =TB(9)
0 0 1|7 =C(6)

Uz

() = (k) + 3 B — ) = 3 Bielh = )+

Jj=1

(2.34)

<

> gk —)+> amk—j) k=n,+1,....N
j=1

Ay (k) <n(k)<A,k) k=1,...,N
A (k) <elk) <A(k) k=1,....,N

Above optimizations allows to find the solution without explicitly find the bounds
on the black-box transfer function model as an intermediate step.

Moreover, such "1-step" approach also shows two very nice characteristics when
compared with the above "2-steps" procedure:

1.

Computational efficiency. The "2-steps" approach requires at first the
solution of 4n, POPs with 2n, + 2N variables which in general can be quite
computationally intensive due to the fact that the number of samples N is
large, and then the solution of others 2D POPs with 2n, + n2 + D variables,
that is generally much less intensive due to the relatively low number of
variables involved. On the other hand the "l-step" approach requires the
solution of 2D POPs with 2N + 2n, + n? + D variables. In this case the
number of variables involved is again large and each problem turns out to
be approximately as computationally intensive as the fist step of the former
approach. The good new is that since generally it holds that

D < 2n,

the whole procedure is supposed to be less computationally intensive due to
the need of solving much less POPs.

Improved precision. When solving POPs (2.15) and (2.16) in the two-steps
approach, our aim is to give a description of the projection X(*# of the
feasible set described by (2.32) onto the subspace defined by variables [« J].
As it is well known, since such feasible set is described by a set of nonlinear
(polynomial) and non-convex equations, then it is also non-convex and what
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we need to do when solving the optimization problems is applying convex-
relaxation techniques in order to find a outer-approximation ng';;fi)ed of the
desired solution. Moreover, when just describing the projection by means
of some intervals on each variables, further conservativeness is added since
X}Q;@ed is approximated with an hyper-rectangle X 1(30{]’[13) . In a two-dimensional

space, the situation can be sketched as in figure 2.1. On the other hand, when

(67

(a,8)

relaxed

()(7[7)
XJ(DUI)

Figure 2.1: Projection of the feasible set of 2.15 and 2.16 into the transfer-function
parameters space and his relaxations

solving the 1-step problem, all the information that has been relaxed in the
latter procedure is instead retained, and as a consequence more precise results
can be obtained (i.e. smaller PUIs on elements of variable 0).

Above considerations allows us to state that this "1-step" approach to the solution
of the discrete time gray-box set-membership problem is much more convenient
with respect to the two-steps one presented in the previous sections.

2.7 Numerical experiments

In this section a particular problem is presented and numerical results are presented.
The discrete-time system described by gray-box model

R ECEE [_0'23_92 0_9; 4] o(k) + Fﬂ u(k)
L

y(k) = [1.1 0] x(k)
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Data are generated my means of a simulation experiment for a time of N = 50
samples using values for the unknown parameters

—-0.5

gzlm]
and as input u(k) an uniformly distributed white between 0 and 1 random signal
has been applied. Then some bounded additive output noise 7(k) is added to the
output samples only (OE noise structure), and the bounds of such noise is chosen
in order to obtain tests under different signal-to-noise-ratio (SNR) conditions.
It can be useful to report here also the transfer function corresponding to the true
system:

0.442 — 1.976
22 —0.32z — 0.3108

The problem is solved by means of both the two-steps and the one-step procedures,
and for different SNR evaluated starting from generated signal samples as

H(z)=C(zl, — A)™'B =

2

For each parameter results are given in terms of
« absolute value of upper and lower bound as 6; and 6; respectively.

« the true value of the parameter (6;)e, in order to allow an immediate check
of the correctness of the results

o the central estimate of the parameter, a point-wise estimated defined as

0; — 0,
(Qi)central — i} (236)
2
 relative uncertainty, evaluated through
0 + 0;
relative uncertaintyo, = (Q)Z:ntml - 100 (2.37)

Running the optimization in different SNR conditions, we obtained results in tables
2.1, 2.2, 2.3, 24, 2.5, 2.6. Time required for obtaining such results are reported in
table 2.7.

Results in tables from 2.1 to 2.6 suggest the following observations:
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B B = B central relative
0 (01' )true 67 (01' ) uncertaintyy,
ay —0.339270 —0.320000 —0.303743 —0.321507 11.050194%
Qo —0.322651 —0.310800 —0.291509 —0.307080 10.141284%
B 0.377441 0.440000 0.497520 0.437481 27.447862%
Ba —2.012101 —1.975600 —1.931779 —1.971940 4.073275%
G G — o\ central relative
05 (9’3 )true o7 (6’1- ) uncertaintyo,
th —0.520568 —0.500000 —0.478820 —0.499694 8.354642%
6 0.180730 0.200000 0.216015 0.198372 17.787486%

Table 2.1: Results for 2-steps solution with SNR = 30dB OE noise

relative

QiG (HZG ) e @ (QZG ) o uncertaintyo,

1.492442%
7.982059%

—0.500000 —0.495045 —0.498767

—0.502489
0.190494 0.200000 0.206332 0.198413

Table 2.2: Results for 1-step solution with SNR = 30 dB OE noise

Results from the "1-step approach" are significantly better with respect to
the ones obtained by means of the "2-steps approach" in terms of relative
uncertainty of each parameter. This is true independently from the level of
the noise.

The "1-step approach" provides his results in about 40 seconds, while the
'2-steps approach' requires about 2 minutes in this example. This can be
explained by noticing that the computational effort required for finding each
bound o, 3;, @, B; is approximately the same required for finding bounds 6;, 6;
since the number of variables involved is almost the same. Then, due to the
fact that in the "2-steps approach" I needed to solve 8 optimizations, while in
the "1-step" approach I needed to solve half of them, also the required time is
(approximately) halved.

As an average behavior with increasing level of the noise, the relative uncer-
tainty gets worse both in the black-box model parameters estimations and in
the gray-box one. Anyway this is not guaranteed to happen on each parameter
since the results also depends on the realization of the noise which is in general
different when the noise level changes. As an example, the relative uncertainty
on f3; is better in the 15dB case with respect to the 20 dB case.
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B B — 1 central relative
0; (ei )true 67 (ei ) uncertaintyo,
ay —0.349515 —0.320000 —0.152626 —0.251070 78.419832%
Qo —0.438907 —0.310800 —0.284868 —0.361887 42.565233%
B 0.063547 0.440000 0.641093 0.352320 163.926286%
Ba —2.239820 —1.975600 —1.718828 —1.979324 26.321697%
G I el o\ central relative
v (ei )true o (ei ) uncertainty,
th —0.594627 —0.500000 —0.377097 —0.485862 44.772052%
0, 0.170485 0.200000 0.291406 0.230946 52.358862%

Table 2.3: Results for 2-steps solution with SNR = 20dB OE noise

a a el ¢\ central relative
05 (ei )true & (9" ) uncertaintyo,
0, —0.519869 —0.500000 —0.494729 —0.507299 4.955596%
05 0.193452 0.200000 0.258400 0.225926 28.747620%
Table 2.4: Results for 1-step solution with SNR = 20 dB OE noise
B B =5 B central relative
i (6" ) true o (Qi ) uncertaintyo,
o —0.528619 —0.320000 —0.227592 —0.378106 79.614556%
Qo —0.397758 —0.310800 —0.185553 —0.291656 72.758744%
b1 0.182517 0.440000 0.882945 0.532731 131.478809%
Ba —2.311370 —1.975600 —1.553103 —1.932237 39.242975%
a a el ¢\ central relative
il (6" )true o (Qi ) uncertaintyo,
0, —0.659487 —0.500000 —0.326383 —0.492935 67.575742%
05 0.082962 0.200000 0.292408 0.187685 111.594284%
Table 2.5: Results for 2-steps solution with SNR = 15dB OE noise
a a el o\ central relative
05 (ei )true o (Gi ) uncertaintyo,
0, —0.551245 —0.500000 —0.464214 —0.507729 17.141258%
05 0.119757 0.200000 0.256687 0.188222 72.749547%

Table 2.6: Results for 1-step solution with SNR = 15dB OE noise
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2-steps 1-step
SNR = 30dB 105.925s + 0.939s 48.171s
SNR =20dB 124.608 s + 0.965 s 35.765s
SNR = 15dB 117.7255 + 0.970 s 39.492s

Table 2.7: Time required for obtaining results of example in section 2.7
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Chapter 3
Continuous Time Problem

Most of the systems which can be modeled by means of the so-called first principles
of physics are naturally described by differential equations, and therefore as CT
gray-box models. For this reason in this chapter we consider the CT gray-box
identification problem.

When solving the gray-box identification problem in the SM framework in Chapter
2, the starting point is a reliable solution of the corresponding black-box problem
in the SM framework. Similarly, in order to solve the corresponding problem for
CT systems, a solution for the CT black-box identification problem in the SM
framework is needed.

Moreover, the black-box continuous-time problem is interesting in itself especially
as a technique for identification finalized to robust control strategies such as H,
optimization or p-synthesis [25], [26].

For these reasons in this chapter lot of effort is devoted to the black-box CT system
identification problem. At first classical solutions are mentioned and discussed, then
two new methods based on the formulation of the problem in the SM framework
are presented.

Finally, given the results about SM identification of black-box CT models, the
solution of the CT gray-box identification problem straight forwardly follows.

