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Abstract—This article proposes an approach to design
output-feedback controllers for unknown continuous-time
linear time-invariant systems using only input-output data
from a single experiment. To address the lack of state
and derivative measurements, we introduce non-minimal
realizations whose states can be observed by filtering
the available data. We first apply this concept to the
disturbance-free case, formulating linear matrix inequali-
ties (LMis) from batches of sampled signals to design a
dynamic, filter-based stabilizing controller. The framework
is then extended to the problem of asymptotic tracking and
disturbance rejection—in short, output regulation—by in-
corporating an internal model based on prior knowledge of
the disturbance/reference frequencies. Finally, we discuss
tuning strategies for a class of multi-input multi-output
systems and illustrate the method via numerical examples.

Index Terms— Data-driven control, output regulation, lin-
ear systems, linear matrix inequalities, uncertain systems.

[. INTRODUCTION

ATA-DRIVEN methods are rapidly emerging as a central
paradigm in automatic control. Learning controllers from
data is crucial for systems with uncertain or unavailable
models, and has become increasingly practical thanks to recent
advances in computational power and optimization techniques.
While this shift is now accelerating, its roots trace back several
decades. Some of the earliest and still active research areas that
exploit data for control purposes include system identification
[1] and adaptive control [2]. More recently, reinforcement
learning [3] has gained widespread attention, lying at the
intersection of adaptive and optimal control.
Among data-driven methods, a popular recent approach
involves using linear matrix inequalities (LMIs) to compute
control policies offline directly from a given dataset, without
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any intermediate identification step. Below, we provide an
overview of key contributions in this area.

Direct Data-Driven Control via LMIs: An influential contri-
bution for discrete-time linear time-invariant (LTI) systems
is [4], which formulates LMIs where the model is replaced
by a batch of data, leveraging state-space results inspired by
Willems et al’s fundamental lemma [5]. Another key work
in this setting is [6], which introduces the framework of data
informativity. Alternative LMIs that account for noisy data rely
on tools such as the matrix S-lemma [7] or Petersen’s lemma
[8], where the latter is also applied to bilinear systems. Most
related literature focuses on discrete-time systems. Recent
developments in discrete time are dedicated, e.g., to the linear
quadratic regulator problem [9], time-varying systems [10],
and multi-input multi-output (MIMO) systems [11], [12].

In contrast, the theory for continuous-time systems remains
less developed. Extensions of the fundamental lemma [13],
[14] have emerged only recently. From a design perspective,
LMIs can still be constructed from batches of sampled data.
These methods have been explored in various settings, e.g.,
linear [4], [8], [15], switched [16], and polynomial systems
[17], whereas [18] studied the impact of sampling continuous-
time signals on informativity. In [19], the authors deal with
output regulation, a longstanding problem combining asymp-
totic disturbance rejection and reference tracking [20], [21].
Notably, all cited works are limited to the state-feedback case
and assume access to state derivatives. This requirement is
impractical due to noise sensitivity and poses major challenges
for output-feedback design, which would involve multiple
differentiations. In the state-feedback case, the only derivative-
free approaches rely on processing state and input signals
via integrals [22], orthogonal polynomial bases [23], or more
general linear functionals [24]. To the best of the authors’
knowledge, the only work addressing derivative-free output-
feedback control is [25], which employs linear filters of the
input and output signals in both the state-feedback and single-
input single-output (SISO) output-feedback settings.

Filters and Non-Minimal Realizations: The filters in [25] are
not to be confused with signal processing tools. Rather, they
define the observer dynamics of a non-minimal realization
of the plant. Non-minimal realizations have a longstanding
role in the control literature, and the filters used in [25] date
back to classical schemes for adaptive identification [26] and
adaptive observer design [27]. Similar filters have also played
a central role in model reference adaptive control [28], and
more recently in output-feedback policy and value iteration
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methods [29]. Their connection with non-minimal realizations
is well established [30, Ch. 4], although the classical analysis
is based on transfer function or transfer matrix arguments.

Article Contribution: This article proposes a data-driven con-
trol framework for continuous-time LTI systems based on non-
minimal realizations. Building on the state-space approach of
[25], we address the stabilization and output regulation prob-
lems in a general MIMO setting, without state or derivative
measurements. In particular, we adopt a perspective related to
nonlinear Luenberger observers [31], [32], where the initial
approach of [33] is extended to the nonlinear case by using
output filters that reconstruct a higher-dimensional system
with contracting error dynamics. Similarly, our framework
lifts the original plant onto a higher-dimensional, input-output
equivalent system that is fully user-defined except for the
output equation, which contains all uncertainties. This class
of non-minimal realizations is inspired by the canonical pa-
rameterizations of internal models in output regulation [20],
and we accordingly refer to them as canonical non-minimal
realizations. The contributions of this article are as follows:

1): We present a direct data-driven algorithm that computes
a stabilizing output-feedback controller for MIMO systems
from an input-output trajectory collected in a single exper-
iment, without any need for the derivatives of the signals.
Assuming a canonical non-minimal realization is available, the
procedure involves filtering the trajectory and using batches of
sampled data to define an LMI akin to those first introduced
in [19]. From the gains computed with the LMI, we obtain a
dynamic, observer-based controller.

2): We extend the above method to the case of output
regulation, where the plant and the available trajectory are
both affected by an unknown disturbance assumed to be a
sum of constants and sinusoids with known frequencies. Our
approach integrates the previous filters with an internal model
unit and solves an LMI to design an observer-based regulator.

3): We show how to construct a canonical non-minimal
realization for any MIMO system with uniform observability
index across all outputs. Furthermore, we prove that, under
informative data, the observability index can be directly esti-
mated from the given input-output trajectory. The centrality of
observability indices for MIMO data-driven control has been
recognized and exploited in the discrete-time literature [11],
[12]. Similarly, this article develops notions in continuous time
for the special case of uniform observability index.

Article Organization: In Section II, we state the data-driven
control problems addressed in this article. In Section III,
we introduce the canonical non-minimal realizations. Then,
Sections IV and V describe the algorithms for data-driven
stabilization and output regulation, respectively. The design of
canonical non-minimal realizations is presented in Section VI.
Finally, Section VII showcases some numerical examples and
Section VIII concludes the article. Some auxiliary tools and
the more technical proofs are left in the Appendix.

Notation: We use N, R, and C to denote the sets of natural,
real, and complex numbers, while R/7*¥[s] denotes the set of
J X k polynomial matrices with real coefficients. We indicate
with /; the identity matrix of dimension j and with 0;x the
zero matrix of dimension j X k. Also, we denote with col

the column-wise concatenation of vectors and with bdiag the
block-diagonal concatenation of matrices. Given a symmetric
matrix M = M", M > 0 (resp. M < 0) indicates it is positive
definite (resp. negative definite). We use ® to denote the
Kronecker product of matrices. Finally, for any square matrix
M, we indicate its spectrum with o (M).

IIl. PROBLEM STATEMENT
A. Data-Driven Stabilization

Consider a continuous-time LTI system of the form

X =Ax+ Bu

y=Cx )

where x € R" is the system state, u € R™ is the control input,
y € RP? is the measured output, while A € R"*" B e R™™,
and C € RP*" are unknown matrices that satisfy the following
assumption, used throughout the article.

Assumption 1. The pair (A, B) is controllable and the pair
(C, A) is observable.

Suppose that a single experiment is performed on system
(1) and the resulting input-output data are collected over an
interval of length 7 > O:

(u(1), (1)),

The first problem that we consider is to find a dynamic, output-
feedback stabilizing controller for system (1) of the form

é = A + By
u==CE+ Dy,

vt € [0,7]. (2

3)

where ¢ is the controller state and the matrices A., B, C,
and D, are designed using solely the dataset (2), without any
intermediate identification step.

B. Data-Driven Output Regulation

We now consider a more general scenario where we also
want to track an output reference and reject a disturbance af-
fecting the plant and the measurements. This problem, known
in the literature as output regulation [20], [21], is modeled by
adding an unknown input w € R’ to system (1):

X = Ax + Bu + Pw

“4)
y=Cx+ 0w,

where P € R and Q € RP”*! are unknown matrices and,
as before, A, B, and C are unknown and satisfy Assumption
1. In system (4), the exogenous input w is used to model all
reference and disturbance signals that can be obtained from the
sum of constant signals and sinusoids with known frequencies
but unknown amplitudes and phases. More precisely, we
suppose that w is generated by the autonomous exosystem

W= Sw, (&)

where the matrix § € R/ is known and neutrally stable, i.e.,
its minimal polynomial has simple roots on the imaginary axis.
Note that, even if S is known, w is not available as the initial
condition w(0) is unknown.
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To formulate the tracking objective of output regulation, we
follow the setting of [21, §4.3] and suppose that the measured
output y in (4) contains ¢ < p components that we want to
steer to zero. In particular, we let:

Ce Qe
C= , = 6
- e-lg ©
with C, € R?*" and Q, € R7¥!. Then, we can split y as

e =Cox+Q0.w, yr = Cix + Orw, @)

where e € R? is the regulated output (to be steered to zero),
while y, € RP™9 is the residual output, which is used as
auxiliary measurement for output-feedback control design.
For the solvability of the problem, we make the following
assumption, usually referred to as non-resonance condition.

