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Abstract: The subject of this paper is the identification of closed-loop continuous-time systems,
with delayed feedback action, from sampled input-output measurements. In particular, a method
for the identification of both forward and feedback subsystems is presented that requires only
the knowledge of their orders and of the time-delay introduced in the feedback loop. The
identification procedure is divided in two parts. The first step captures the behavior of the whole
closed-loop system, estimating its transfer function. In the second step two different approaches
are presented to separate the contributions of the forward and feedback subsystems in the loop.
One of these approaches exploits a system theoretical method to compute the approximate
greatest common divisor between polynomials. Numerical results validate the effectiveness of

the proposed technique.
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1. INTRODUCTION

The identification of closed-loop systems from input-
output data, due to its considerable industrial applica-
tions, has been extensively studied in the control systems
literature since the seventies. Besides classical methods,
usually described as direct, indirect and joint input-output
approaches (see Soderstrom and Stoica (1988), Van den
Hof (1998), Ljung (1999), Forssell and Ljung (1999)),
in recent years the application of subspace identification
methods has shed new light on the problem, resulting in
a renewed interest in the field (see for example Van der
Klauw et al. (1991), Verhaegen (1993), Ljung and McK-
elvey (1996), and refer to Katayama (2006), van der Veen
et al. (2013) for comprehensive overviews). As pointed
out in van der Veen et al. (2013), Garnier and Wang
(2008), much of the literature examines discrete-time mod-
els, while many real applications concern continuous-time
models with sampled data. The presence of known or un-
known time-delays has been taken into account by several
authors: a nice overview can be found in O’'Dwyer (2000).

In this work we will focus on a particular closed-loop iden-
tification problem which is relevant in some applications,
such as telecontrol systems, where the time-delay acts
in the feedback loop. We propose a simple and effective
indirect method to estimate the forward and feedback
subsystems in a closed-loop continuous-time linear system
using sampled input-output measurements, assuming only
the knowledge of the subsystems orders and the time-delay
in the feedback action. Although the proposed approach
deals with a deterministic framework, numerical examples
show a certain robustness to measurement noise. The
advantage of the proposed technique relies in the explicit

modeling of the feedback delay, which allows to effectively
separate the forward and feedback subsystems, and also
in the fact that no other assumption is needed on the
operating conditions of the system.

The paper is organized as follows. Section 2 gives the
problem formulation. The proposed approach is described
in Section 3, where two distinct methods are introduced to
separate the forward and feedback subsystems. A numer-
ical example is then presented in Section 4. Conclusions
and some ideas for future works are given in Section 5.

2. PROBLEM FORMULATION

Consider the following closed-loop linear continuous time-
delay system:

+

u—»Q—»

L

Fig. 1. Structure of the system under investigation.
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where u, y € R are measured input and output signals, A €
R is a known time-delay and F(s), H(s) are the unknown
forward and feedback transfer functions, respectively, that
we assume strictly proper:
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We consider the problem of estimating F(s) and H(s)
using sampled input-output data {u(kd),y(kd)}, k& =
0,1,..., N, with sampling interval § € R.

The orders of the forward and feedback transfer functions,

i.e. the degrees n and m, are assumed to be known.
Moreover, rewriting the transfer functions as

_ Nils) _ Nu(s)
Dp(s)’ D (s)

we also assume that all the polynomials Ng(s), Dp(s),

Ny (s), Dp(s) are mutually coprime.

The closed-loop transfer function is given by:
F(s)
Wis) = 1+ F(s)H(s)e=4s
_ Np(s)Dr(s)
~ Drp(s)Dr(s) + Np(s)Ng(s)e=2s’
Defining the polynomials
a(s) = Np(s)Du(
B(s) = Dr(s)Du(
v(s) = Nr(s)Nu(
W (s) can be written as

V)

)
) (1)
)

» »

a(s)
W(s) = ————"—~—~
)= B e s

where:

a(s) = Apym—18 et ars+ oo

B(s) = 8" + Brgm-1s" T 4 Bis+ By (2)