3.1 Black-Box Problem Statement

Problem of identifying a continuous time system thanks to sampled data [27] is
formulated as follows:
Problem: given a set of samples of input and output signals

k), ak)y  k=1,....N (3.1)
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collected out of the true continuous time input and output signals wu(t),y(t) by
means of a constant rate sampling with sampling period 75

y(k) =y(t = kTys) =1,...,N (32)
and corrupted by some noise, we want to estimate a transfer function
ol e
H(s) = R R L A 2, s (33)

b e afsaf L, S
S +.ZOO‘Z‘S
1=

describing the input-output behaviour of the system.

Although most of the literature about system identification focuses on discrete-time
systems, the problem of identifying a CT system by means of sampled data has
been studied in the past, as presented in [28] and [27]. As also discussed in such
articles, solutions to the problem can be divided in two classes: direct approaches
and indirect ones. An overview about such solution is the subject of the following
sections.

3.2 Direct Approaches

Direct approaches rely on algorithms specifically designed in order to give an
estimate of H(s) directly from sampled data without deriving any discrete-time
model. In the following we will present some of the results from this class. A
detailed description of all the methods in this family is beyond the objective of this
thesis.

The main observation behind direct CT system identification is that the CT transfer
function (3.3) links input and output signals by means of

Y(s) = H(5)U() = y(t) + sy (0) + - +asy (1) =

where 3@ (t) and u((t) for i = 1,...,n represents i—th time derivatives of output
and input signals respectively. Then given an estimate of the time-derivatives of
input and output signals @ and ¢, it is possible to build some loss function

N
L= (G(kTy) + ar gD (ETy) + - - + ™ (KT,)+ (35)
k=1 .

_ 51@(1)(kT5) . @la(n)(kTs))Z
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and formulate the optimization problem
(05°)°P! = arg rg‘lginﬁ 65< = [, 5] (3.6)

which is a convex quadratic program that can be easily minimized by any standard
solver. Alternatively, since the problem can also be recognized as a standard least
squares problem, it can also be solved by means of the normal system of equations

(07)" = (2T @)7 ' (=) (3.7)

where
®=[§0,..gm, a0, 4] (3.8)

Estimation of time-derivatives of input and output signals is usually done by means
of the application of a suitably-tuned filter F;(s) to the input and output signals
as X (s) ~ F;(s)X(s). This can be interpreted as a numerical differentiation
pre-processing operation. A simple choice consists in the application of some LTI
filter as

R = (1) (39)

14 s7

which takes the ideal "multi-differentiator’ filter F9¢4(s) = s' and adds some
poles at high frequency to make it physically realizable. Such method, introduces
approximation errors in the estimation of the derivatives. In any case it is possible
to modify this problem, in order to avoid approximation errors.

In [29], the following idea is proposed. A causal linear operator is defined and
used in order to replace the time-derivative, therefore avoiding the approximation
problem. Such operator can be chosen to be for instance the low-pass

1 1—A

= = = 3.10
1+ s7 S AT ( )

A= F(s)

which allows to transform the initial transfer function H(s|a®, 3°) in (3.3) into a
new input-output model Hy(A|a®, 3¢, 7) which now explains input-output mapping
in terms of X operator. Then, it is now possible to evaluate filtered signals \u(t)
and A'y(t) and construct some loss function to me minimized thanks to which
estimates of the original transfer function parameters ac, BC can be determined.
Such approach is referred to as the State Variable Filter (SVF) approach and was
developed by Young in 1969.

Other methods based on the very same idea of the application of analog filter, are:

 Generalized Poisson Moment Functionals (GPMF) approach: very similar to
the SVF above, uses filters

b
S+ a

i+1
) a,b tunable parameters (3.11)

R =

33



Continuous Time Problem

 Integral Methods: based on the idea of avoiding issues related to the differen-
tiation performing n consecutive integrations. Among such family of methods,
it is possible to find the Integral Method over a Stretched Window that can
be interpreted as the application of

Fi(s) = 5" (3.12)

or the integral method over a moving window (LIF) that can be interpreted

as the application of
1— eflTSs i
Fi(s) = () (3.13)
S

which has the advantage with respect to the previous integral method of
making initial condition disappear.

o Modulating Functions approach: firstly proposed by Shinbrot in 1957, the
filtering F'(s) corresponds to the multiplication by both sides of equation (3.4)
by some function called modulating function. Then the derivative operator
is applied to such functions and integration over the period is performed
different. The usage of many different modulating functions has been studied,
as instance Fourier basis functions, Hermite functions and Hartley-based
functions. Advantages of such approach are that thanks to Fourier Hartley-
based functions the problem can be posed in frequency domain and that the
of effect of initial conditions disappears.

Since the analysis of direct approaches to continuous-time system identification is
beyond the scope of this thesis, we do not enter into more details. Instead, it is
useful to make some quite general considerations about all such approaches.

The analysis of the above mentioned algorithms is carried out either in the noise-free
and noisy case. In this last case, the noise is modeled as an additive Gaussian
random variable in the equation (3.4). This assumption allows to prove results
about convergence of the solution when the estimate for the system parameters is
evaluated with some least squares approach as in (3.6) and (3.7).

Another important feature is that all such derivations are formally true when input
and output signals u(t),y(t) are filtered by means of some analog filter with the
given transfer function F(s). In practice this is a problematic point, in fact

o If it is possible to include some analog device during the experiment, then
one could build the filters F;(s) thanks to some operational-amplifier based
circuit and collect outputs signals A'u(t) and \y(t) with the same sampling
frequency used for non-filtered input and output. For example, considering
the filtering of u(t) in (3.10), the filter can be implemented as sketched in
Figure 3.1.
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C C
SR LR I _ .
ﬁ..'R D R
u(t) —ﬁ l — _'T ' 1
| }I,H-(f.] ‘(11 .I'H {f) . | | u{t}

Figure 3.1: Analog implementation for filters F;(s) in SVF approach

In the same way we obtain A'y(¢) when feeding y(t) as input of the filter in
Figure 3.1.

Such solution, even if reasonable and apparently correct, presents a number of
factors introducing errors in the process

— Resistor’s and (even worse) capacitor’s tolerances does not allow to get the
very same 7 in all the stages of the filter. This problem can be attenuated
choosing components with small tolerances and from the same batch, but
never eliminated.

— Non-ideality of the operational amplifiers introduces additional errors
such as offset voltages due to input bias currents, offset input differential
voltage, finite bandwidth and finite gain...

Moreover additional costs are added to the design due to the need of realizing
the filters and including sample and hold devices for the sampling of each
filtered signal.

o If we assume instead, that the only data we can collect are samples of input and
output signals u(kTy),y(kT), then the only way to get estimates of Nu(kTy)
and Ay (kTy) is by means of the application of some digital filter F'(z) obtained
by discretization of the analog F'(s).

Na(k) = Fi(s)a(t)lrr, = Z{Fi(s)}a(k) = Fi(2)x (k) (3.14)
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Also this approach introduces some error, this time entirely due to the dis-
cretization. But the good new is that differently from the error arising in the
analog case, this one is proved to tend to zero as the sampling frequency tends
to infinity. In practice we can assume that this error is very small when the
sampling frequency is much larger than both the bandwidth of the signals, of
the system to be identified and that of the filters.

This is the reason why, in Section 3.5, the problem is tackled in a SM framework
by estimating filtered signals through (3.14).

3.3 Indirect Approaches

Indirect approaches are based on the idea of estimating a discrete-time model my
means of any discrete-time system identification algorithm, as

o classical algorithms for the estimation of discrete-time transfer function models:

ARX, ARMAX, OE, BJ [ref 77];
« subspace identification based algorithms, such as N4SID [30];
o the SM approach presented in 2.5.

Afterwards, the obtained discrete-time model is converted into an equivalent
continuous-time model. This last step is more crucial due to the fact the conversion
from discrete-time and continuous-time is not unique. For this reason we now focus
on the main techniques allowing to perform such a conversion.

Conversion of a discrete-time system into a continuous-time one is the inverse
problem of the well-known discretization problem. Discretization of a continuous-
time system can be formalized as

Problem: Given a continuous-time system G°(s), we need to find some discrete-
time system G(z) such that the input-output mapping is preserved.