Assumption 2. [t holds that

A - sl B

rank
Ce Oq xXm

=n+gq, ®)

for all s € o (S).

Loosely speaking, Assumption 2 requires that no transmission
zero of the triple (Ce, A, B) is also an eigenvalue of S. It is
well known that Assumption 2 is a necessary condition for the
solvability of the output regulation problem [21, Ch. 4].
Suppose that a single experiment is performed on system
(4), while influenced by exosystem (5), and the resulting input-
output data are collected over an interval of length 7 > 0:

(u(1),e(2), ye(1)), Vi € [0,7]. )

Note that, compared with the previous case, the data are
affected by the unknown exogenous signal w(z). Our goal is
to find a dynamic, output-feedback controller of the form

. e
E=Af+ B y

r

e
V|’

where ¢ is the controller state and the matrices A., B, C,
and D, are designed, using only the dataset (9) and the prior
knowledge of S, to ensure the following properties during the
online deployment of (10):
o If w =0, the origin col(x, &) = 0 is globally exponentially
stable for the feedback interconnection of the plant (4)
and the controller (10).
« For any initial condition of the plant (4), the exosystem
(5), and the controller (10), it holds that

(10)
u==C+ D,

an

lim e(r) =0.

[1I. CANONICAL NON-MINIMAL REALIZATIONS

To develop our data-driven control framework, we introduce
a non-minimal realization of system (1) of the following form:

= (F+LH) +Gu
y=H{,

where u € R™ and y € R? are the same of (1), { € R#, with
i > n, is the non-minimal state, F' € R**#, G € R**™, and

12)

L € R¥*P are user-defined matrix gains, while H € RP*H is an
unknown matrix depending on the parameters of (1) according
to the following novel result, which generalizes [25, Lem. 3].

Lemma 1. Let Assumption 1 hold. Suppose that, given the
plant matrices A, B, C, and the design matrices F, G, L, there

exist matrices I1 € R™* and H € RP*H such that
TI(F + LH) = AT, TIG = B -
H = CII.

Then, 1 has full-row rank and the controllable and observable
subsystem of (12) obeys dynamics (1), with state x = 11{.

Proof: We first prove that any solution IT to (13) satisfies
rank IT = n. By pre-multiplying by A both sides of the equation
IIG = B in (13), we obtain

AB = ATIG =II(F + LH)G. (14)

Repeat this process and stack the resulting vectors to obtain:

M =B AB A"'B], (15)

where:

M:=|G (F+LH)G (F+LH)"'G].  (16)

Since (A, B) is controllable by Assumption 1, from (15) we
obtain that rank IIM = n, which implies that rank IT = n.
We now focus on system (12). Define

-Fil

where E contains y — n linearly independent rows such that

[ET IT"] is non-singular. From (12) and (13), we obtain
x=II(F+LH), +1Gu = Ax + Bu
y=H{=CII{ =Cx,

A7)

(18)

and, thus, we achieve the following Kalman decomposition:

).Cg _ A5 AX Xo i B(, u
x| Onx(u-n)y A X B

XA

y= [OPX(#—”) C] [ ’

X
for some matrices As;, Ax, Bs. The statement follows by
noticing that the x-subsystem is controllable and observable
by Assumption 1, thus x; denotes all the unobservable states
of system (12). O

We postpone to Section VI the design of F, G, and L to
ensure the existence of I1 and H for a class of MIMO systems.

19)

[l

Remark 1. Lemma 1 ensures that the transfer matrices of (1)
and (12) coincide, i.e., C(slI,~A)~'B = H(sl,—F-LH)™'G.
This property can be verified directly from (19).

The next result further characterizes the Kalman decomposi-
tion obtained with Lemma 1.

Lemma 2. Under the hypotheses of Lemma 1, it holds that
o(F+LH) c (c(A)Uo(F)). (20)

In particular, the unobservable eigenvalues of F + LH are
eigenvalues of F, i.e., 0(Az) C o(F), with A given in (19).
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Proof: From (19), it holds that o(F + LH) = 0(As) U
o (A). By [34, Ch. 3, Cor. 4.6], any eigenvalue s € 0(A;) is
such that there exists a vector v € CH, with v # 0, satisfying:

(F+LH)v=sv, Hv=0. 2D

Substituting the second equation into the first one, we obtain
Fv = sv, which proves the statement. OJ
Note that system (12) can be rewritten as

{=F(+Gu+Ly
y=H{,

where the unknown matrix H appears only in the output
equation, while the matrices F, G, and L of the differential
equation are user-defined, thus they are known. If we further
require that F is Hurwitz, we finally obtain the following novel
definition, which plays a central role in this article.

(22)

Definition 1. Under Assumption 1, system (12) is said to be
a canonical non-minimal realization of the plant (1) if F, G,
L, and H are such that:

o There exists Il such that 11 and H solve equation (13).
o I is Hurwitz.
Furthermore, the realization is said to be strong if the pair
(F + LH,G) is controllable. It is said to be weak otherwise.

The next result is an immediate consequence of Definition 1.

Corollary 1. Under Assumption 1, let (12) be a canonical
non-minimal realization of the plant (1). Then, the pair (F +
LH, G) is stabilizable and the pair (H, F + LH) is detectable.

Proof: Note that the unobservable dynamics of (19),
given by the x;-subsystem, also contain the uncontrollable
dynamics. Thus, stabilizability and detectability follow from
Lemma 2 with F Hurwitz. 1

Remark 2. The previous discussion can be extended to the
scenario with (A, B) stabilizable and (C,A) detectable by
defining canonical non-minimal realizations for the control-
lable and observable subsystem of the plant (1). Also, the data-
driven framework of the next sections can be extended with just
additional notational burden to the case with (A, B) control-
lable and (C, A) detectable, since the unobservable dynamics
have no influence on the datasets and the controllable and
observable subsystem of (1). On the other hand, if (A, B) is
only stabilizable, the uncontrollable and observable subsystem
introduces an exponentially decaying unknown disturbance in
our data-driven methodology. This scenario will be addressed
in future work dealing with noisy data.

We now use Definition 1 to solve the data-driven stabiliza-
tion and output regulation problems of Section II.

IV. DATA-DRIVEN STABILIZATION

The approach to solve the stabilization problem of Section
II-A is summarized in Algorithm 1, where we use the dataset
(2) (reported in (23) for convenience) to construct the con-
troller (29). In Fig. 1, we show the closed-loop interconnection
of the plant (1) with the controller. In the following, we illus-
trate the design of Algorithm 1 and its theoretical guarantees.

Algorithm 1 Data-Driven Stabilization
Initialization
Dataset:

(u(1), y(1)), (23)

Tuning: F, G, L such that (12) is a canonical non-minimal
realization of (1); (Fp,Go) as in (35); number of samples
NeN,N>1, 1r,:=1/N.

Data Batches Construction
Filter of the data: simulate for t € [0, 7]:

vt € [0, 7].

£(t) = FE(1) + Gu(r) + Ly (1), (24)
Initialization: £(0) = 0 € R¥.
Auxiliary Dynamics: simulate for ¢ € [0, 7]:
X (1) = Fox(1). (25)
Initialization: y(0) = Go € RY.
Sampled data batches:
U = [u(O) u(7s) u((N - 1)75)] e RN
X=[x0) x(w) x((N=Dz)| e ROV
Z=[00) dm) o AW -Dr)|erey O
Z=[40) bw) o AW -] e RV,
where Z(j,) = FE(jT) + Gu(jty) + Ly(jro).
Stabilizing Gain Computation
LMI: find P € R®*# Q e RV*# such that:
P=PT >0
7Q+Q7ZT <0
Z Z 27
06)(/.1 — X Q
P zZ|
Control gain:
K=UQP". (28)
Control Deployment
Control law:
é=(F+GK)é+ Ly, u=KE¢. (29)

Initialization: £(0) € R* arbitrary.

Let Assumption 1 hold, and suppose that F, G, and L
have been designed so that (12) is a canonical non-minimal
realization of (1), with H and II solving (13). Since (12) can
be written as (22), we introduce a replica of its dynamics:

=F¢+Gu+Ly, (30)

-

Plant
X =Ax+ Bu
y=Cx

Filters
l=F(+Gu+Ly

L

Fig. 1. Implementation of the controller (29) designed in Algorithm 1.
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which can be seen as an observer of { or, equivalently, a filter
of the input-output data. Note that IT and H are not available

for design and are only used for analysis. Define the error
e=x-TIIC. (31)

Using equation (13) and the coordinates (31), the interconnec-
tion of (1) and (30) can be written as follows:
_[A—HLC

é: — + On><m u
4 LC I G
Note that, since the pair (F + LH,G) is stabilizable by

Corollary 1, also system (32) is stabilizable thanks to the next
result. The proof is given in Appendix III.