Y(8) = Ynam—28" T2 4 oo 4 15 + Y.
The input-output relation is given by Y (s) = W(s)U(s),
which is equivalent to:

Y(s) (B(s) +7(s)e™2%) = a(s)U(s)-

We want to obtain an input-output relation in the time
domain that can be used together with the sampled mea-
surements for estimating the coefficients of the polynomi-
als a(s), B8(s) and ~(s). To this purpose, in order to avoid
the use of time derivatives of the input and output signals,
we multiply both members by s~ (™) obtaining

Bo Tn+m—2 "o —As
sn+m+( 82 +.”+sn+m)e

n+m—1 +

Y (s) <1+B"+S’"’1 +ot

- (anﬂil NEPP -

s sn+tm

)U(s)

which applying the inverse Laplace transform to both
members, is equal to:

t
y(t) + 5n+m—1 /0 y(tl)dtl + ..

t t1 tntm—1
+ 5o / / . / y(tn+m)dtn+m -~ dtadty
0 0 0

t—A t1
+ Yn+m—2 / / y(tZ)dthtl + -
0 0

t—A t1 tntm—1
+ '70/ / R / y(tn+m)dtn+m - dtodty
0 0 0

t
= Qptm—1 / u(ty)dt; + - --

0
t t1 tntm—1
0 JO 0

dtodty.
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Defining the repeated integrals

t ty tntm—1
vy (t) :/ / / Y(trgm)dly g - - - dtadt
o Jo 0
t t1 tntm—1
wi () :/ / / W(tnsm )t - - dtadty
o Jo 0

and their derivatives
vy = U1 wo = 1

'03:’1.)2 w3:w2

Un4+m—1 = i}n+m72 Wn4+m—-1 — wn+mf2

Unt+m = i}n+m71 Wn4m = wn+m71
from (3) we get the following relation in the time-domain

y(t) = - ﬁn-‘:—m—lvn—i-m(t) + - = Bovr (t)
- 77L+7n—2vn+m—1(t - A) + = un (t - A) (4)
+ Qppm—1Wnam () + -+ + @owq (1).
Writing equation (4) at the sampling times kd we get
Y(kd) = —Bntm-1Vntm(k6) + -+ — Bovi(kd)
— Vntm—2Vntm—1(k6 — A) + -+ —yvi(kd —A) (5)
+ npm—1Wntm (k) + -+ + aowy (k9),
that is a set of equations where the left-hand side terms are
the sequence of measured outputs, and are known, and all
terms w;(k0), v;(kd) and v;(kéd — A), i = 1,...,n+ m,
in the right-hand side can be computed exploiting the
sequence of input-output measurements {u(kd),y(kd)}.
The computation of these variables can be performed by
means of a couple of Brunovsky canonical systems:

v17 ] [01---007[ w1 ] [07]
’[)2 00 00 (%) 0
S R I A H O
i)n+m_1 00---01 Un4+m—1 0
ifn-‘,—m i _0 0---0 0_ Un4+m L+
w ] [01---007T[ wi [07]
W 00 .00f| w 0
: =0 : + 1] ul)
wn+m71 00---01 Wn4m—1 0
wn+m _ _0 0 e 0 O_ L Wn+m L1
which can be denoted, in compact form, respectively as:
V(t) = AV (1) + Buy(t), (6)
W(t) = AW (t) + Byu(t). (7)

From the available sequence of sampled measurements
{u(kd),y(kd)} the time-evolutions V(t) and W(t) can
be computed by replacing y(¢) and u(t) in (6)—(7) with
continuous piecewise linear functions g(t) and @(t):

_ t—kS
§(t) = y(kd) + J 5

t—ké
6 )

t € k6, (k +1)5)

u(t) = u(kd) + ug

where
U =y((k +1)6) —y(kd), ur =u((k+1)5) — u(kd).