Such analysis has been carried out under many assumptions, bringing to different
solutions

o Forward Euler discretization: is maybe the simplest idea in discretization of
differential equations. The differentiated signals are approximated by their
Taylor series expansion truncated at the first order. For a signal z(t) we have

dx(t)
dt
dx(t)
dt

+ O(T?)

s

t=to (3.15)

I(to + TS) = ZL‘(to) + TS

~ z(ty) + Ts

t=to
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As a consequence

dr(t) _ x((k+1)T;) — x(kT)

dt T,
Now, applying the Laplace-transform of the left-hand side and the Z-transform
on the right-hand side suggests the substitution
z—1
T

A geometrical interpretation for this approach can be found when thinking
about the integrator

(3.16)

S =

(3.17)

tO+T5 U
W+ 0T =ym) + [ un Sy =T )
0
In this case, applying Forward Euler discretization brings to
T, -
V() = =1UG) 2= yl(k+ D) = y(kT) + Tu(kT) - (3.19)

This means that the approximation is error-free only when the input signal is
constant over the sampling interval, since from a time-domain point of view it
is assumed that
to+Ts
/ ult) ~ Tou(kT)) (3.20)
to
Backward Euler discretization: consists into a technique very similar to the
forward Euler one, where the integrator is approximated with
t0+Ts
y((k+ DT) = y(kT) + [ ult) ~ y(kT,) + Tu((k + DT,) (3.21)
to
Notice that in this case it is assumed
t0+Ts
/ u(t) ~ Tou((k + 1)Ty) (3.22)

to

which is a very similar assumption with respect to the latter technique, and
brings to the substitution

s = = (3.23)

Tustin’s discretization: is based on the idea of approximating the integral
between two samples with a trapezoidal approximation, in formulas:

y((k+ DT,) = y(kT.) + tt”Ts u(®) .
’ 3.94
~ y(kT,) + T, (u(kTy) + UQ((/{ + 1)T5))
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In this case, the discretization is therefore performed by means of the substi-

tution
2z—1
= — 3.25
s T, 2+ 1 ( )

In most cases, such approximation brings to better results with respect to the
previous ones for the same sampling time T, as long as the signals involved in
the description of the evolution of the system are smooth enough. A graphical
comparison between approximation of the integrals computations in Euler

methods and Tustin one is presented in figure 3.2

Figure 3.2: Comparison between approximation introduced by forward Euler
method (left), backward Euler method (center) and Tustin method (right)

o ZOH. This assumption is based on the practical case of the digital design of a
control system for a continuous-time plant. In such a circumstance the input
signal for the plant to be discretized is a discrete-time signal coming from the

digital controller with sampling time T and is filtered by a zero-order-hold
(ZOH) device, characterized by

1 — e

hZOH(t) = E(t) — E(t — TS) = GZOH(S) = f (326)

where €(t) is the Heaviside step function.
A block-diagram description of this setting is shown in figure 3.3.
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y(k)
G4(2)
ZOH — G°(s) —
u(k) u*(t) y(t)

Figure 3.3: Block-diagram of ZOH discretization

In this situation, the discrete-time model G%(z) can be obtained as

S

_z {GC<5>} s {G%s)e_m} - Z_l)Z{G%s)}

S S

GU(z) = Z{G*(5)Cron(s)} = 2 {GC(S)W} _
(3.27)

»

o Matched: the method consists into mapping each pole and zero in the s-domain
of the original CT transfer function into the corresponding pole and zero in
the z-plane through the mapping

Zi = €SiTS (328>

This method has the advantage of preserving quite well the frequency behaviour
of the system. For this reason it is mainly used to convert models for controllers
designed in continuous-time into discrete-time controllers in control systems
design.

3.4 SM Problem Statement

In the following, we will deal with the CT black-box identification problem in a
SM framework. For this reason it is necessary to give further details about the
statement of the problem in such context. Firstly, the following assumption on the
noise is performed:

Assumption the samples of the noise affecting the input and output signals are
bounded as

A, (k) < (k) < By(k) (3.29)
S AE

A, (k)

Ac(k) < e(k)
and enters the problem according to the EIV noise structure, represented in figure
3.4
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)
y(k) =y(k) +n(k k=1,...,N (3.30)
¢ (t)
0 System Y
u(k) y(k)
(k) (k)

Figure 3.4: Block diagram of CT EIV noise structure

Under such condition, we are interested in finding bounds af, a$, 8¢, 3¢ on the
parameters a°, 3¢ of the continuous-time transfer function (3.3). o
In Sections 3.5 and 3.6, two solutions of this problem are proposed. Both of them
are based on ideas from classical approaches discussed in the previous sections and
are formulated as sets of polynomial optimization problems.

3.5 State Variable Filters SM approach

A possible idea is to establish a procedure based on the SVF technique, as presented
in Section 3.2. In this setting, the main equation relating samples from the involved
signals and the system parameters is

y(t) = Ho(Ale®, 5% T)uft) (3.31)

where Hy(A|a®, f¢, 7) is obtained from H(s|a®, 3¢) by means of the substitution
(3.10).
Let us now enter into more details about the shape of such Hy(\) in the (almost
general) case when the continuous-time transfer function is a strictly proper transfer
function of order n. -
Y, fpis’
H(s|a, %) = —=g— (3.32)

n—1 .
st > afst
=0
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Substituting the differential operator s with the low-pass filtering operator A
according to

1—A
s = e (3.33)
we get
n—1 1-X2\'
oA = T Y nel (1=X)
() 5 (57
n—1 . i

(1= A"+ ’fz;ol ag (1= A) (Ar)"

b\
=1
= ———— = Hy(}|
1+ Y aN
j=1

M=

7B>

N
N

where @; and b; are linked to a¢, 8¢ and 7. In order to get a closed form expression
for this relationship, we need to focus on the expression

Ti: % (1= A (M) = Zn: &N (3.35)

In fact, when 7 is set to 5 we get the expression of the numerator, while when ~
is set to a® we the main term involved in the expression of the denominator.

We notice that @; and b;, are the coefficients of a polynomial of order n, which
is given as the product between many monomials. Then recall that coefficients
of a polynomial p(x) = ¥, p;a* which can be written as the product of other two
polynomials ¢(z) = 3, ¢;iz* and r(z) = ¥, ;2" can be obtained my means of the
discrete convolution operation between vectors containing the coefficients of ¢(z)
and r(z), as

p=qxr Le. pi=> Qi (3.36)
k=0
Therefore, in this particular problem, it can be useful to introduce the vectors
< -1 —1] |1 1
(i) — e e "

¢ times n—1 times

that corresponds to the coefficients of the i-th polynomial. In such vectors, the
element n — j represents the coefficient of M in the corresponding polynomial.
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Thanks to the definition of these vectors, we re-write the left-hand side of expression
(3.35) as

n—1 n ) )
Sy e N (3.38)
i=0 j=1

Then, thanks to the linearity of the summation operator, this expression can be

further re-written as
J

SN e W (3.39)

Comparing this last expression with the right-hand side of (3.35), it is finally
possible to state that

n—1 )
i=0
and in particular
n—1 )
b = b(8) = 3 B e (3.41)
i=0

Moreover, since the coefficients of polynomial (1—\)"™ appearing at the denominator

are computed as
-1 —1
— ¢
[11* *[1] c (3.42)

n times
then .
a; = a;(a) = cij?j +3° afT”_icg)_j (3.43)
i=0

From equations (3.41) and (3.43), we notice that the parameters a and b appearing
in Hy(\|a, b) are linearly dependent from the parameters a°, 5¢ we want to estimate.
As a consequence it is easy to lead back the problem of finding upper and lower
bounds on af, 3¢ to the problem of finding upper and lower bounds on @ and b.
Next, in order to estimate upper and lower bounds on @ and b, we adopt a procedure
inspired from the solution of the DT identification problem in the SM framework.
In fact, given samples u(k), y(k) of signals u(t), y(t) and samples of their filtered
versions

u® (k) = x‘u(w\t:m
y k) = Ny, S
it holds the equation
y(t) = Ho(Ala, b)u(t)
Sy + 0 AN = S ENu() (3.45)
j=1 Jj=1
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Since this equation holds for any time, then in particular it must be true also at
any sampling instant. Then we can formulate optimization problems

y(k) + S ay O k) =Y b (k) k=1,...,N
Jj=1 j=1
@:maxéj 0 = [a,b]
subject 1;0 ) )
y(k)+ Y ay (k) =S bu(k)  k=1,... N
Jj=1 j=1

Still it is not possible to solve the formulated optimization problems since the only
available data are noisy samples @(t) and §(t) of u(t) and y(t) only, together with
bounds on the noise affecting them, while filtered signals are not available. How to
find such samples of filtered signals has already been discussed in 3.2 and now an
analysis of errors affecting the samples in the analog filters implementation versus
the digital filtering one is performed.

1. Analog filtering would in principle be the better option as long as we were
able to build 2n filters all exactly equal in terms of transfer function they
implement. As already discussed this is not possible in practice and moreover
due to the non-ideality of components building the filters some additional
error is introduced, so in such a condition a realistic model for sampled values
we would measure could be

g (k) = E(8)9()|impr, + (k)
= F(8)y()|,mpr, + F(s)(E) e, + 1 (k)

Therefore the total error affecting the sample would be the sum of a component
coming from the original noise affecting the signal we want to filter plus another
component due to the non-ideal filtering itself, and as the reader may guess,
bounds on errors F;(s)n(t)],_,r. +n? (k) either are not easy to find and in
principle can be larger than the original A,,.

(3.48)

2. Usage of a digital filter F'(z) obtained through some discretization of F'(s) is
an effective alternative. Such approach introduces an error 6(k) due to the
discretization as

y (k) = F(2)y" "V (k) + 6(k) (3.49)

where

it !

Fe) = Z{F()} = T2 (3.50)
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Combining equations (3.49) and (3.50), we discover that samples of filtered
and non-filtered signals are related by a simple linear relation

y (k) + f3y D (k — 1) = fiy" D (k) + foy" D (k — 1) + (k) (3.51)

and this hold for all 4 = 0,...,n where y© (k) = y(k).

Even more importantly, the uncertainty due to §(k) can be neglected with
respect to the one introduced by the noises n(k), e(k) as long as the sampling
time is small enough. This is true because when the sampling frequency
approaches infinity, the DT filters F'(z) are able to reproduce the output of
the ideal CT signals applied to the true signals.