Onxpe €

F+LH (32)

Lemma 3. The minimal polynomial of A —I1LC divides the
minimal polynomial of F. Thus, A —IILC is Hurwitz.

Thanks to Lemma 3 and the cascade structure of (32),
we conclude that the interconnection can be stabilized by a
feedback law of the form u = K Z . In our scenario, K cannot
be designed via model-based techniques because F + LH,
containing the plant parameters, is unknown. Therefore, in the
following, we compute K via data-driven techniques.

Remark 3. The philosophy followed by this article can be
regarded as the data-driven equivalent of classical controllers
based on the interconnection of an observer and a feedback
law using the observer states. To see the parallelism with the
model-based literature, if we let u = n, we obtain that (30)
has the same structure as originally proposed by Luenberger
in [33]. If 11 = I, (so that { = x), (30) becomes the observer
commonly known in the literature:

£=(A-LCO)i+Bu+Ly, (33)

where A — LC = F is Hurwitz. In the data-driven setting,
we rely on canonical non-minimal realizations because (33)
cannot be implemented since A, B, and C are unknown.

Given the dataset (23), we post-process the input-output
signals by simulating over [0, 7] the filter (24), which we
initialize for simplicity in £(0) = 0. By looking at (32), one
may wonder if the signals £ (¢) and £ (r) could be used to obtain
a data-based representation of the dynamics to be controlled.
The main obstacle to this idea is that £(7) is affected by e(1),
which is unknown because x(¢) and IT in (31) are not available.

However, it turns out that, with some manipulations of (32),
it is possible to replace e(¢) with a user-generated signal y (7).
Related ideas can be found in [19] and [25]. To show this

notable feature, let
mp(s) = Sé+9f,5_1s(571 +0r15+050 (34)

be the minimal polynomial of F, with degree 6. Then, define

0 1 . 0 0
Fo=| E Sl Go=l| f |, 3%)
—Or0 =051 —0r.5-1 wyr

with wy # 0 arbitrary. We now exploit the fact that, by Lemma
3 and the construction of Fy in (35), LCe(t) can be expressed

as a linear combination of the entries of ef°’. We obtain the
following result, whose proof is given in Appendix III.

Lemma 4. Consider system (32). There exists a matrix D €
RHXS such that LCe(t) = Dx/(t) for all t € [0, 7], where €(t)
is the solution of é(t) = (A — IILC)e(t), with €(0) = x(0),
and x(t) is the solution of x(t) = Fox(t), with x(0) = Gy.

Given Lemma 4 and system (32), we can combine the
simulations of (24) and (25) to obtain that the dataset (23)
and the simulated trajectories satisfy, for ¢ € [0, 7],

_|Go
-[7]
(36)

— [F 0 0s XU
D F+LH

where the signals (y(¢), £(¢)), the derivative £(¢) (computed

from the right-hand side of (24) as FZ(r) + Gu(t) + Ly(1)),

and the input u(t) are available for measurement.

As a consequence, following the data-driven approaches
for continuous-time systems [25], we construct data batches
of the form (26) by sampling the continuous-time signals
at N distinct time instants. In Algorithm 1, we choose to
sample with constant sampling time 73 only for simplicity,
and non-uniform sampling could also be employed. Note that
the informativity properties of the batch may be significantly
affected by the sampling strategy.

Once the batches (26) have been extracted from the
continuous-time signals, we can compute the gain K from
the linear matrix inequality (27) and equation (28), similar
to [19]. The resulting stabilizing controller to be deployed
online is (29), which is the combination of the filters (30)
and the feedback gain u = K. Again, we remark that this
structure can be seen as the interconnection of an observer
and a feedback based on the observer states. Note that we
denoted the controller state with & = £ to put (29) in the same
form of (3), as described in the problem statement.

The following result provides formal guarantees for the
effectiveness of Algorithm 1. The proof is based on the
arguments found in [4], [19].

0
0

x(0)
£(0)

X (1)
(1)

+Pgﬂum

Theorem 1. Consider Algorithm 1 and let Assumption 1 hold.
Then:

1) The LMI (27) is feasible if

X
rank [Z| =6+ u+m.
Uu

(37

2) For any solution P, Q of (27), the gain K computed
from (28) is such that F + LH + GK is Hurwitz. Thus,
the controller (29) solves the data-driven stabilization
problem of Section II-A.

Proof: 1): Since the pair (F + LH, G) is stabilizable by
Corollary 1, there exist matrices £ and K such that

— T
{P—P =0 a8)

(F+LH+GK)YP+PT(F+LH+GK)T <0.

Given any # and K satisfying (38), condition (37) implies that
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there exists a matrix M such that [4, Thm. 2], [19, Thm. 2]:

06)(,1 X
I, |=|Z|M. 39
K U
Notice that, using (36), we can write
Z=DX+(F+LH)Z +GU. (40)

Using (39) and (40), we obtain the following data-based
representation of the closed-loop matrix:

F+LH+GK=|F+LH G| [,ﬂM

(41)
=(Z-DX)M =ZM.
Then, combining (38) and (41), we obtain:
P=PT >0
. . 42
{ZMP +PTMTZT <0. 42)

Let Q = M®P in (42) and post-multiply both sides of (39) by
P to obtain (27).

2): Suppose that there exist £ and Q that satisfy (27). From
the third equation of (27), we obtain that Z"=qpr!
right inverse of Z. Using (40) and Z7, it follows that

F+LH=(Z-DX-GU)Z". (43)
From (28), (43), and XQ = Osx, due to (27), it holds that:
F+LH+GK=(Z-DX)Z'=2Z". (44)

Then, using £ = ZQ from the equality in (27), the first
inequality of (27) can be rewritten as

ZZ'P+P(ZHTZT <0,
which implies from (44) that F + LH + GK is Hurwitz.
Finally, to show that the controller (29) solves the data-

driven stabilization problem, we rewrite the closed-loop inter-
connection of (1) and (29) using (32) with u = K¢:

€| _|A-TILC Onxp

[g} - [ LC  F+LH+GK [g] (46)

Since A — IILC and F + LH + GK are Hurwitz, global
exponential stability of (46) follows from standard results for
cascaded linear systems. O

(45)

Remark 4. In this section, we have presented an LMI for the
noise-free scenario. Future work will be devoted to formulat-
ing LMIs that address the case where (23) is affected by noise
with bounded energy, similar to [7], [8], and [18]. Also, it
will be worth investigating the impact of the filter gains F, G,
L in case the noise has a bandwidth characterization.

Remark 5. Suppose that the following interval excitation
condition holds:

Jxo] feo]
/ E | ED)| dr = klsupiom, 7)
O lu@®)| |u(d)

for some scalar k > 0. Then, under suitable regularity prop-
erties of the signals, the rank condition (37) can be obtained
by choosing s sufficiently small (see, e.g., [18, Lemma IV.3]).

Algorithm 2 Data-Driven Output Regulation
Initialization
Dataset:

(u(1), e(2), yr (1)),

Tuning: F, G, L such that (12) is a canonical non-minimal
realization of (1), with L = [L, L;], L, € R**4, and L, €
RH#x(P=4q). (Fo, Go) as in (35); (Sp,T) as in (57); number
of samples N e N, N > 1, 7y, ==7/N.

Data Batches Construction
Filter of the data and internal model: simulate for ¢t € [0, 7]:

vt € [0, 7]. (48)

(1) = FE(1) + Gu(t) + Lee(t) + Lye(1),  (49)
n(r) = @n(r) + Te(r). (50)
Initialization: £(0) = 0 € R¥, (0) =0 € R44,
Auxiliary dynamics: simulate for t € [0, 7]:
(0 = [OS"d 0"”} (o). (51)
Initialization: y(0) = col(Iy, Go) € R4+9.
Sampled data batches:
U= [u(O) u(ts) u((N - I)Tg)] e RN
X=[x(0) x(r5) -+ x((N-1)1y)] e RN
— 5(0) 5(7—5) 5((1\’ - 1)7) (u+dq)xN
< ln(()) 1) o (N -1 |55 G2
_[EO ) e HW = D) | (gsdaycn
17(0)  7(7s) (N - 1)75)

where f(]Ts) = FZ(st) +Gu(jts) + Lee(jts) + Ly (jTs)
and 7(jt) = ®n(j7s) + Te(jts).

Stabilizing Gain Computation
LMI: find P € RW+da)x(u+dq)  Q ¢ RN*(u+da) gych that:

P=P">0
Q+Q7ZT <0
Z Z (53)
Oars)xurda) | _ | X g
P zZ|
Control gain:
K=[K; K,|=UQP™', K;eR™H K,ecR"™ (54

Control Deployment

Control law:
GK,, L, e
u=KE¢.
]f [F Oagx(p- q)] [y] ¢

. |F+GK
é= ¢
Initialization: £(0) € R#*44 arbitrary.