Of course, the accuracy of the approximations () ~ y(t)
and 4(t) ~ u(t) depends on the frequency content of the
signals and on the sampling time ¢. Exact integration of
the systems (6)—(7) with inputs g(t) and @(t) yields at
discrete times kd:
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V((k+1)8) = AV (k6) + Bsy(kd) + Bsgr ~ (8)
W((k + 1)5) = AéW(k’(S) + B(su(k(” + Bsay, (9)

where As = e*% and
5 B s 9
Bs = / eB,do, Bs= / ev? <1 - 5) By db.
0 0

The entries of V (kd) and W (k¢) are the components v; (kd)
and w; (kd) required in (5). The computation of the terms
at times k0 — A can be similarly obtained using a recursion
of the type (8), replacing As, Bs and Bs with suitable
matrices that depend on Amodd. However, in order to
have a simpler notation, in the following we assume that
the feedback-delay A is a multiple of the sampling time 9,
i.e. A = pd for a suitable integer p. Thus, (5) becomes:

Y(kd) = —Bntm—1Vntm(kd) + - -+ — Bov1(kd)
= Yntm—2Vntm—1((k = p)8) + - -+ = yov1 ((k — p)d)
+ Oppm—1Wntm (k6) + - - - + apwi (kJ)

(10)
which is the starting point of the proposed technique.
Remark 1. We point out that the integral-based technique
described in this section to avoid time derivatives may
give biased estimates when the initial conditions are not
null, and can also result in numerical ill-conditioning. More
refined techniques can be chosen to avoid these draw-
backs (based, for example, on the Linear Integral Filter
approach, see Sagara and Zhao (1989)). However, being
this section only preliminary for the two-steps method
proposed in the following, we have chosen to present this
preparatory material in its simplest formulation.

3. PROPOSED APPROACH

We conceived a two-steps procedure for the identification
of the forward and feedback dynamics of the closed-loop
system under investigation. The first step exploits the
equations (10) to obtain an estimate of the parameters of
the closed-loop transfer function W (s), i.e. the coefficients
of the polynomials «(s), 3(s),v(s). The second step aims
at obtaining the parameters of F(s) and H(s) from the
estimated closed-loop parameters. For the second step two
alternatives are presented and discussed.

3.1 Estimating the parameters of W (s)

Let’s define a compact notation for (10). First of all, we
collect the unknown coefficients of the polynomials a(s),
B(s) and ~y(s) in row vectors:

ﬁ = [ 6n+m—1 Bn+m—2 v 61 BO ]
Y = Yntm—2 Yntm-3 == Y1 Y0 | (11)
o = [ Untm—1 Opnym—2 " Q1 }

and we define, for some integer ¢ < n + m:
Vg1 () =[vg()) vg-1() -+ v2(-) vi(") ]

wg (1) = [we() wg—1() -+ wal) wi() ]
From now on we will omit the § in the time dependencies
to lighten the notation, writing & for kd and so on.
With these simplifications (10) is rewritten, for k =
p,...,N, as:
y(k) = [~Vntm1 (k) | = Vnpm—1.1(k = p) [Wnim (k)]
T
Bl lal .
(12)
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Defining the vector of unknown parameters
0=[81v]a] erim,
and the sequence of row vectors
C(k) = [_'Un+m:1(k) | - vn+mfl:1(k -p) |wn+7n:1<k)} )
for k =p,..., N, equation (12) can be written as
y(k) = C(k)0.
Note that C(k) is made of the entries in reverse order

of the vectors V(k), V(k — p) and W (k) obtained by the
recursions (8)—(9).

An offline estimate of 6 after N > 3(n +m) +p — 2
measurements can be obtained solving the system:

y(p) C(p)
y(p+1) Clp+1)
YN = : = : 0 = Cp:n0,
y(N - 1) C(N -1)
y(N) C(N)

with the least-squares criterion, thus obtaining the least-
squares estimate of 6:

= (C;F:N CP:N)il C;ZN Yon.