For all the reasons above, we can assume that all information about the samples of
filtered signals can be obtained thanks to the linear equations

y (k) + f3y(k — 1) = fiy" (k) + foy "V (k — 1)

u(z’)(k) + fgu(i)(k -1 = flu(ifl)(k) 4 fzu(ifl)(k; _1) (3.52)

where t =0,...,nand k=1,..., N.
Therefore, bounds on @ and b are obtained by the solution of optimization problems

- B &,E,y,...,gg"l){lu ..... u(n) ej 0= [a’ b]
subject to
y(k) + Y a9 (k) =3 bu (k)  k=n+1,...,N
j=1 j=1
y I (k) + fayV (k= 1) = iy D (k) + foy" D (k — 1) (3.53)
j=1....n, k=1,...,N
uD (k) + faul) (k —1) = fru¥=(k) + foul=D(k — 1)
j=1....n, k=1,...,N
y(k) = Ay <y(k) <y(k)+4A,  k=1,...,N
u(k) — A < u(k) <u(k)+ A kE=1,...,N
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Qj = &’B’yw’g(]gi ..... o 0]- 0= [CL, b]
subject to
+Z%y Z[;]u(j)(k;) k=n+l1...N
j=1
y D (k) + fsy(j)(k —1) = fiyV (k) + foyV D (k - 1) (3.54)
J=1

n, k=1,...,N
(

Finally, we can further modify the optimization problems including variables a*
and ¢ and constraints (3.41) and (3.43) in order to directly solve for a“ and /¢,
which is our final objective.

0; = min 0; 0=l B

ac71867d76’y7"'7y(n) 7u 7777 u(n)

subject to

n—1 .
= ZﬂfT"_ics)_j j=1....n

Zac neid) o =1,

k)+2ajy<j>(k):§jéjum(/c) k=n+1,...,N (3.55)
j=1 j=1 ’

y (k) + fy (k= 1) = fiy" D (k) + fay D (k= 1)
j=1...,n, k=1...,N

WO (k) + fou (k= 1) = Fub (k) + fru0 D (k — 1)
j=1....n, k=1,...,N

y(k) = Ay <y(k) <y(k) + 4,  k=1...,N

u(k) — A < ulk) < u(k) + A k=1,...,N
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and . . .
R 0; 0=la"p]
subject to
n—1 )
l;j = ZﬁfT"*ics),j j=1,....n
i=0
n—1 )
a; = cgi)j + ) asr” ’cs),j j=1,....n
i=0
y(k) + Y a;y (k) =3 bu (k)  k=n+1,...,N (3.56)
j=1 j=1 ’
y (k) + fay P (k= 1) = fiyV (k) + foy D (k= 1)
j=1....n, k=1,...,N
w9 (k) + fauP (k= 1) = fruf (k) + fou¥ =D (k — 1)
j=1....n, k=1,...,N
y(k) = Ay <y(k) <y(k)+ 4,  k=1,...,N
u(k) — A < u(k) <u(k)+ A k=1,...,N
Remarks

 Optimization problems (3.55) and (3.56) are polynomial optimization problems
(POP) due to the fact that equations

(k) + Y (k) = Y b (k) (357)

involves products between optimization variables. In particular this POP has
degree 2 and so can be solved by means of SDP relaxation techniques with
order of relaxation starting from ™" = 1.

o The procedure based on the solution of POPs (3.41) and (3.43) is able to

provide good results thanks to the fact that the only uncertainty is due to
the noise on the original noise affected samples u(k), y(k). All the samples
of filtered signals are assumed to be uncertain but strictly correlated with
realization of samples from the other sequences.
In other words, computing bounds on §) (k) and @) (k) thanks to some linear
program based on equations (3.52) and then use such information the POPs
(3.46) and (3.47) (constraining u, 3@ 4 = 0,...,n in their admissible interval)
leads to much worse results, since in that case the correlation relating samples
of different sequences would have been lost.
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e The computational effort required to solve above optimization problems is
quite high due to the number of variables involved

dn+2(n+1)N

In fact this number is dominated by the product of the number of samples
times the order of the system which in general is quite high in any identification
procedure. This is a problem that and can quickly become dramatic, especially
for system of order n > 3. In order to keep computational effort under control
the only way is using a reduced number of samples but this brings to worse
results.

3.5.1 Numerical Example

In this section we present a numerical experiment performed in order to verify the

performances of the method described in the latter section.

Data are obtained from a simulation experiment on the plant H(s) defined as
155 +22.4 155 +22.4

H = e
) = G105+ 13) ~ 521235 1 130

Then the obtained input and output signals are sampled with a sampling period of
Ty = 0.01s and corrupted by an additive bounded OE noise |n(k)| < A, on each
sample. The value of A, was adjusted in order to obtain some desired signal-to-
noise ratio.

Results are here reported in terms of:

e lower and upper bounds: @ and @.

true value of the parameter (67 ) ue

the central estimate, defined as

0B B
(QB)central — M
' 2
« relative uncertainty, evaluated as
0F — oF
relative uncertaintyo, = Wmfml - 100
(2

The simulation total time was set to 1.1s, therefore the total number of samples

turned out to be
Tsim 1.1s

T.  0.0ls
47
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for both input and output signals. Finally 7 = 0.1s has been chosen as hyperpa-
rameter.
For the first solution, setting A, = 0.22 lead to a signal-to-noise ratio SNR = 30 dB,
and solving POPs (3.55) and (3.56), results in 3.1 are obtained.

While setting A, = 0.7, corresponding to SNR = 20dB, and solving POPs (3.55)

— central relative

b (0:)urue bi (6:) uncertaintyo,
o 22.54 23 23.35 22.945 3.5294%
Qo 127.63 130 133.17 130.4 4.2496%
b1 14.69 15 15.266 14.978 3.8456%
Ba 21.332 224 23.661 22.497 10.355%

Table 3.1: Results for SVF approach with SNR = 30dB OE noise

and (3.56), results in 3.2 are obtained.
The amount of time required for the solution of the POPs is significant, in fact

— central relative
b (0:)urue bi (6:) uncertaintyo,
o 21.756 23 23.879 22.818 9.305%
Qo 113.91 130 137.45 125.68 18.728%
ay 14.126 15 15.665 14.896 10.332%
Ba 16.101 224 25.661 20.881 45.782%

Table 3.2: Results for SVF approach with SNR = 20dB OE noise

there were necessary 1,467.96s in the 20dB case and 936.16s in the 30dB one.
This is due to the fact that the number of variables involved in the optimizations
is significantly high (=~ 6N = 660).

3.6 Tustin Discretization SM Approach

Similar results with a noticeable reduction in the computational effort with respect
to what is achieved by means of the technique presented in 3.5, can be obtained
exploiting some indirect procedure.

Among all the available techniques for discretizing a dynamic system, summarized
in 3.3, each has his own advantages and disadvantages:

o Forward and Backward Euler methods can provide simple relationships between
the parameters of the continuous-time transfer function H(s) and their discrete-
time counterpart’s parameters, but the error they introduce is quite large
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when compared to other methods for equal sampling periods.

o ZOH method is the best option when discretizing a model fed with piece-wise
constant input signals. This is most of the times reasonable when dealing
with plants of control systems but in general is not true. Moreover it does
not provide a simple mapping from continuous-time and discrete-time transfer
functions parameters.

o Matched method is able to preserve the frequency behaviour of the system
but this is not what I need in order to develop my procedure which is not
based on the frequency domain characteristics of the system. As for ZOH,
also this method does not provide a simple mapping from continuous-time
and discrete-time transfer functions parameters

o Tustin transform provides both simple relationships between the parameters
of the continuous-time transfer function H(s) and their discrete-time coun-
terpart’s parameters and a relatively low approximation when the involved
signals (u(t),y(t)) are smooth enough.

On the basis of these observations, Tustin (or bilinear) approximation is definitely
the most reasonable choice.

Up to now we stated that the relation between parameters of the transfer func-
tion H(s|a®, 3¢) we want to identify and parameters of his Tustin approximation
H(z|a4, 34, T,) is simple. But let’s now enter into more details about this, deriving
some explicit relation between o, 3¢ and a¢, 3°.

Consider the continuous time transfer function:

n—1 .
> Bist
H(sla*, ) = —=F— (3.58)
s+ Y agst
i=0
Applying the Tustin transform
2z-1
s = 7211 (3.59)
we get
n-1 2 z—1\"
Z:0 o (T z + 1)
H(z|a®, 8% 1) = = : (3.60)

(22—1>"+n§ c<2z—1>i
Toz+1 izoai T, 2+ 1
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Then, multiplying both numerator and denominator by 77 (z + 1)"

n—1 . . . .
> B2 (2 = 1) T (2 + 1)
H(Z|acvﬁc7T8) = =0 1 (361)
2n(z = 1)" 4+ ¥ af2i(z — 1)Tr=i(z 4+ 1)n*
=0

At this point, it is possible to use black-box LTI discrete-time system identification
in the SM framework in order to find bounds on parameters a¢, 3¢ of the discrete-
time transfer function

o8

|2

B2
H(z|a?, B%) = ——— (3.62)
Y afdzd
5=0

In general, the DT counterpart of the original CT transfer function obtained by
means of Tustin discretization can be non strictly proper even if the original CT
transfer function we want to identify is assumed to be strictly proper.