Odqxu

V. DATA-DRIVEN OUTPUT REGULATION

The data-driven output regulation problem of Section II-
B is solved in this section by Algorithm 2, which uses the
dataset (9) (rewritten in (48) for convenience) to design the
controller (55). We refer to Figure 2 for a depiction of the
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w

Internal model
n=0n+Te

Plant
X =Ax+ Bu+ Pw
e=Cox+ Qew
y=Cx+QOw

Filters
C=Ff+Gu+Ly

Fig. 2. Implementation of the controller (55) designed in Algorithm 2.

interconnection of the controller with the plant (4) and the
exosystem (5). Below, we illustrate the derivation of Algorithm
2 and its theoretical guarantees under Assumptions 1 and 2.

Following the classical literature of output regulation [20],
[21], [35], the problem of Section II-B is solved by a controller
that embeds an internal model unit. In particular, let

ms(s) =5 +0,q 15 4. +0,15+6,0  (56)
be the minimal polynomial of S. Then, define:
0 1 e 0 0
o=/,® - . , I'=1,® , 67)
! 0 - 1 1o
_gs,O _es,l _Gs,d—l Wy
——
=S =TIy

where wg # 0 is a scalar tuning gain. A post-processing

internal model is the following system:
17 =®n+Te, (58)

where 7 € R94. Under Assumptions 1 and 2, by [21, Lem.
4.2], the augmented plant

X _ A Onxdq
ql T |rc, @

| C
Ya= Odqxn

B
0dq><m

P
ro.

X
n

+ ,
Lag | |7 Oagxi v

can be stabilized via output feedback when w = 0. Let

f.s = Asés + By,
u = Csés+ Dy,

u+

] v
(59)

(60)

be a controller that makes the origin (x,7n,&) = 0 of the
interconnection (59), (60) asymptotically stable when w = 0.
Then, it is known that the output regulation problem as stated
in Section II-B is solved by a controller that combines (58) and
(60) [21, Prop. 4.3]. Therefore, the remainder of this section
involves extending the stabilization approach of Section IV to
the construction of (60).

Remark 6. We give an intuition on how the approach is solved
via [21, Prop. 4.3]. Given the properties of the stabilizer (60),
the closed-loop interconnection of the plant (4), the exosystem
(5), and the controller (58), (60) has a stable and a center

eigenspace. In particular, for some matrices Xy, Xy, Z¢, the
closed-loop solutions satisfy x(t) — Z,w(t), n(t) — Z,w(?),
E(t) = Zew(t). Then, given the special choice (57) for the
matrices (®,T") used in the internal model (58), it holds that:

CeZyx + 0, =0, (61)

which implies e(t) — C.Z,w(t) + Q.w(t) = 0. Note that this
property holds both for the nominal plant (4) and other values
of A, B, C, P, Q such that (60) is still stabilizing. We refer to
[21, Ch. 4], for an in-depth presentation of these topics.

Under Assumption 1, let F, G, and L be such that (12) is a
canonical non-minimal realization of (1), for some IT and H
such that the matrix equation (13) holds. Also, let H, := C.II.
Then, as before, introduce system (30) and the error € in (31).
Note that the system to be controlled and from which we
collect the data is (4), which is perturbed by the exogenous
signal w. In particular, using (31), we can interconnect the
plant (4), the exosystem (5), the filter (30), and the internal
model (58) to obtain the following dynamics:

w S Orxn 0 w Orxm

é| | P-TILQ A-TILC| ~(rmx(u+da) || ¢ Opxcm

¢ LO  LC |F+LH Onaq ||E|T| G |*

i Q. Irc. I'H. D n Oqum
(62)

which have the same structure of (32), with € replaced by
col(w, €) and £ replaced by col(Z, 7).

We now study some structural properties of (62). The first
result is the extension of the non-resonance condition of
Assumption 2 from the original plant (1) to the non-minimal
realization (12).

Lemma 5. Under Assumptions 1 and 2, it holds that

F+LH-sl, G

ank H,

63
O (63)

|-sva

for all s € o (S).

Proof: By Lemma 1, there exists a similarity transforma-
tion T such that system (12) is decomposed as in (19). Then,

biag(r, 1,y |+ LH =5l G

] bdiag(77", I,,,)

He qum
As—sly—p Ay B; (64)
= OnX(,u—n) A—sly B P

0gx (u-n) Ce 0gxm

where A; is Hurwitz by Lemma 1. The proof follows by
recalling Assumption 2 and noting that rank(As — s1,—pn) =
u—n for all s € o(S). O

An important consequence of Lemma 5 is the following
corollary, whose proof is omitted for brevity as it follows the
same lines of the proof of [21, Lemma 4.2].

Corollary 2. Under Assumptions 1 and 2, let (12) be a weak
(resp. strong) canonical non-minimal realization of (1). Then,
the pair

(65)

F+LH Ouxaq G
TH, ® | |0dgxm
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is stabilizable (resp. controllable).

Corollary 2 ensures that the stabilizer (60) can be obtained by
combining (30) and a feedback law of the form u = K f +K,7.

Therefore, the only remaining step is to design K =
[K; K;] using the available dataset. First, we simulate
the filter and the internal model unit as in (49) and (50),
choosing zero initial conditions for simplicity. Then, to be
able to use (62) for data-driven control, we need to overcome
the limitation that the signals col(w(t), €(¢)) are not available
for measurement. To this aim, note that the matrix

S len
P-TILO A-IILC

is such that o-(S) N (A —TILC) = 0 due to Lemma 3, which
implies that the Jordan normal form of (66) is block diagonal,
with one block associated with S and the other with A—-TILC.
Thus, we can extend Lemma 4 to ensure that there exists a
matrix D such that

LO LC] [w(t)

(66)

rg. rC.||er|=PX": ©7)
where y(7) is obtained by simulating (51). The statement of
such result and its proof are omitted for brevity as they are
identical to Lemma 4.

Next, as before, we sample the available continuous-time
signals in N distinct time instants (with fixed sampling time
7¢ for simplicity) to obtain the data batches (52). Finally,
we employ the LMI (53) and equation (54) to compute
the stabilizing gain K = [K; K;,]. The overall controller
combining the internal model and the stabilizer is given in
(55), which we report in the same form as (10).

The following result provides the guarantees for Algorithm
2. Its proof is omitted as it is based on Theorem 1 and the
arguments above. See [21, §4.4] for further details.

Theorem 2. Consider Algorithm 2 and let Assumptions 1 and
2 hold. Then:

1) The LMI (53) is feasible if

X
rank [ Z| = (d +6) + (u +dgq) +m.
Uu

(68)

2) For any solution P, Q of (53), the gain K computed
from (54) is such that

F+LH o,m,q} . [ G

K 69
rH, @ | |Odgsm (69)

is Hurwitz. Thus, the controller (55) solves the data-
driven output regulation problem of Section II-B.

VI. DESIGN OF CANONICAL NON-MINIMAL
REALIZATIONS

In Sections IV and V, we have shown that data-driven
output-feedback control is feasible as long as F, G, L are
known such that (12) is a canonical non-minimal realization
of the plant (1), for some output matrix H. It is therefore
convenient to provide tuning techniques for such matrices. In

this section, we show that the design of F, G, and L can
be derived from some structural properties of the pair (C, A).
Furthermore, we illustrate how such properties can be inferred
from input-output data of the form (2), as long as a full-rank
condition similar to (37) holds. We begin by illustrating the
tuning in the two simplified scenarios of [25].

A. State-Feedback Scenario (C = I,)

Let Assumption 1 hold. Also, suppose that the order n of
system (1) is known and that we have full access to its states,
i.e., ¥y = x. Then, we can assign the matrices of (12) as follows:

A, Opxm Onxm yIn
F = , G= , L= , (70
[Omxn _/llm] [ YIm ] [Omxn 70)

where 4 > 0 and y # 0 are scalar tuning gains.
Using C = I,;, we obtain that (13) is solved by

N=H=y'[A+al, B], (71)

thus we conclude that (12) with F, G, L in (70) and H in (71)
is a canonical non-minimal realization. Also, note that
A B
-l |’

and we can prove that (F + LH, G) is controllable (i.e., the
realization is strong) because, using the PBH test, the condition
sl, — A -B

0ynxn sy, + AL,
is verified for all s € 0(A) U {-A}.

With the choice (70) and recalling that y = x, the filters
used in (24) and (49) become:
X
ul

B. SISO Output-Feedback Scenario (m=p = 1)

Suppose again that the order n of system (1) is known. Then,
we follow the structure adopted in classical adaptive observer
design (see [27] or “representation 2” of [30, Ch. 4]) by letting

A On><n 0n><1 t
F = , L =
[Onxn A t ] [Onxl

where A € R™™ and £ € R" are user-defined tuning gains
such that (A, ¢) is a controllable pair, while A is Hurwitz and
has n distinct eigenvalues. As stated in the following results,
the tuning (75) implies the existence of a strong canonical
non-minimal realization. We postpone the proofs to Theorems
3 and 4, which generalize these statements.