An online estimate of # can be achieved using recursive
least-squares (see Ljung (1999)):

P(k—-1)C(k)T
Clk)yP(k—1)C(K)T + X

1 Pk —-1)C(k)TC(k)P(k —1)
P =3 {P(k T T EW PGk DT 1A }
O(k) = 6(k — 1) + L(k) [y(k) — C(k)O(k — 1)} .

L(k) =

(13)
The parameter A is a forgetting factor, usually chosen in
[0.98,1]. The recursion must be initialized with an initial

value of 6(0) and a suitable choice of P(0) (symmetric,
positive definite, and sufficiently large), and provides the
sequence of recursive least-squares estimates of the param-
eters vector 0 at time instants k =p,..., N, i.e.

0(k) = [B(k) (k) a(k)]”

3.2 Eaxtracting the parameters of F(s) and H(s)

In the previous section we have seen how to obtain an
online least-squares estimate of a, 3, -y, parameters of the
closed-loop transfer function W (s), denoted &, 3,4.

From the definitions (1) we know that

o(s) _ Ne(s)Duls) _
B(s) ~ Dr(s)Du(s) L) 1)
) _ Ne()Nuls) _ )

a(s)  Nr(s)Dm(s)

Thus, using the identified coefficients we can define the

estimates of the forward and backward transfer functions:
~ N~(s A

F(s) = F(s) _ a6s) (16)

Dx(s)  B(s

(17)

whose orders are n + m and n + m — 1 respectively, and
therefore are not minimal, because we know that the orders
of F(s) and H(s) are n and m, respectively. However,
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although a(s) and B(s) have a common divisor, which is
Dpg(s) (it is in fact the GCD, greatest common divisor,
because by assumption Ng(s) and Dp(s) are coprime)
the estimated polynomials &(s) and B(s), in general,
do not have a common divisor, as a result of various
approximations and numerical errors in the estimation
process. The same happens to 7(s) and «a(s), whose
greatest common divisor is Ng(s), while §(s) and &(s) may
not admit a common divisor. Thus, we can formulate the
problem of finding F'(s) of order n that approximates F'(s),

and H(s) of order m that approximates H (s). This goal is
achieved by finding approzimate common divisors of given
orders between the identified polynomials. Computing
approximate-GCD of polynomials is an active research
topic in Numerical Algebra (see for example Eckstein
and Zitko (2015) and Stoica and Soderstrom (1997) for a
system theoretical discussion). We will now introduce two
possible ways to obtain an estimate of the coefficients of
minimal realizations of F(s) and H(s) from the identified

coefficients of W(s), i.e. &, 3,4.

Least-squares approach A straightforward solution can
be obtained imposing the identified coefficients of G(s),

B(s), 4(s) to be the discrete convolutions of the unknown
{Ni(s), Dia()}, {Dr(s). Dia(s)}, {Ni(s), Naa(s)}. To
this end, we formulate a least-squares optimization prob-
lem using the Kronecker product (see Van Loan (2000)).
First of all, let’s define the vector containing all the powers
of s up to a fixed degree g € N as

Bg=[s7s7 st 1]T.

Then for Nr(s), Ng(s), Dp(s), Dy (s) one has:
Np(s)=[0b5_ b5 5 - b1 bf | Zn = [0 5] 2,
Nu(s)= [0 o2 - bl b B0 = [0 b7 ] By,
Dp(s)=[lal_ al 5 af af | Zn = [1a¥] Zn
Dg(s)=[1al_jall_ 5 - af all] S = [1 a®]| Zin

and from (11):

a(s) = [0 a]Bpym a(s) =[0 & Zptm
B(s)=[1B]Znim  Bls)=[18]Znm  (18)
V(s) =007 Znpm  5(s) =[005]Znim.

With this notation, we can rewrite the equations (1) as:
[0 ] Znim = ([00F | Zn) - ([1 a® ]| Zim)
[1B8]Zntm = ([1aF]Zn) ([1 a®]Zm)

[007]Zntm = ([0b6F]Zy,)- ([0 6" | Zp).