Then, by comparison of equations (3.61) and (3.62) we are able to determine the
relationship between a¢, 3¢ and o, 3%. In order to do so we need to find the
coefficients ¢; of the polynomial

Z bz = ‘ Y2z — 1) T (2 4+ 1) (3.63)

Exploiting again the convolution in order to find the coefficients of a polynomial
expressed as product of monomials, we can define

o= [N [ ] (3.64)

7 times n—i times

which are vectors of n + 1 elements containing the coefficients of the polynomial
(z — 1)%(z + 1)"". In particular coefficient of 27 is at index n + 1 — j.
Thanks to this definition, (3.63) can be rewritten as

Z szj — ‘ ,yZC2ZTsnfz Z CSJ)rlszj (365)

(3.66)
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Finally, comparison of the right-hand side with the left-hand side of this equation
allows to state that

2702’T" W (3.67)

Thanks to this result, we are 1mmed1ately able to write (3.61) as

H(z|a®, 85, T,) = =0 , (3.68)

Then, given also that
'z —1)"=2") 07(:21 2 (3.69)

We can also define a;(a) such that

7=0
=23 alh e+ 30 bi(e) =
a0 =0 (3.70)
-3 (2l + ) -
=0
=2 a;(a")?’
=0
Then,
a;(a°) = 2"c)j + bi(a”) (3.71)
At this point, given the definition of a(a¢) and b(5¢) it holds
P2 b;(5°)7
H(z|a, 3% 1)) = S (3.72)

This transfer function must be compared with (3.62) in which the denominator is
normalized to have coefficient multiplying 2" equal to 1. Therefore the equations

linking 69 = [a?, 89 with 6¢ = [a¢, 3¢] are

_ bi(89)
ﬂffm =0,...,n
i:(a) (3.73)
aj:&i(ozc) j=0,...,n—1
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which can be re-written as

Han(@] =B(5) =0 o
[an ()] = aj(a) j=0,...,n—1

Given the definitions of functions @;(-) and b;(+) in (3.71) and (3.67) we can
notice that they are linear or affine with respect to the respective variable ¢,
therefore since in my final expressions (3.74) involves products between elements
of % = [a?, 34] and given functions, the final expression is bilinear in the variable
0 = [6°,04].

Thanks to such result, we can finally motivate the following procedure allowing
to solve the continuous-time black-box system identification problem in the SM
approach. This consists into a two-steps procedure:

o Thanks to available samples of data
{g(KT,), (KT} =A{g(k),a(k)}  k=1,....N (3.75)

identify bounds on the parameters of the discrete-time transfer function model

(3.62)

n
d.j—
2 gt
Jj=0
n—1

H(z[o?, g%) = (3.76)

14+ Y afzi—n
=0

by means of the SM approach summarized in 2.5.
In this particular case since the system is non strictly proper we need to solve

POPs
97? = adr,rﬂlzlr’%,e 0? 07 = [, 37
subject to
n—1
j(k) = n(k) + Y [adi(k +i—n) — afn(k +i—n)| =
=0 (3.77)

:zn:Wﬁ(’f“—n)—ﬁfe(kﬂ—n)] k=n+1,...,N
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and
6f = max 67 §°=[a" 5]
subject to
n—1
j(k) = n(k) + Y [adi(k +i—n) — afn(k +i—n)| =
i=0

zznj[5fﬂ(k+i—n)—ﬁfe(k+z’—n)} k=n+1,...,N
=0

AA@én%)gﬁﬂm k=1,...,N
Adk) <e(k) <A(k)  k=1,....N

(3.78)

In the following we will denote obtained lower and upper bounds on «; as o;
and @ respectively. Similarly, we denote lower and upper bounds on 3; as 3;

and 67

o Second step of the procedure consists obviously into converting obtained
bounds on the discrete-time transfer function into bounds on the bounds of

the corresponding continuous-time transfer function parameters.

As already shown, discrete-time parameters o, 3% and continuous-time ones
a‘, 3¢ are related by means of bilinear transform by bilinear equalities (3.74),
therefore it is possible to obtain bounds on continuous-time transfer func-
tion parameters by means of the solution of some additional polynomial

optimization problems.
0= min 6 0° = [af, 5]

Bifan(a)] = 0:(6°)  i=0,....n
o, ()] = a;(a) i=0,...,n—1
af <al <al  i=0,....n

and o
0= . max 0 0°=["F]
subject to
fan(a)] =08  i=0,....n
o, ()] = a;(a) i=0,...,n—1
047;1 < ozf < oTZd 1=0,...,n
s

(3.79)

(3.80)
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In which dy(+) and by(+) are defined as in (3.71) and (3.67).

3.6.1 Omne-step approach

At this point, one can state that a new procedure for identifying continuous-time
transfer functions in a SM framework has been established. Similarly with respect
to what is done in 2.6, it is possible to notice that constraints

d d d g
%Saigai Z—O,...,’n

— 3.81
pl<pl<pl  i=0,...n-1 s

are equivalent to the intersection of all constraints of the POP solved as first step
of the solution:

n—1

)= (k) + Y [adg(k+i—n) = afn(k+i—n)] =

<
—~
5

:i[ﬁgmkw—n)—ﬁge(mi—n)] k=n+1,...,N (382

I
=
A
o
=z
A
1
=
o
I
\t—‘
=

Therefore it could be a good idea to directly replacing constraints (3.81) on o and
A% in the second POP with constraints (3.82) involving the very same parameters
a® and %, the samples of the data and the ones of the noise.

Doing so, given samples of input and output signals {g(k),a(k)}, k=1,...,N
and bounds on the noise, upper and lower bounds on the parameters of H(s|a, 5°)
are found solving POPs

0=, min, 0 6 =[a% 5]
subject to
Bllan(a®)] =bi(8°)  i=0,...,n
ala,(a®)] = a;(a®)  i=0,...,n—1
n—1
§(k) = n(k) + > [adg(k+i—n) — afn(k+i—n)| = (3.83)
=0
=3 [Blatk +i—n) — Ble(k+i—n)]  k=n+1.. N
=0
Ay (k) <nk) <A,(k)  k=1,...,N



Continuous Time Problem

and
0= max 05 0 =[a"F]

subject to

Bllan(a®)] =b(8°)  i=0,...,n

alla, ()] = @) i=0,...,n—1
n—1

g(k) = n(k) + 3 [adii(k +i—n) — afn(k +i—n)| = (3.84)
1=0

:i[ flﬂ(kﬂ—n)—ﬁ?e(k:ﬂ—n)} k=n+1,...,N

When comparing this "1-step" approach with the "2-steps" presented at the beginning
of this section I can make the following observations

o As discussed in 2.6 when comparing the 1-step and the two-steps approaches
in gray-box SM problem in terms of conservativeness, the results obtained by
means of a 1-step optimization instead of a multi-step procedure are improving.
This happens because information from certain constraints which is described
in terms of equations defining a semi-algebraic set is approximated by some
hyper-rectangle when passing from one step to the following. Make reference
to diagram 2.1 for a graphical interpretation.

o Both optimizations in the "2-steps" procedures are polynomial optimization
problems involving equality constraints of degree at maximum 2, therefore
it is possible to solve both with a low order of relaxation (i.e. starting from
Omin = 1). When passing to the "l-step" approach the same order of relaxation
can be used since the maximum degree is the same for all POPs. This is
important since otherwise the computational effort would have increased.

o Computational effort of the two approaches is similar: with the 2-steps ap-
proach we need to solve 2n 4+ 1 POPs with 2N + 2n + 1 variables plus 2n
POPs with 4n + 1 variables, while in the "1-step" approach we need to solve
2n POPs with 2N + 4n + 1 variables.

In fact, assuming that as usually happens N > n, the computational com-
plexity of each optimization of the first POP of the 2-steps procedure is
approximately the same as each optimization of the 1-step procedure.
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3.6.2 Experiment Design and Convergence

In order to effectively identify the continuous-time model by means of (3.83) and
(3.84), it is necessary to select some parameters and correctly choose the input
signal to be applied, then collect data accordingly. In this section we discuss
what are and how to select such parameters. A particular attention is devoted to
convergence intended as the behaviour of the algorithm when the sampling time
increases and we motivate why a finite one is sufficient to correctly handle the
problem.

o the sampling time T}, probably the most important parameter in this context.
It must me chosen according to the criterion explained below in this section
where I discuss the matter of convergence.

« the length of the experiment T.,,. It is of course related to the number of
input and output samples collected by means of the relation

Towp = N - T, (3.85)

The longer it lasts the experiment, the more are the available samples and
therefore constraints in the POP. This leads to a reduction of the final uncer-
tainty of the estimate in terms of width of the PUIL. On the other hand, the
computational effort required to solve the POPs grows.

A good empirical staring point one can use can be evaluated by

2
Ty ~ —— (3.86)

min
where p,ni, is some initial guess on the slower pole of the system to be identified.

The input signal to be fed into the system during the experiment is not so easy
to be chosen as in the discrete-time case where it was sufficient to generate a
white random sequence. In fact, in continuous-time we need to generate some
continuous-time signal properly exciting the system. A reasonable input signal can
be chosen to properly excite the system to be identified is

fmaac

u(t) =Y Apcos2mft (3.87)
£=0

where amplitudes of each sinusoidal component A; can be randomly generated
numbers and the values of f linearly spaced between 0 and the maximum value
fmaz Which is reasonably taken to be similar to the expected bandwidth of the
system.

This class of input signals is differentiable infinite times (belongs to class C*°) and
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therefore the Tustin approximation is a good choice when approximating each
derivative of this signal with the corresponding piece-wise linear approximate in
the sampling interval. Moreover, if the input signal is chosen in this way, also the
output signal is smooth enough so that the Tustin approximation holds with a
reasonably small error.

Last, but probably more crucial topic, let’s now discuss the matter of convergence.
The question naturally arises when one makes an approximating assumption such
as the one that the continuous-time transfer function is liked to the discrete-time
one by means of Tustin discretization, is: under which condition this assumption
holds?