F+LH=

(72)

OmXﬂ

rank [ O"X'"] =n+m (73)

Y

(=-2+y (74)

], G = ,  (75)

Proposition 1. Under Assumption 1, the matrices F, G, and
L in (75) are such that there exist matrices Il and H solving
equation (13). As a consequence, for some H, (12) is a
canonical non-minimal realization of system (1).

Proposition 2. Let Assumption I hold. Consider F, G, L as
in (75), and let 11 and H be solutions to the matrix equation
(13). Then, the pair (F + LH, G) is controllable.

In this scenario, we obtain the following filter structure:

2 A Onxn 2 ¢ Onxl y
o Wl IR oo
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C. MIMO Output-Feedback Scenario

In the previous examples, we have shown that a strong non-
minimal realization can be achieved if the order of the plant
is known. It turns out that the structures in (70) and (75) are
more precisely related to the observability indices of system
(1), for which we briefly recall the basic notions. For further
details, we refer to [34, Ch. 3]. In (1), let

C= [Cl

CP]T’

and suppose that rank C = p, so that c¢i,...,c, € R" are
linearly independent. Then, consider the following sequence:

GATep, o (AN er, . (AT e, (T8)

(77)

T
Cl,....Cp,Acy,..

and select, starting from the left and moving to the right, the
first appearing n linearly independent vectors (which exist due
to Assumption 1). Such vectors can be reordered as follows:

LAY ey JCp ATep, ..., (AT)"P’ICP.
(79
The integers vy, ..., v, are called the observability indices of
system (1), while v = max; v; is the observability index of
(1). Note that v; > 1 due to rank C = p and, by construction,

.
Cl,A Cl,..

p

Zvianvp.

i=1

(80)

In the remainder of Section VI-C and in Section VI-D, we
obtain results under the following assumption, which imposes
a uniform observability index across all outputs.

Assumption 3. It holds that vi =vo=...=v, =V.

Assumption 3 covers the previous state-feedback (v; = 1, for
all i € {1,...,n}) and SISO output-feedback (v; = v = n)
cases. Another relevant example is given by multi-input single-
output (MISO) systems. We also provide MIMO examples in
Section VII. Future work will be dedicated to studying the
general case of arbitrary observability indices.

Under Assumption 3, we obtain the following two theorems,
which generalize and unify the state-feedback and SISO
output-feedback scenarios. Since the proofs are quite lengthy,
they are deferred to Appendix III.

Theorem 3. Let Assumptions 1 and 3 hold. Pick A € R¥*”
and € € R” such that (A, €) is controllable and A is Hurwitz
and has v distinct eigenvalues. Choose

I,®¢

F:IP+m®A, G:[Opvxm]’ L=|:
Omvxp

e ] @1)

Then, there exist matrices I1 and H such that:

o Equation (13) holds.

o A-IILC is similar to I, ® A.
As a consequence F, G, and L are such that (12), for some
H, is a canonical non-minimal realization of (1).

Remark 7. The proof of Theorem 3 involves two steps. First,
using the multivariable observer canonical form (see Appendix
I), we show there exists a linear equation whose solutions are
also solutions to the quadratic equation (13). Then, we exploit
the tuning (81) to decouple the linear equation into elementary
blocks that can be solved via Lemma 7, given in Appendix I

Theorem 4. Given the assumptions and matrices F, G and L
of Theorem 3, let I1 and H be solutions to the matrix equation
(13). Then, the pair (F + LH, G) is controllable.

Remark 8. Also the proof of this result is divided into two
steps. First, we relate the input-output models of (1) and (12)
using Lemma 1 to obtain a rank condition for the polynomial
matrices of (12). Then, we show that this rank condition
implies controllability of (F + LH, G) using the PBH test.

In view of the tuning (81), the systems employed in (24) and
(49) have a structure that generalizes (74) and (76):

A ¢

2 . y
o

A ¢

(82)

N
1l

consisting of p + m parallel asymptotically stable filters of
dimension v, one for each entry of col(y,u). This form is
conceptually similar to the internal model (58), which can be
written more explicitly as:

S() I_‘()
n+ e,
So o

= (83)

and consists of g parallel neutrally stable filters of dimension
d, one for each entry of the regulated output e.

We also note that the minimal polynomial of F coincides
with the characteristic polynomial of A, hence we can replace
(25) in Algorithm 1 with

x(0) =Ax(),  x(0)=¢ (84)
Similarly, (51) in Algorithm 2 can be replaced with
v | So Oaxy _|To
X([) - [vad A ]X(t)’ X(O) - [5 :| . (85)

We refer to Section VII for some tuning examples.

D. Observability Index Estimation

Under Assumption 3, we have seen that a strong canonical
non-minimal realization can be constructed if v is known.
However, v is usually not available from prior information.
Therefore, we now propose an approach to infer it from
the data. The procedure is summarized in Algorithm 3 and
described below for the data-driven stabilization problem of
Section II-A. A similar procedure can be derived for data-
driven output regulation but is omitted for brevity.

Suppose that a dataset of the form (2) (reported also in (87)
for convenience) is available. Then, given some estimate ¥ of
v, consider the matrices A € R”*” and ¢ € R” as in (88), and
use them to replace A and ¢ of (81). By Theorem 3, V = v
implies the existence of a non-minimal realization. It turns out
that the same holds for any ¥ > v in view of the next lemma,
whose proof is obtained via direct verification.

Lemma 6. Let Il and H solve equation (13), for some A, B,
C, and F, G, L. Suppose that F, G, and L are replaced by

G| . _..[L
. =rff]. oo

G=T G

F = Tbdiag(F, )T,
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Algorithm 3 Observability Index Estimation (Stabilization)
Initialization
Dataset:

(u(t), y(1)), vt € [0, 1]. 87)

Tuning: scalars 0 < A1 < < Ay, and y; #
0,.. Vv # 0, With Viax € N, vipax > v; number of
samples N € N, N > 1, 75 := 7/N; initial guess v = 1.
Index Estimation
while index not found and vV < vp,x do
Pe—P+1
Matrix gains:

Ap),  =col(yr,...,ys). (88)
Simulation for t € [0, 7]:
X (1) = Ax()
ﬂﬂ (89)

f(t) = (Ip+m ® [\)Z(t) + (Ip+m ® f) [u(t)

A= —diag(4y, ...

Initialization: £(0) = £, £(0) = 0p(pum)xi-
Sampled data batch:

X((N =1)7)

@y
5 2((N - D)

T4 {(w)

if rank 8 < v(p +m + 1) then
index found > Assumes B full rank if ¥ =v.
end if
end while
Ve—v-—1

l . (90)

> Observability index estimate.

with F, G, L arbitrary matrices and T an invertible matrix.
Then, equation (13) is solved by T = [II Onxﬂ]T‘l and
H:=Cll=[H Opxﬂ]T‘], where fi is the dimension of F.

For a given ¥, Algorithm 3 involves simulating (89) and
collecting a batch of sampled data of the form (90).

Suppose that, for ¥ = v, 8 has full rank (which is necessary
for (37)). Then, the same is true for ¥ € {1,...,v}. On the
other hand, the rank is lost for v > v+ 1, as stated in the next
result. The proof is quite long and thus given in Appendix III.

Theorem 5. Consider Algorithm 3 and let Assumptions 1 and
3 hold. Then, for all vV > v + 1, the data in (90) satisfy:

rank B < 9(p +m + 1). 1)

We conclude that the observability index can be computed
by increasing ¥ from 1 until the rank of $ is lost. Note that
the upper bound vpn.x is only used as stopping criterion in
case the search fails. Also note that, in each iteration, it is
sufficient to simulate only the new filters xy(¢) = —A; x5 (1)

and £y (1) = —2585(t) + yp col(y(1), u(t)).

Remark 9. A similar algorithm can be obtained in the data-
driven output regulation setting. In particular, in (89), the
dynamics of x are augmented as in (66) and the internal model
(50) is included. A result corresponding to Theorem 5 can then
be obtained by following, mutatis mutandis, the same proof.

VIl. NUMERICAL EXAMPLES

To illustrate the approaches of the previous sections, we
present some numerical examples developed in MATLAB. In
particular, Algorithms 1 and 2 have been implemented with
YALMIP [36] and MOSEK [37] to solve the LMIs. The code
is available on GitHub! and on Zenodo [38].

A. Unstable Batch Reactor Control

We address the data-driven stabilization problem for the
continuous-time linearized model of a batch reactor given in
[39]. The matrices corresponding to system (1) are

1.38 -0.2077 6.715 -5.676

A= -0.5814 -4.29 0 0.675

1.067 4273 -6.654 5.893

0.048 4.273 1.343 -2.104

92)

0 0

5.679 0 1 01 -1

B= 1.136 -3.146| €= 010 '

1.136 0

It can be verified that A, B, and C satisfy Assumptions 1 and
3, with observability index v = 2.