The products between scalar terms in the right hand side

of each one of equations (19) can be replaced by the
Kronecker product, and using the well-known property

(A-B)@(C-D)=(Ac(C)-(B® D)

(19)

we get:
[0 a]Znpm = ([
[1 ﬁ]zn-i-m = ([
(00 ]Znym = ([

bfle[la]) (Zn®Zm)
a]®[1a"]) (Zn®Tm)
b¥ [ [0 b7 ]) - (Zn ® Bin).
(20)
It is easy to verify that, %wen n,m € N, there exists a
reduction matrix 7;.q € R +1)(m+1)x (ntm+1) such that

2n 2y Em = 7;‘ed . En—i—m

S = O
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with
Ti where:
Trea=| 1 |,
Tn+1

Applying the reduction (20) become:
[0 a]Znym = ([00F]®[1a®])Tred Zntm
[18]Zntm=([1aF]®[1a"])Tred Zntm
009 Zntm = ([0 6T ] @[0 b7 ])Tred Zntm-

The above identities between polynomials reduce to iden-
tities between coefficients:

[0e]=([0b"]®[1a"])Trea

[15]:([ ] [ ])Tred
)
1)

Ti = Omtixi—1 Im+1 Omgixnti—i)

fori=1,...,n+1.

(21)
[00~]=([0bF]®[0b"])Trea.

Taking into account the identities (21), the estimates

&, (3, 4 of the closed-loop parameters obtained in the

previous step can be used to get least-squares estimates

of a¥', a™, b¥, b (the desired parameters of F(s), H(s))

by deﬁning the cost function:

J(a¥,a® b ") = || [0 4] — ([0 b7 | @ [1 a™ ])Tredl?
+I[1 8] = ([1a"]®[1a])Tredl?
+[004]=([0b"] @ [067])Treall®

and solving the minimization problem

at at BF,BH) = arg

(@™,a min J.

aF,a,H,bF,bH

Approximate GCD wvia Kalman Decomposition and SVD

As previously discussed, if the polynomials a(s), 5(s),
~(s) were exactly identified, they would contain common
factors that could be simplified in the ratios (14)—(15),
giving back the true F(s) and H(s). When considering
the ratios of the identified polynomials é(s), B(s), 4(s) no
common divisor is expected, so that no simplification can
be applied and the order of F(s) in (16) remains m + n,
while the one of H(s) in (17) remains m+n—1. A straight-
forward idea is to find approximate common divisor/g to
perform simplifications and get estimates F'(s) and H(s)
of desired orders. We propose here a system theoretical
solution to neglect the approximate-GCD factors in F'(s)
and H(s) combining Kalman Decomposition and Singular
Value Decomposition, leading to a simple model order
reduction technique. We proceed for F(s). First of all, we
construct the controllability canonical form associated to

the estimated F:

0 1 .- 0 0

0 0 ° 0 0

A=+ : Bg=1:

o 0 --- 1 0

*BO *Bl to *Bn-‘rm—l 1
Cz=[d &1 - Gnrmo1]. (22)

We then compute the observability matrix
T ANT . _Antm—1\T
Qp = Cl? (CzA%) (OFAf )

Ideally, the rank of @7 would be exactly equal to the order

of F(s), i.e. n, but since we are dealing with estimated
coefficients @ and (3 the rank is expected to be different
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from n (most likely Rz is full-rank). We can manage to
isolate an approximate minimal form of system (22) by ap-
plying a convenient Kalman observability decomposition
to (Az, Bz, Cz). More precisely:

e The transfer function of the approzimately observable
part of the system (Az, Bz, Cz) will be the desired
order n estimate of F'(s).

e The characteristic polynomial of the approximately un-
observable subsystem will be the approximate common
divisor of &(s) and SB(s) to be eliminated in the ratio.

From the Kalman decomposition (see Kalman (1963)) it
is well known that the system matrices can be written as:

_ -1 _ Au Aua . _ Bu
AKfTAFT {O A, BK*TBF— B,

Cx =CzT" =[0G, (23)

where T-1 = [T%, To] is a suitable change of basis matrix in
which the columns of T}, form a basis for the unobservable
subspace ker(QI;) and the columns of 7, form a basis
for the observable subspace obtained as a complement of
ker(Q). Moreover, the transfer function of the observable
subsystem is the minimal form of the transfer function of
the whole system:

F(s) = F,(s) = Cy(sI — A,) "' B,.