In order to answer this question let consider the "2-step" approach to the solution
and me analyze two different situations:

1. If no noise affects the data, optimizations (3.77) and (3.78) either turns out
to be infeasible or the feasible set for a?, 3¢ is represented by just one point
(upper and lower bounds coincide).

Then, when using (3.79) and (3.80) in order to map that point from the
space of discrete-time parameters to the space of continuous-time parameters
assuming Tustin transform, then two possible conditions may arise:

o if the identified discrete-time system can be exactly described as the
Tustin discretization of some continuous-time system, then also feasible
set for o, ¢ is just a point and the identification procedure is successful

« if instead the identified discrete-time system cannot be described as the
Tustin discretization of some strictly proper continuous-time system, the
POPs (3.79) and (3.80) turn out out be infeasible.

Notice that in this second step we are mapping [a?, 39] € R?"*! into the
lower dimensional space [af, 3] € R*", so at least in principle we have more
equations then unknowns to be determined. This is due to the assumption
that the continuous-time system is strictly proper and makes very likely that
infeasibility occurs in this second step when no noise is present.

In practice, all numerical experiments performed resulted in infeasibility of
the POPs when A, = 0 and A, = 0 even if the collected data samples are
noise-free.

Moreover it is remarkable that repeating the procedure for decreasing sampling
intervals T what happens is that on one side the max(constraint violation)
gets smaller and smaller, and on the other side the returned value (even if not
a solution, because the problem is always infeasible) is closer and closer to the
true value.

2. If some noise affects the collected data optimizations (3.77) and (3.78) could
in general be such that the feasible set for a¢, 3 is some non-convex subset of
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R27+1 this is the most realistic condition.
When such set is mapped to another feasible set for o, 3¢ using (3.79) and
(3.80) then what could happen is

« there is no point inside the feasible set of a?, 3¢ such that all equations
(3.74) holds, i.e. none of the allowed discrete-time systems can be inter-
preted as a discretization of some strictly proper continuous-time system
through Tustin transform. In this case the feasible set of problems (3.79)
and (3.80) turns out to be infeasible. This is likely to happen when the
sampling time is too large and as a consequence equations obtained from
Tustin transformation are not respected due to the bad quality of the
discretization.

« some points inside the feasible set of a?, 3¢ satisfy all constraints and
the problem is therefore feasible. In this case the obtained PUI on the
continuous time parameters contains the true parameters. It is possible
to interpret this situation as the case when the error due to the Tustin
approximation is much smaller than the error due to the noise affecting
the data.

A graphical two-dimensional representation can be visualized as follows

6(1

e System Parameters

Cc

Oéd (%

Figure 3.5: Mapping from CT to DT parameters for different 7T}

All such observations suggests an empirical algorithm can be used to select the
correct sampling time.
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Algorithm 1: Sampling time selection

Result: PUI°

Collect experimental data oversampling;

do
decimate data in order to obtain some desired equivalent T5;
Solve POPs in order to obtain PUIs;

while Obtained feasible solution;

ST NV VS

Oversampling during the experiment is suggested in order to avoid making
multiple experiments on the physical plant, which may be time consuming. An
initial guess on the starting equivalent sampling interval T can be chosen as 47 f,,q.
according to the Nyquist—Shannon sampling theorem.

An interesting observation is that the minimum required sampling time is somehow
related to the bounds A,, A, which are assumed on the noise affecting the data.
In particular the higher the noise bounds, the higher is the minimum required 7}
which gives a feasible solution. This consideration makes sense as long as we give
the interpretation that the error introduced by the Tustin approximation must be
much smaller than the uncertainty due to the noise in order to get a non-empty
feasible set.

Lastly, notice how all above considerations are true also in the case of the "1-step”
procedure. This is true because above considerations are made on the feasible sets
of the two POPs one after the other, but the feasible set of the second problem is
just the intersection of the two previous ones.

3.6.3 Numerical Example

In this section some results from numerical experiments performed in order to
verify the effectiveness of the proposed procedure are reported.

Considered experiments are performed on the very same system defined in 3.5.1,
while results are obtained by means of the new procedure based on the solution
of POPs (3.83) and (3.84). Also the other conditions are kept as in the previous
numerical experiments: in particular the same data-set (same data, affected by the
same noise) is used and performances are evaluated according to the same criterion.
When SNR = 30dB, we obtain results in table 3.3 in a total time of 84.64 s, while
when SNR = 20 dB we obtain results in table 3.4 in a total time of 93.23s.

It is possible to notice by comparison of tables 3.1 and 3.2 with 3.3 and 3.4
that the numerical results in terms of bounds values and uncertainty are very close
each other. This can be explained thinking that the two approaches are using data
affected by the same uncertainty.

The main difference between the two approaches is not in the numerical results
but in the required computational effort: the approach based on state variables
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— central relative

b (0:)urue bi (6:) uncertaintyo,
o 22.565 23 23.35 22.958 3.4181%
Qg 127.63 130 132.99 130.31 4.1141%
b1 14.714 15 15.266 14.99 3.6826%
Ba 21.332 224 23.604 22.468 10.113%

Table 3.3: Results for Tustin approach with SNR = 30dB OE noise

— central relative

b; (05) true 0; (0:) uncertaintye,
Qq 21.954 23 23.879 22.917 8.4025%
Qo 113.91 130 136.2 125.06 17.819%
b1 14.304 15 15.665 14.985 9.0817%
(o 16.101 224 25.167 20.634 43.935%

Table 3.4: Results for Tustin approach with SNR = 20dB OE noise

filters is doubtless much more computationally intensive due to the huge difference
in the number of variables.

For this reason, it is possible to state that it is in all cases, it is preferable to
approach the problem with the procedure based on Tustin discretization. For this
reason from now on whenever a SM solution to the black-box CT identification
problem is needed (e.g. as an intermediate step when solving the gray-box CT
problem), we always consider this latter approach.

3.7 Gray-Box Problem

In this last section, we deal with the problem of identifying continuous-time gray-
box model parameters. For sure this problem is much more motivated with respect
to his discrete-time counterpart because the first principles of physics mostly allows
to get continuous-time models, expressed in terms of differential equations.

3.7.1 Problem Statement

The CT SM gray-box identification problem can be formulated as follows:
Given the CT state-space model Mg

(#(t) = A®)x(t) + BO)u(t)
M {y<t> — C(0)(1)
60
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where matrices A(f), B(f) and C(#) depends in an affine way by theta as

D
A@0) = A9 3" ADg,  similarly for B(6), C(0) (3.89)
d=1

and a set of samples of input and output signals
{9(kT5), a(kTy)} = {g(k), a(k)}  k=1,...,N (3.90)

corrupted by some unknown but bounded noise n(k),e(k) k =1,...,N as in
(3.29) according to the EIV noise structure (3.30) represented in figure 3.4, we need
to find upper and lower bounds on each element of the parameters vector 6.

3.7.2 Solving the problem

In order to solve this problem, it is possible to use the same approach used in the
discrete time case, which is again a multi-step procedure

1. From available data, find bounds on the parameters of the system’s transfer
function H(s|a®, f¢). This requires the solution of POPs (3.83) and (3.84).
The whole chapter so far was dedicated to the discussion about how to deal
with this step.

2. Given bounds on the transfer function parameters af a¢, 5¢, 3¢ it is now

possible to build the corresponding state space black-box model in observability
canonical form.

(1) = Aobs ) + Bobs t
My [HO =400+ B o)
y(t) = C™a(t)
where
O 0 ... 0 —ayg
1 0 . 0 —Q
A% = A0 =10 1 ... 0 —ay
0 ... 0 1 —an (3.92)

B =B = [fo B o Buz Bra]
ct =00 ... 0 1

3. Given that black-box model (3.91) and the gray-box one (3.88) must be
realization of the same system, then there must exist a matrix 7" such that
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the similarity transformation equations

AT = TA(9)
B = TB()
CT = C(6)

Moreover, under the additional information that each matrix of the gray-box
model depends in an affine way from the gray-box parameters, above matrix
products can be explicitly re-written as already did in 2.5.2, obtaining:

_agtnzd —Ztlkakj—l—ZZathlkﬁd

k=1d=1
J=1...,n
tifl,j nz,] Z tzk akj + Z Z ak ) tzked
. k=1d=1 (393)
1=2,... nx,j:L..., -
ng D J
i— 1—2() 1k+zzbl(c)ti,k0d izl,...,nx
k=1d=1
le,l (0)+ch i:l,...,nm

So finally the problem can be solved by means of the solution of POPs

0; IQHCHBI'CITH j=1....D
subject to
wWCW—Tmm
B (%) = TB(0) (3.94)
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and

0; :egcl%%cT@ j=1,....,D
subject to
A% ()T = TA( )
B**(5°) = T'B(6) (3.95)
[t 0 1|7 =C(0)
ai<ai<a;  i=1l...n
B <pi<pe  i=1,....n

Which are very similar to POPs (2.29) and (2.30), with the difference that
variables «, 8 are now substituted by a¢, 5¢.