First, we acquire a dataset of the form (u(t),y(t)) by
simulating the system for 7 = 2 s. The applied input u is the
sum of 4 sinusoids in both entries, with 8 distinct frequencies.
The initial condition x(0) is chosen randomly, with each
entry extracted from the uniform distribution U(—1, 1). In the
following, we describe a procedure that has been extensively
tested with different initial conditions x(0).

Given a dataset of the form (2), we run Algorithm 3 with
N =50 (so that 7¢ = 40 ms) and, for each j € N with j > 1,
Aj =v; = j. For each tested dataset, we obtain v = v = 2.

Next, we design a controller of the form (29) by running
Algorithm 1 with N =50 and F, G, and L as in (81) with

-4 0 1

o bl
Also, we use (84) in place of (25). For each randomly gener-
ated dataset, the procedure succeeds in stabilizing the system.

For instance, with x(0) = [-0.149 0.2225 0.7115 0.3416]7,
we obtain the gain

A= (93)

K = [25.32 -5.22 12.55 19.38 -90.50 49.30 6.60 —18.31] (94)
— L1410 0.29 15.61 16.68 -81.08 56.43 -3.33 3951

which places the eigenvalues of the closed-loop intercon-
nection of (1) and (29) in {-0.90,-1.55 + 2.83i,-2.11 +
32.49i,-2.16, -4, -4, -4.26, -8.35, -8, —-8}.

Using the same dataset, we also develop a controller with
integral action. In particular, this design corresponds to solving
the output regulation problem with § =0, p = g =2, and the
previously acquired output trajectory y(¢) treated as regulated
output e(?) (i.e., w(t) = 0). It can be verified that, for the given
plant and exosystem matrices, Assumption 2 holds. Therefore,
we run Algorithm 2 with N, A, and ¢ as in the previous case,

Mttps://github.com/IMPACT4Mech/continuous—time_
data-driven_control
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Yp2
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25 30

Fig. 3. Simulation run for the batch reactor (control with integral action).

while for the internal model we let So = 0, [y = 5, obtaining
® = 0Oy and I' = 5I,. For each dataset, the procedure
solves the output regulation problem. With the initial condition
x(0) = [-0.149 0.2225 0.7115 0.3416]7, we obtain the
gains

K; = [135.73 —28.24 37.95 89.62 —338.36 169.55 10.63 —47.64

¢ 12.71 8.24 19.00 29.49 -116.08 111.06 -3.65 3.84
— [8.09 -4.72
K’I - [2.24 7.50]’

(95)

which place the eigenvalues of the interconnection of the plant
and (55) in {-1.20, -2.24+4.02i,-2.43,-2.49+1.84i,-2.78 +
96.50i, -4, -4, —4.70, -7.57, -8, —8}. We finally show the reg-
ulation performance of the controller in the closed-loop simu-
lation run of Fig. 3. In particular, we feed the controller with
e =y, —y*, where y, = Cx = col(yp1,yp2) is the plant
output and y* := col(y}, y}) is a piecewise-constant reference.

B. Motion Control of a Surface Vessel

As a second example, we address the output regulation
problem for the surface vessel dynamics given in [40, scenario
B]. The matrices of system (4) are

[~0.1

0012 0015 0 0 001
001 -0.0333 -005 0 0 -0.014
4| 0:02 003 -018 0 0 0
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0.03 0.025 ~0.001 0 0.002

0 021 -02 0.02 0.01 -0.02| (96)
0.1 003 0.02 0 0 0
B=1"9 o of F= 0 0 0
0 0 0 01 0 0
0 0 0 01 0.1 -0.1
000100 0 1 0
c={0o o oo 1 o0, s=0 0o 1,
00000 1 0 —(n/5?% 0

where S generates a bias and a sinusoidal term at /5 rad/s.
We also suppose that a bias affects the first output, namely:

1 0 (5/n)?
Q=20 0 0 |, 97)
00 0

and we let e € R? be the first two components of the output.
Note that Assumptions 1, 2, and 3 hold, with v = 2.

5

0 Ad"¥7“

/4

€1
—e

-10 I I I I
0 20 40 60 80 100

Fig. 4. Simulation run for the surface vessel example.

The dataset (u(2), e(t), y,(t)) is obtained by simulating the
plant for 7 = 35 s. Each input channel is the sum of 4
sinusoids. We let w(0) = [1 1 1]7, while each component
of x(0) is extracted from the uniform distribution U(-1, 1).

In this example, we assume that v is already available.
Accordingly, we design a regulator of the form (55) using
Algorithm 2, with N = 80 samples and filter matrices F, G,
and L as in (81) with

0 1 0
A:[—z —2]’ 52[1/2]’

so that o(A) = {-1 +i}. Also, the internal model is chosen
with @ and I as in (58), with So =S and T, = [0 0 1/10]".
For each random initial condition x(0), the resulting controller
solves the output regulation. For the dataset generated with
x(0) = [0.7297 -0.7195 0.3143 0.186 0.0267 —0.5108]",
we obtain the following closed-loop system eigenvalues:
{-0.11£0.2i, -0.11+0.76i, —0.15+0.791, —0.22+0.21i, -0.27+
0.53i,-0.3,-0.31 = 0.16i,-0.48 + 1.53i,-0.86, -1 + 1i,—1 +
1i,—1 + 1i,-1.56 = 316.19i}. Further details can be found at
the linked repository. Also, the regulated output converges to
zero as shown in Fig. 4, obtained by setting random initial
conditions for the plant and the controller, and letting w(0) =
[T -3 0]".

(98)

VIIl. CONCLUSION

We presented a data-driven control framework for
continuous-time LTI systems based on canonical non-minimal
realizations. The approach was applied to the stabilization and
output regulation of MIMO systems. We also proposed tuning
strategies for the realizations under Assumption 3, requiring
a uniform observability index across all outputs. Several
research directions arise from this work. First, future efforts
will address robustness to noise, building on techniques such
as [7], [8]. While we make here the important assumption of
noise-free data, we observe that this is a standard simplifying
assumption in the emerging research field of continuous-time
data-driven control [14], [19], [23], [24]. Another direction is
to extend the framework to general MIMO systems by relaxing
Assumption 3. In this regard, the methods in [11], [12] sug-
gest promising developments for the non-minimal realization
framework. A further research direction will be to investigate
real-time implementation of the proposed methodology as
a data-driven adaptive control technique. Finally, it will be
valuable to explore extensions of the framework to nonlinear
systems by addressing, e.g., the data-driven output-feedback
stabilization of Lur’e systems.
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APPENDIX |
MULTIVARIABLE OBSERVER CANONICAL FORM

Consider system (1) and suppose that (C, A) is observable
and rankC = p. Let vy,...,v, be the observability indices
of the system and define v;; := min{v;, v;}, for i # j. Then,
there exists a similarity transformation 7, that puts (1) in the
observer canonical form [34, Ch. 3], [41]:

Aq Ayp
T{)ATO_I =A, = , T,B=B, (99)
Api App
CT' =C, = [C Cpl.
where B, has no particular form, while
— 01><(Vi*1) Vi XVi .
Aii = —_— (0771 eR , lE{l,...,p}
IVifl
— @ j ViXvi s+ . .
Aij = Ovix(v-—l) eRYWYi i je{l,...,pti#J
’ O(Vi—Vij)Xl
O0gi—1)xv;
C; = 1 |eRP* ie{l,...,p},
Op-i+h)xi-1) | .
L

(100)

with a;; € R, @;; € R” and ¢; € RP~' depending on (C, A).
Matrices A, and C, can also be written as

A, =A+A,C, C, =Cp,C, (101)

where A, € R"*P and C,, € RP*P contain the coefficients of
@i, ;j, and ¢;, while A and C are defined as

A=bdiag(Ai,....Ap), € =bdiag(e..... 7))
A OIX(Vi—l) 0 T (102)
A; = Lot O | G [01x(vi-1) 1].

Finally, if the observability indices_satisfy Vi<V < ... SV,
it holds that C,, = I,,, thus C, = C [34, Ch. 3, Lemma 4.9].

APPENDIX Il
A USEFUL LINEAR MATRIX EQUATION

Some technical proofs of this article rely on this result.

Lemma 7. Consider any matrix ©® € R"™" and any vectors
B €R" and ¢ € R" such that the pair (©, ) is controllable.
Then, there exists a unique solution X € R"™" to the equation:

XB=¢.