Now, attempting the computation of the exact Kalman
decomposition of the system (22) we would likely find that
the whole state space is observable, being Q4 full rank
as a consequence of numerical errors and approximations
introduced by the identification procedure. In this case,
no order reduction of F'(s) would be possible. On the
other hand, we can enforce a model reduction to order n
by defining an approximately unobservable subsystems of
(22) of order m (the degree of the common factor between
the true polynomials a(s) and S(s)). To achieve this goal
we need to define a subspace of order m of approximately
unobservable states. This is done by suitably partitioning
the matrices of the SVD of Q4 as follows:

Q== USVT = [U; Uy [51 O} {VlT] (24)

0 S| |V
where U and V are the unitary matrices of left and right
singular vectors such that Uy,V; € R*T™Xn U, V, €
RtmXm and S = diag{o1,...,0n+m} is the matrix of
singular values of @, with S1 = diag{o1,...,0,} € R™*",
SQ = diag{an_,_l, e 70n+m} S R™*™ and 01 Z s Z
On+m = 0. The singular values in Sy would be zero if
a(s) = a(s) and B(s) = B(s), because in this case they
would have a common divisor of degree m (the polynomial
Dy (s)). However, since &(s) and 3(s) are the outcome of
an identification process, most likely they have no common
divisor, and the singular values in Sy are nonzero. However,
if the estimates & and B are not far from the true values a
and (3, the singular values in Sy are expected to be rather
small, if compared to those in S;. Stated in other terms, if
the identification procedure were ideal, m would be exactly
the rank loss of Q7. In this case, as it is well known (see
Kalman (1996)), the m vectors of Va, i.e. Unt1,. .., Untm,
corresponding to the zero-valued singular values in Ss,
would form a basis of ker(Q %), and the n vectors of V1, i.e.
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V1, ..., Uy, corresponding to the non-zero singular values in

Sy, would form a basis for Im(Q%) = ker(QI;)J-.

In our method we proceed as if all the m lowest sin-
gular values of Q7 were actually zero, and enforce an

approximate observability decomposition choosing T =
[T, T,] = [V2 V4] (recall that U,V are unitary, so V;T'V; =
I,,, Vit Vo = I,,,). Taking into account the form of the exact
Kalman decomposition (23), we can write the approxi-
mately observable and unobservable subsystems as follows:

A, =VI'AVi B,=V'Bz C,=CzV
Ay =V AxVa B,=VyBz C,=0.
Concluding, the minimal estimate of F'(s) is given by
F(s) = Co(sl, — A,)"'B,
and the canceled approxjmated common divisor of degree
m between &(s) and [(s) (see (14) and (16)), is the

~

characteristic polynomial of A,:
Dy (s) = det(sL, — Ay).

The same method can be applied to H(s) to estimate and
cancel the approximate-GCD between 4(s) and é(s), i.e.

~

Nr(s), obtaining the desired minimal order estimate H (s).

4. EXAMPLE

The proposed identification approach has been tested by
means of computer simulation. In this section we report
simulation results for a closed—loop system whose forward
and feedback dynamics are described by the following
third-order transfer functions:

252 4542 s2 45541
ey e LA Rl sy S v
s° 4354 +25+3 §° 4354+ 25+ 2
with n = m = 3, feedback time-delay A = 0.5s and
sampling interval § = 0.05s, for a total simulation time of
T = 5s. An identification input function with a sufficiently
rich harmonic content has been generated using a Fourier
basis on L?(0,T):

2(n+m)

uty =1+ > [ﬂsin (%”kt) +vZcos (Q%kt)} .
k=1

Recursive least-squares (13) have been initialized with:

0(0) = Op3msny—1)x1s  P(0) = Igniny—1, A= 0.99.
We compared the identification results obtained with both
approaches proposed in Section ITI-B. We will refer to the
minimization method results as min(.J)-estimate and to
the approximate-GCD as GCD-estimate. We obtained:

~ 2.02552 — 1.125s + 0.269

F(s) =

min()(8) = 5 e 15708 1+ 0241
i _ 1.523s? +1.486s — 0.355
min()(8) = 519152 7 0.9155 1 0.003
facp(s) _ 2.001s2 + 1.510s + 2.039
$3 4 3.33252 + 2.503s + 2.325
ﬁc:cp(s) _ 1.531s2 + 2.032s + 0.254

s3 +0.901s2 4+ 1.169s + 0.290°

While the identified coeflicients can significantly differ
from the true ones, it must be noted that the identification
of the input-output behavior of both transfer functions is
very accurate. To verify this, we compared the responses
of the true F(s), H(s) and the estimated ones to a white
noise validating input with zero mean and unit variance,
for T = b5s, as shown in Figures 2-3. Moreover, we
computed the mean squared error (MSE), comparing the
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Fig. 2. Response to white noise input for F(s) (with detail).
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Fig. 3. Response to white noise input for H(s) (with detail).

true (yp,ym) and estimated (§p,9m) output, for both
subsystems, using:

N
MSE = % Z (G(kte) — y(kte))?
k=1

with N = T/t., t. = 0.005, obtaining:

MSEF®) —1783.107% MSEH®) —7877.1074
min(J) min(J)
MSEES) =1.626-107%  MSELS) =3.337-107%

It is clear that, while both the identification procedures
give good results, the approximate-GCD estimate has the
lowest MSE, and is confirmed in all simulations made.
Although our approach is deterministic, to obtain a more
realistic simulation we added measurement noise on the
closed—loop system output, and repeated the identification
procedure for a 15% noise-to-signal ratio, with

NSE — mean(abs(n.ozse)) -
mean(abs(signal))

The following estimates have been attained:

5 _ 2.077s% +2.572s — 1.218
min()(8) = 5353652 1 2.0625 7 0.580

. (s) = 1.109s2 + 0.094s — 0.279
min(J) s3 +0.050s2 + 0.632s — 0.417

ﬁGCD(s) _ 1.981s2 + 3.087s + 0.359
$3 4 3.900s2 + 2.920s + 2.472

ﬁacp(s) _ 1.097s2 4 2.698s + 0.745

s3 +2.051s2 + 1.597s + 1.323°

We then repeated the validation using a white noise input
signal with zero mean and unit variance (Figures 4-5)
obtaining the following MSE in a 5 seconds test:

MSEF®) 19671072 MSEM®) = 56561073
min(J) min(J)

F(s) _ -3 H(s) _ -3

MSEg;Sy, =1.211-10 MSEge7, =1.286-107°.

The results prove the effectiveness of the proposed ap-
proach even in a noisy framework, and also confirm the
overall major accuracy of the approximate-GCD method.

5. CONCLUSIONS AND FUTURE WORKS

In this work, we have proposed a simple but effective
approach to estimate the forward and feedback dynamics
of a linear continuous-time system with delayed feedback
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8 3.2

2 3 3
Time [s] Time [s]

Fig. 4. Response to white noise input for F(s), noisy case.

.25

0.25 True H(s) True H(s)
- min(J) estimate min(J) estimate
0.2} = — — GCD estimate — — — GCD estimate

0.15
0.1
0.05

-0.05
-0.1

-0.15

-02 -
[ 1 2 3 4 5 3 3.1 32 33 3.4
Time [s] Time [s]

Fig. 5. Response to white noise input for H(s), noisy case.

using sampled closed-loop data. The first step of the
technique concerns the estimation of the whole closed-loop
behavior, while the second step focuses on the separation
of the forward and feedback subsystems. We illustrated
two different ways to solve the second step: a least-
squares optimization procedure and a system theoretical
method to cancel the greatest common divisor between
polynomials, the latter showing better performances and
noise robustness in the validating numerical simulations.
Future works will be devoted to the explicit modeling of
the noisy case and to the possibility of estimating the
feedback delay and the orders of the subsystems.
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