3.7.3 One-step approach

Continuing along the lines of what we did for the continuous time problem, also in
this case it possible to reformulate the problem as a one-step procedure allowing to

obtain considerable advantages.
In this case we notice that constraints

can be replaced by the feasible set of POPs (3.83) and (3.84) from which they are
evaluated

affan(a®) = aa?)  i=0,...,n—1
(k) = (k) + 3 [k = ) = it — )] =
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Therefore the gray-box system identification problem in the SM framework can be
solved by the solution of the following POPs

0, = min 0; j=1,....D

B °
07ac7/BC7T7T]767ad’/Bd

subject to

A% ()T = TA(H)

B (3°) = TB(0)

0 ... 0 1T=C()

Blan ()] =b;(8°)  i=0,...,n

a?fa, (a%)] = a;(a®) i=0,....,n—1 (3.96)
90 = nf0) + 3 [k — i) — an(k — 9)] =
:i){ 4 a(k —1) — gﬂ-e(k—z)] k=n+1,...,N
Ay (k) < n(k) < Ay (k) k=1,...,N
4(k>§€(kj)élk) k= > 7N
and
0, = e,ac,gc,n%%;),(e,ad,gd 0; j=1,....D
subject to
A% ()T = TA(6)
B*(6°) = T'B(0)
0 ... 0 1]T=C(0)
Bilan(a)] =bi(87)  i=0,....n
o[, ()] = a;(a®) i=0,....,n—1 (3.97)
§(0k) — (k) +§”:1 [k — i) — al_m(k — i)] =
:izo[ﬁid(k—i)— delk—)]  k=n+1,.. N
ﬁ(k’)ﬁﬁ(k)ﬁfn(k) k=1,...,N
A (k) < e(k) < A(k) k=1,...,N

This approach is more convenient with respect to the multi-step one for at least three
reasons. The first two reasons are the same as the ones presented in Section 2.6,
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namely improved precision and reduced computational effort. Also the motivations
for which they holds are the same.

The good new is that also another advantage arises here. When the sampling
frequency is not big enough, the problems are even more likely to be infeasible
because now additional constraints giving information about the structure of the
system are present. For this reason any parameter value for which the resulting
system does not have those characteristics is unfeasible.

3.7.4 Numerical Example

Consider the following CT gray-box model

ok +1) = ﬁg _‘209";2,] (k) + [3?1 u(k)

y(k) =[1 0] z(k)

Data are generated my means of a simulation experiment last for 7.,, = 4s with
true values of the unknown parameters

[

Input signal is generated as the summation of sine waves with random amplitudes
in the range of frequencies between Orads™! and Srads—*.

Obtained data has been sampled with sampling time T, and obtained samples
corrupted by an additive OE noise, bounded by A, = 0.7 and A, = 2 in the case
when SNR = 30dB and SNR = 20 dB respectively.

Mg =

o With sampling time Ty = 0.2's, both the two-steps approach ((3.83) and (3.84)
followed by (3.94) and (3.95)) and the one-step approach ((3.96) and (3.97))
are characterized by infeasibility of all optimization problems required.

e Reducing the sampling time down to Ts = 0.05s, feasibility of the problem is
now reached and we are able to obtain results in 3.5 and 3.6 when SNR = 30dB
using respectively the two-steps and the one-step approaches. The 2-steps
case required a computational time of 42.05s + 1.15s, while the one-step
required only 18.41s. Similarly when SNR = 20dB, we obtain 3.7 and 3.8 in
52.18s 4+ 1.10s and 26.01 s respectively.

As final remarks one can notice that

e When the sampling time is too small, infeasibility occurs. This is true as long
as the number of samples used is maintained reasonably high, otherwise it
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B B nB B\ central relative
0 (07 ) true 0; (07) uncertaintyo,
o 5.217543 5.300000 5.378295 5.297919 3.034252%
Qg 15.455244 16.000000 16.792887 16.124065 8.295946%
b1 5.883344 6.000000 6.242111 6.062727 5.917581%
Ba 22.228817 23.100000 24.247296 23.238057 8.686091%
G e yrel G\ central relative
0 (07 ) true 0; (07°) uncertaintyo,
6 —1.451565 —1.300000 —1.136953 —1.294259 24.3083%
65 1.963365 2.000000 2.047246 2.005306 4.1829%
Table 3.5: Results for 2-steps solution with SNR = 30dB OE noise
G e yel G\ central relative
0" (07 ) true 0; (07°) uncertaintyo,
6 —1.319069 —1.300000 —1.275358 —1.297213 3.369633%
65 1.987902 2.000000 2.003932 1.995917 0.803128%

Table 3.6: Results for 1-step solution with SNR = 30 dB OE noise

could happen that some incorrect solution is found in a neighborhood of the
true parameter. For this reason it is suggested to always use at least N = 60
samples.

If the maximum available sampling time is not large (unrealistic case nowadays),
the experiment should last for a time sufficient to collect "many" samples, so
that if the sampling time is too small the user can at least realize that.

Increasing the sampling frequency causes an increase in the number of samples
when the experiment time is fixed, and therefore an increase of the computa-
tional effort. In any case numerical experiments shows that computational
effort never grows too large even when sampling time is taken, by purpose,
very small with respect to the system’s time constants.

As in the discrete-time case, the 1-step approach is more convenient both in
terms of speed and accuracy with respect to the 2-steps one.
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— centra relative
4 (6 )rue 07 (7)™ uncertaintyo,
oy 5.063766 5.300000 5.674412 5.369089 11.373364%
Qg 13.938304 16.000000 17.126753 15.532528 20.527561%
B 5.735642 6.000000 6.578771 6.157206 13.693367%
Ba 20.092991 23.100000 25.172918 22.632955 22.444824%
= centra relative
ﬁ (67 e o7 (67 uncertaintyo,
0 —1.654589 —1.300000 —0.894600 —1.274594 59.625954%
05 1.911881 2.000000 2.084583 1.998232 8.642762%

Table 3.7: Results for 2-steps solution with SNR = 20dB OE noise

G e yel Ghycentral relative
0; (07 ) true 0; (07°) uncertaintyo,
9? —1.430486 —1.300000 —1.207689 —1.319087 16.890267%
(92G 1.953861 2.000000 2.058026 2.005944 5.192816%

Table 3.8: Results for 1-step solution with SNR = 20 dB OE noise
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Chapter 4
Problem’s Generalizations

In this chapter, some generalizations of the problem is considered. Such general-
izations allows to relax some of the constraints under which above methods were
developed.

Methods below can be also applied both in the discrete-time and continuous-time
without particular modifications. It is sufficient to add variables a¢, 3¢ and con-
straints (3.74) to the optimization problem to solve the continuous-time case, while
directly using discrete-time transfer function parameters in observability matrices
poses the problem in discrete-time.

4.1 Polynomially structured problems

The less realistic assumption we did in all previous derivations was "matrices
A(9), B(6),C(0) are affine in 6".
This assumption can be easily relaxed to the more general case when the dependency
of mentioned matrices with respect to # is a sum of ratio of polynomials
[A]U = Z nt(e) ng, dy € R[G], Vit (41)
d:(9)

t

and similarly for elements of B and C'.
In such situation, it is possible to keep the previous solution and solve the new
problem just by introducing additional variables and constraints. In fact, it is

possible to introduce ny additional fake variables 6py1, ..., 0p,, representing each
ratio of polynomials and impose constraints enforcing this fact as
n (0
6D+t - th@; —— eDthdt(e) :nt(ﬁ) t: 1,...,nf (42)
t

This of course requires that d(6) # 0, but generally this is evident from the physical
meaning of the equations formulated when building the gray-box model.
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Additional constraints (4.2) are by construction polynomial equality constraints of
degree max{degn(x),1 + degd(z)}. For this reason they can be safely introduced
in the polynomial optimizations (3.96) and (3.97) as long as the order of relaxation
used to solve them by means of SDP relaxation is augmented at least above

smin max{deg n(x)é 1+ degd(z)} (4.3)

This technique is exemplified in Section 4.4, where a real-word example is presented.

4.2 MISO systems

A further extension of this theory can be performed when dealing with Multiple
Input Single Output (MISO) systems.

In this case, the gray-box description of the system (3.88) involves matrices A(f) €
R C(0) € R™ as in the SISO case, while matrix B(f) now has dimensions
depending on both the order of the system and number of inputs n,,:

B(6) € R

When solving the SISO problem, the main intermediate step was to find bounds on
the transfer function parameters. In this case, the transfer function of the system
is now a vector of transfer functions

H(s) = [Hi(s) ... Hy(s)] (4.4)

where ' .
Bahs™ 4+ g
shz + Oé%ll_lsnw_l + e _|_ ag

H;(s) = j=1...,n,

It is possible to notice that denominator coefficients are assumed here to be all
the same for each transfer function in the vector. This is reasonable since in the
statement of the problem we are given one unique matrix A for the whole system
which is also assumed to be minimal.