Proof: We use the arguments of [42, Prop. 4.1] to com-
pute an explicit solution to (103). Since (0, §8) is controllable,
0O is cyclic, i.e., its minimal and characteristic polynomials
coincide. Then, by [43, Pag. 222], any matrix X that satisfies
equation X® = ®X of (103), can be expressed as

r—1
X=>" 0@,
i=0

OX = X0, (103)

(104)

with free parameters oo, ..., 0r—1. By replacing (104) in the
second equation of (103), it holds that

r—1

D 0i®'B=Ro=¢,

i=0

(105)

where R =[O --- @8] and 0 = [0¢ ... 0r-1]T €R".
Since (@, B) is controllable, R is invertible and we obtain ¢ =
R™'¢, so X is uniquely determined. O

APPENDIX Il
TECHNICAL PROOFS

A. Proof of Lemma 3

Rewrite the first equation of (13) as ITF = (A — IILC)II,
then note that, post-multiplying both sides by F, we obtain

F? = (A-TILC)IIF = (A - TILC)1L. (106)

This operation can be repeated for arbitrary powers. Therefore,
for any polynomial p(-), the following identity holds:

p(F) = p(A - TILO)IL. (107)

Let v € C" be any generalized left eigenvector of A—IILC with
associated eigenvalue s, i.e., v # 0 such that, for some i € N
withi > 1, v (A-TILC—sI,)' =0 and vT (A-TILC —s1,,)’ #
0, for all j € {0,...,i —1}. Using (107), we obtain

I(F - sI,)) = (A-TILC - sI,)’TI, je{l,...,i}. (108)

Note that, due to rankIT = n, any vector ¢ € C", ¢ # O, is
such that IIT ¢ # 0. Then, pre-multiplying both sides of (108)
by the generalized left eigenvector v7, it follows that

VIII(F = sI,)) #0, je{l,...,i-1}

) 109
vIII(F —sl,) =0, (109

where TITv # 0. As a consequence, I17v is a generalized left
eigenvector of F, with associated eigenvalue s. Also, if some
vectors vi # 0 and v, # 0 are linearly independent, then so
are I1"v; and II"v, because ITT(v{ — cvy) = 0, for some
¢, would contradict rank IT = n. Since we can find n linearly
independent generalized eigenvectors of A—IILC, we can find
n corresponding linearly independent generalized eigenvectors
of F having the same eigenvalues. In particular, every Jordan
block of A —TILC of size i corresponds to a Jordan block of
F of size at least i, with same eigenvalues. This property is
equivalent to stating that the minimal polynomial of A —IILC
divides the minimal polynomial of F. O

B. Proof of Lemma 4

By Lemma 3 and the construction of Fy in (35), the relation
between the Jordan blocks of A—ITLC and Fy (the same shown
in the proof of Lemma 3 between A — I[ILC and F) ensures
that there exist a matrix E € R**% and a vector & € R? such
that LCe(0) = E&j and, for all 7 € [0, 7],

LCe(t) = Eef' ey = E&(1), (110)
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where €(f) € R? satisfies é(¢) = Fyé(t) and €(0) = &. Since
(Fo, Gy) is controllable, it follows that é(¢) =Y y (), where Y
is computed from

YFo=FY, YGo=¢&, (111)

whose solution exists and is unique due to Lemma 7 given in
Appendix II. The proof is concluded by letting D = EY. [

C. Proof of Theorem 3

1) From a quadratic to a linear equation: By rearranging the
first equation of (13) and using H = CII, we obtain the
following quadratic equation

[IF = (A-TILC)II, TG = B. (112)

Thus, we can find IT with (112) and then compute H = CII.
Since pair (C,A) is observable by Assumption 1, there
exists a non-singular matrix 7, € R"*" such that the matrices
A, = T,AT;', B, = T,B, C, = CT,! are in observer
canonical form, see Appendix I. In particular, from (101),
Ao = A+ A, C. Also, since all observability indices are equal,
C, = C. Defining Y = T,II, we can transform (112) into:
YF=(A+(A,-YL)C)Y, YG=B,. (113)
Let

Da(s) =det(sl, —A) =s" + 0,15 +...+6,0, (114)

then define
0 0 —6.o
1 0 -6,
Ay = (115)
0 - 1 =61,

Also, let 0, = col(0a,0,...,04,v-1) and ¥ = A +1, ® 0, €
R"™*P, Recalling the structure of A and C in (102), we obtain

A+(Ap-¥)C=1,0A,. (116)

To solve the quadratic equation (113), we introduce the
additional constraint YL = ¥, so that from (116) we obtain

YF=(,®A)Y, YG = B,, YL=VY. (117)

Any solution to (117) is also a solution to (113) and ensures
that I, ® A and A —TILC =T, ' (I, ® A,)T, are similar.

2) Equation decoupling: The rest of the proof involves
exploiting the tuning (81) to decouple (117) into blocks that
can be solved with Lemma 7. Let Y = [Y,, ¥,,], with ¥, € R™*"
and Y, € R, Then, we can decouple (117) into

Yy(Ip @A) = (I, ® Ap)Yy, Yy(Ip®¢) =Y, (118a)

Y(In®A) =, ®A,)Y,, Yu(l,, ® ) = B,. (118b)
By letting Yy = [Yyijlicij<ps Yu = Nuijhi<icpi<jzm,
with blocks Yy,ija Yu,ij € vav, and ¥ = [Wij]lﬁi,jﬁp7
B, = [bijli<i<p,1<j<m> With vectors y;;, b;; € R”, (118a)
and (118b) can be further split into equations of the form
Yy’[jf = lﬁij, (1193)
Y, ijl = bjj. (119b)

Yiij A= NoYuij,

Finally, by letting 7; be the similarity transformation such that
A =TiA, T, we obtain

Xy iit=Tyij,

Xu,ijA=AXu,ij7 Xu,ij€=T/lbij, {

Xy’ijAZAXy’[j, l,]G{l,,p} (1203.)
ie{l,...,p}

jefl,...,my, (1200

where X, ;; =T2Yy ;j, Xu,ij = T1Y, ;. We conclude the proof
by invoking Lemma 7 to solve each equation in (120). O

D. Proof of Theorem 4

1) Input-output model of the non-minimal realization: Let V
be the similarity transformation such that pair (A;, ) =
(VAV~1,V¢) is in controller canonical form:

0 I . 0 0

A= P o= a2
0 0 .. 1 0
=010 -0 —04,v-1 1

where we used the parameters 6, defined in (114). Then, using
the definition of F, G, and L in (81), the pair ((/p+m®V)(F+
LH)(Ip1m ® V)™Y, (It ® V)G) can be written as:

[1,, ®Ac+ (I, ® )0,

Omvxn

(Ip ®€c)Ou| | Onxm
Poa | )
(122)
where ©, € RP*" and ©, € RP*™ are given by [0, ©,] =
H(Ip1m ® V). In the coordinates ¢ = (I ® V){, system
(22) becomes

4.; _ I, ® Ac Onsxcmy b I, ® e Onxm y
°¢ Omvxn  Im ® Ac| ™ Omvxp Ln®¢L:| |u
y=[0y Ou]s.

(123)

Applying the Laplace transform and the properties of the
Kronecker product to the above equations, we obtain

Y(s) =0y (I, ® (sI, = Ae) ' Le)y(s) +

5 (124)
+ G‘)u(Im ® (SIV - Ac) gc)u(s)’

where u(s) and y(s) are the transforms of u(¢) and y(t).
Then, exploiting the controllable version of the structure
theorem [34, Ch. 3, Thm. 4.10], we obtain

1
1 . y(s)
y(i)=—=10, O, |[lpm®| : [ ]
Dy (& Ol N 1] 1
NG Nas)
= D" W T D0

where D,(s) € R[s] is defined in (114), while N,(s) €
RP*P[s] and N, (s) € RP*™[s] are polynomial matrices.

Using s with some abuse of notation to also denote the
differential operator d/dt(-), system (12) can be represented
with the following polynomial matrix description:

(Da(s)Ip = Ny () y(1) = Ny (s)u(2). (126)
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See [34, Ch. 7] for definitions and results related to polynomial
matrix descriptions of LTI systems. Note that the polynomial
matrix D, (s)Ip — Ny (s) is such that the matrix of coefficients
of degree v is I, since each entry of N,(s) is a polynomial
of degree at most v — 1. As a consequence, degdet(D,(s)I, -
Ny(s)) = n. On the other hand, exploiting the observable
version of the structure theorem [34, Ch. 3, Thm. 4.11], there
exists a polynomial matrix description of plant (1) of the form

D(s)y(t) = N(s)u(?), (127)

where D(s) and N(s) are left coprime because (127) is
equivalent to system (1), which is controllable by Assumption
1 (see [34, Ch. 7, Pag. 560 and Thm. 3.4] for further details).
Also, by construction as in [34, Ch. 3, Thm. 4.11] and
Assumption 3, the matrix of coefficients of degree v of D(s)
is Ip,, thus degdet(D(s)) = n.