The output is obtained from the combination of the inputs through them as

Y(s)=H(s)U(s) = >_ H;(5)Uj(s) (4.5)
j=1
The idea in this case is to estimate parameters ¢ = [, 35, ..., ()] by means

of
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1. Set-membership estimation of all parameters of discrete-time transfer functions
H;(z) relating input and output samples. This can be performed by means of
polynomial optimization as detailed in [31]. Here we just report optimization
problems to be solved in order to find interesting bounds

B _ : B B _ [.d ad(1) d,(n)
ei_ad,%}il,g,e,zej 0% =[a®, p* Y .8 ]
subject to
—l—Zazl/{:—i-z—nx Zﬁ k+z—n$)—ﬁf’(l)el(k+i—nx)
=1
l=1,...,n,, k:nm—l—l,...,N

y(k) = z1(k) + - + zn, (k) + (k) k=1,...,N

A, <n(k) <Ay, k=1,...,N
A <qk) <A 1=1,...n, k=1,... N
(4.6)
and
0B _ B d pd d,(nw)
0 _ad%ldf,i;](ezej [, 8 p ]
subject to
ak)+> alzk+i—n,) = Zﬁ w(k+i—mnyg)— 8" e(k+i—ny,)
=1
l=1,...,n,, /{::nm—i—l,...,N
y(k) = z1(k) + - + 2o, (k) + 1(k) k=1,...,N
A, <nlk)<A, k=1,...,N
i(l)gq(k:)gf(” I=1,....,n,, k=1,...,N
(4.7)

2. Relationship between continuous-time and discrete-time transfer functions
parameters obtained thanks to the assumption of Tustin discretization
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At this point, observability canonical form of the MISO system can be built as

0 0 0 —af
e |10 0 —af
0o ... 0 1 —a°
[ge g gelm) (4.10)
B = :
LS A A
¢t =00 ... 0 1

And expanding row-by-column matrix products of equations (2.5) we can state
that on one hand 4% and C°* are unchanged with respect to the SISO case, so
we still get (3.93). On the other hand B = B°%*(3¢) is now a matrix in R"=m
Therefore expanding the equation B°*(3¢) = T'B(f) gives

5 = B = 3 tuabis(6)
k=

3
8

<b(0 +Zbkj9d> (4.11)
bt +ZZbd)tk0d

k=1d=1

TT
I

I
M:

=
Il
,_.

Substitution of (4.11) in place of the third equation of (3.93) when converting
bounds on the black-box transfer function parameters into bounds on the gray-box
ones, allows to generalize the problem to the MISO case.

Overall, the one-step solution which allows to find bounds on gray-box parameters
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in the MISO case is therefore

0= min 0,
— 0,T,a,8,m,€,2

subject to
A% (a)T = TA(0)
B (g, petm)y = TB(6)

0 ... 0 1T=C()
a?dn(ac) =a;(a®) j=0,...,n,—1
B 0a,(a9) = by(6%0)  j=0,... 0. 1=1,...,n,

2(k) + > ok +i—n) =3 Bk +i—n,) - 87V (k + i — ny)
3 =1

=1
Il=1,...,ny, k=n,+1,...,N
yk) =z(k)+ - +z0, (k) + (k)  k=1,...,N
k)SAn k:1,7N
<

AY =10, k=1,... N

(4.12)
And similarly for the upper bounds 6;, we just need to replace min with max in
the previous optimization. Such problems are, as in the SISO case, polynomial
optimization problems with bilinear constraints, therefore can be solved by means
of SDP relaxation starting from order of relaxation ™" = 1. What is different is
the number of optimization variables, that increases to

D +n?+ (14 n,)n, + (1+2n,)N

and therefore the computational effort increases.

4.3 MIMO systems

Extension to Multiple-Input Multiple-Output (MIMO) systems is quite trivial as
long as one is able to exploit the previous result for MISO systems.

In fact, a MIMO system can be seen as a set of n, MISO systems, where n, is
the number of outputs. For this reason, what can be done is solving optimization
problems where the feasible set can be described as

Dy = () Dy (4.13)
m=1

where Dém) is the feasible set described by constraints of POP (4.12) for output m.
Entering into more details, we can state that in this MIMO case, the transfer
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function of the system is a matrix, where each row is linked to an output.

H1,1(S) Ce Hlmu(S)
H(s) = : - : (4.14)
Hy,1(s) ... Hpyyno(s)

Denominators of all elements of the matrix transfer function can be taken as equal
for the same reasons as in the MISO case.

/Bcﬂ(mil)snzfl _I__ ... + /Bgv(mvl)
s 4 12" 4 4

H,i(s) = m=1,...,n,,0l=1,...,n, (4.15)

Estimating bounds on parameters of the all such transfer functions parameters
relating input and output samples in the discrete-time domain can be again
formulated as a POP [31]. Then, as in the SISO and MISO case, such parameters
can be linked to the corresponding continuous-time ones by means of the Tustin
transform (3.71) and (3.67). Optimization problems to be solved to find such
bounds are

B . B B __ 1.¢c ac(s)
Of = .pmmin 07 07 =la% "]
subject to
Ng—1 Ny
zma(k) + >z (k+i—n) = BEMDy (k4 i —n) — BE™ e (k + i — n)
i=0 =0

m=1,...,ny, l=1,...,n,, k=n,+1,...,N

Ym(k) = zmi(k) + - + 2z, (k) + 1m (K)

?

m=1,....,n, k=1,...,N
a;-idn(ozc) =a(a®) j=0,...,n,—1
d,(m,l) ~ c 7 c,(m
B () = b(")
m:]_7 7ny]_07 anxal:17 anu

A <) <A™ m=1,...n, k=1,....N

AV <qk) <A 1=1,...,n, k=1,...,N
(4.16)
and similarly for the upper bounds. Notice that this POPs allows to solve the
black-box continuous time SM identification problem for MIMO systems.
The final objective is then to estimate parameters of a MIMO gray-box model.
Building observability canonical form matrices (the MISO fashion) for each output

73



Problem’s Generalizations

and adding the related constraints to the above POPs, we finally obtain

by = ypmin 0
subject to
A% ()T = 7™ A(9) m=1,...,n,
Bovs(petmb - getmnn)y — 7m) B(g) m=1,...,n,
0 .0 1T™M=Cn0) m=1..n,
ng—1 ne

Zmi(k) + Z afzml(k +i—n)=

i=0 1=0

m=1,...,n [=1,...,n,,

BE (ke + i —n) — BV (k + i — n)

k=n,+1,...,N

Ym(K) = 2m1 (k) + - -+ + 2, (k) + 1 ()

m=1,....,n, k=1,...,N
a?dn(ac):d](ac) j=0,...,n,—1
BHMDG (0f) = by(80m)

m=1,...,n,7=0,...,n,, l=1,...,n4
ﬁ(m)gnm(k‘)SAn(m) m=1,....,n,, k=1,...,N
O <eqty<AY 1=1,...n, k=1,....,N

(4.17)

where C),,(0) represents the m-th row of matrix C'(f) € R™"=. Upper bounds are

obtained by means of maximization over the same feasible set.

4.4 Example

In this last section, we present a simulated example about gray-box identification of
the parameters of a single-input two-outputs (SITO) model, which is a particular
case of MIMO systems when n,, = 1 and n, = 2. In this example the elements of
the matrices constituting the gray-box model depends by the unknown parameters
as ratios of polynomials, as discussed in 4.1.

The considered gray-box model is

Mg = {Mt) = A(0)x(t) + B(0)u(t)

y(t) =

where

0,
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The true values of the parameters are

=[]

and using such values a simulation experiment is performed. Characteristics of the
performed experiment are

 input signal, chosen as

Winax/0.05
ut)= Y A, cos0.05wt

w=0
with Wmax = 3rads™ and A, normally distributed random numbers;

 duration of the experiment: Ty, = 8s;

Tex
o sampling time T; = 20ms. As a consequence N = Tp = 400 samples of each
signal are considered. ;

After the simulation of the system, bounded and uniformly generated random noise
was added on both output sequences.

(k) = (k)+mk) = Ap <m(k) <Ay VR
o(k) = ya(k) +m2(k) = Ao <ma(k) <Ay VR

For this reason the considered noise structure is the output error.

In order to solve the given problem, it is possible to evaluate lower bounds
on the parameters to be estimated 6,6, by means of (4.17) and upper bounds
by means of the corresponding maximization. Moreover, due to the rational and
polynomial nature of the dependency of A(#) and C'(f) by the parameter 0, it is
necessary to define
=

and therefore solve the problem in the augmented unknown vector

93 and 94 = 9;
Qaug - [91» 027 037 94]T
including additional constraints

6392 - 01 =0 and 9% - 94 =0 (418)
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Doing so for different amplitudes of the additive noise, it is possible to obtain what

follows.
When the noise is relatively small:

SNRy s = 20108, 1212 _ 50448
||771||2

1721

Then by means of POPs (4.17) (and corresponding maximization) on ¢, and 6,

Figure 4.1: Data of simulation experiment when SNR; = 30.4dB and SNR, =
26.5dB

using additional constraints (4.18), it is possible to obtain results in table 4.1 in a
time of 279.027s. For larger noise:

Il

SNRy s = 201og,, 1921l _ 161 qp
||772||2

Then by means of POPs (4.17) (and corresponding maximization) on 6; and 6,
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. . - \central relative

b (0)rue 0: (0:) uncertaintye,
0, 1.6934 1.7000 1.7859 1.7397 5.3201%
0, —2.5061 —2.5000 —2.4981 —2.5021 0.31904%

Table 4.1: Results in low noise conditions
0 1 .-Il. . T 1 R
i ‘hk‘;ﬁf‘!ﬁj, Pt . E"‘“g .
..i'l 1‘-:" i = L i a.:-:-ﬁ P

Figure 4.2: Data of simulation experiment when SNR; = 19.4dB and SNR, =
16.1dB

using additional constraints (4.18), it is possible to obtain results in table 4.2 in a
time of 308.47s.
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‘ | - \central relative

b; () true 0; (0:) uncertaintyo,
01 1.6347 1.7000 1.7279 1.6813 5.5491%
0, —2.5234 —2.5000 —2.4921 —2.5077 1.2513%

Table 4.2: Results in high noise conditions
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