Moreover, by Lemma 1 and Remark 1, systems (1) and (12)
have the same transfer matrix, i.e., D~ (s)N(s) = (Da(s)I, -
Ny(s))‘lNu(s). Then, there exists a matrix R(s) such that

[D,l(s)lp - Ny (s) Nu(s)] =R(s) [D(s) N(s)] . (128)

However, from det(D,(s)I, — Ny(s)) = det(R(s)) det(D(s))
and deg det(D,(s)I,—Ny(s)) = degdet(D(s)) = n, we obtain
degdet(R(s)) = 0 and, as a consequence, det(R(s)) = a # 0,
for some @ € R. In other words, R(s) is unimodular. Thus,

by [34, Ch. 7, Thm 2.5], we conclude that
rank [Da(s)Ip, — Ny(s)  Nu(s)] = p. (129)

2) PBH test: We now prove the statement exploiting (129).
In particular, using the PBH test, we verify that

sly —I[,0A: — ([p®€:)0y, —(Ip®6:)0,  Opxm
Omvxn SImv - Im®Ac Im® fc
(130)

has rank u = n+mv, forall s € o (I, ®A+(1,®:)0,)Uc (A).
Define the unimodular matrix

10 o 0]
s 1 0
T=] s 1 e R [s], (131)
: : 0
sv—l sv—2 s 1

then post-multiply (130) by matrix bdiag({psm ® 7, 1,) €
R(utm)x(utm) [ o] “This operation is justified by the fact that

0 -1 - 0]
(sl =A)T=| = = ], (132)
0 o --- -1
Da(s) * -+ %
where x denotes polynomials of s, and similarly, for any 6 :=
col(fy,...,0,-1),
0 0 0
—eoTT=| A CES
0 0 --- 0
—NQ(S) * e Xk

where Ny (s) := 6, _1s” "' +...+60. A similar operation is per-
formed in the proof of [21, Lem. 4.2]. After applying a simple
permutation of the rows to group the polynomials in the last
row of each vXv block, we obtain the following matrix (where
blank terms represent zeros, x again indicate polynomials of
s, and lines highlights the same blocks appearing in (130)):

~In-p
D), — Ny(s)

=N, (s) *

“Im(v-1)
Dai(s)I, * I,
(134)
By performing row and column operations with unimodular
matrices, we can use the identity matrices to eliminate the %
terms and D, (s)1,, in the last block row. After reordering the
rows and the columns, we obtain that the PBH test with (130)

is equivalent to verifying

I, Oue O¢u-
K u-p (u—-p)xp (u=p)xm| _ , (135
ran Op><(,ufp) Z)/I(S)IP - Ny(S) /\(u(s) K ( )
which is true for all s € C due to (129). O

E. Proof of Theorem 5

N

Suppose that ¥ > v + 1, then define the matrix gains
A = —diag(11,...,4y), A = —diag(Ay41,...,Ap), € =
col(y1,...,Yy), { = (Yy+1,---,7vy), and the dimensions yg =
v(p+m), fi := (¥ —v)(p+m). Note that the dynamics of £ in
(89) can be decoupled into

20(1‘) = (Ip+m ®A){Ao(t) + (Ip+m ® 5) [igg]

= Flo(t) + Gu(t) + Ly (1) (136)

Et) = Upsm ® WD + Lpim 8 D) Hg]

=FZ(t)+Gu(t) + Ly(1),
with {y € R* and / € RA. By Theorem 3, there exist IT €
R™H0 and H € RP*H0 guch that
o (13) holds, with F, G, and L given in (136).
o A-TILC is similar to I, ® A.

Then, applying Lemma 6, we obtain that IT := [IT 0, 4] and
H = CIl solve (13), with F, G, and L replaced by

. , -~ A |G| 4 L
F :=bdiag(F,F), G = Gl L = [Z] . (137)
In particular, note that
A s |F+LH Oux i
F+LH= PH Lyom oAl (138)

We can show that the pair (F + LA, G) is not controllable.
Indeed, the matrix

OIJXﬂ G
slg = (Ipim ®A) G (139)

sl, — (F + LH)
—-LH

is such that, for any s € o-(A), p+m columns become zero due
to the term s/; — (Ip+m ® A). As a consequence, for s € o (A),
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(139) has v(p + m) rows and at most (V — 1)(p+m) +m =
P(p +m) — p < ¥(p + m) linearly independent columns. We
infer that each eigenvalue of A has an eigenvector belonging
to the uncontrollable subspace.

Combining the previous results and following the procedure
of Section IV, we obtain that the data y(¢), () in (89) satisfy
a differential equation of the form (36), which can be written
explicitly as follows (where blank terms represent zeros):

X;O((tt)) A Xo(1)

Ao A X(0)

Lom|~|D F+LH Alan|*le u(1),

l(o| |D LH I..®A||Z0)| |G
(140)

with col(x0(0), £(0)) = col(¢,€) and col({y(0),7(0)) =
0. Note that there is no coupling between x(¢) and
col(£o(1), £(1)) because (140) is obtained by applying Lemma
4 to transform €(7) into y (), and no modes of A are contained
in e(t) since A —IILC is similar to I, ® A.

The uncontrollable subsystem of (140) can be written as

x| |A X(1)
Xo(0)| = A xo(t) |, (141)
Xe D Ag| |%:(1)

for some matrices Dz and Az. Note that o(A) € o(Ag) as
we have proved above using (139). We conclude the proof by
noticing that each eigenvalue —1;, i € {v +1,...,V} appears
both in o(A) and in 0'( 5\6 A ]) Thus, B in (90) loses rank
due to the fact that, after a change of coordinates, two rows
of the data are equal to [1 e 4T ... u(N=Dz] 0O

ACKNOWLEDGMENT

We thank Prof. Andrea Serrani for the insightful discussions
inspiring the results of this article.

REFERENCES

[11 L. Ljung, System Identification: Theory for the User.
River, NJ: Prentice-Hall, 1999.

[2] P. A. Ioannou and J. Sun, Robust Adaptive Control.
Dover, 2012.

[3] R.S. Sutton and A. G. Barto, Reinforcement Learning: An Introduction.
Cambridge, MA: MIT Press, 2018.

[4] C. De Persis and P. Tesi, “Formulas for data-driven control: Stabilization,
optimality, and robustness,” IEEE Transactions on Automatic Control,
vol. 65, no. 3, pp. 909-924, 2020.

[5] J. C. Willems, P. Rapisarda, I. Markovsky, and B. L. De Moor, “A note
on persistency of excitation,” Systems & Control Letters, vol. 54, no. 4,
pp. 325-329, 2005.

[6] H. J. Van Waarde, J. Eising, H. L. Trentelman, and M. K. Camlibel,
“Data informativity: A new perspective on data-driven analysis and
control,” IEEE Transactions on Automatic Control, vol. 65, no. 11, pp.
4753-4768, 2020.

[71 H.J. van Waarde, M. K. Camlibel, and M. Mesbahi, “From noisy data
to feedback controllers: Nonconservative design via a matrix S-lemma,”
IEEE Transactions on Automatic Control, vol. 67, no. 1, pp. 162-175,
2020.

[8] A. Bisoffi, C. De Persis, and P. Tesi, “Data-driven control via Petersen’s
lemma,” Automatica, vol. 145, p. 110537, 2022.

[9]1 F. Dorfler, P. Tesi, and C. De Persis, “On the certainty-equivalence
approach to direct data-driven LQR design,” IEEE Transactions on
Automatic Control, vol. 68, no. 12, pp. 7989-7996, 2023.

Upper Saddle

New York, NY:

[10] B. Nortmann and T. Mylvaganam, “Direct data-driven control of lin-
ear time-varying systems,” IEEE Transactions on Automatic Control,
vol. 68, no. 8, pp. 4888-4895, 2023.

[11] L. Li, A. Bisoffi, C. De Persis, and N. Monshizadeh, “Controller
synthesis from noisy-input noisy-output data,” Automatica, vol. 183, p.
112545, 2026.

[12] M. Alsalti, V. G. Lopez, and M. A. Miiller, “Notes on data-driven
output-feedback control of linear MIMO systems,” IEEE Transactions
on Automatic Control, 2025.

[13] P. Schmitz, T. Faulwasser, P. Rapisarda, and K. Worthmann, “A
continuous-time fundamental lemma and its application in data-driven
optimal control,” Systems & Control Letters, vol. 194, p. 105950, 2024.

[14] V. G. Lopez, M. A. Miiller, and P. Rapisarda, “An input-output
continuous-time version of Willems’ lemma,” IEEE Control Systems
Letters, 2024.

[15] J. Berberich, S. Wildhagen, M. Hertneck, and F. Allgower, “Data-
driven analysis and control of continuous-time systems under aperiodic
sampling,” IFAC-PapersOnLine, vol. 54, no. 7, pp. 210-215, 2021.

[16] M. Bianchi, S. Grammatico, and J. Cortés, “Data-driven stabilization
of switched and constrained linear systems,” Automatica, vol. 171, p.
111974, 2025.

[17] M. Guo, C. De Persis, and P. Tesi, “Data-driven stabilization of nonlinear
polynomial systems with noisy data,” IEEE Transactions on Automatic
Control, vol. 67, no. 8, pp. 42104217, 2021.

[18] J. Eising and J. Cortes, “When sampling works in data-driven control:
Informativity for stabilization in continuous time,” IEEE Transactions
on Automatic Control, 2024.

[19] Z. Hu, C. De Persis, J. W. Simpson-Porco, and P. Tesi, “Data-driven
harmonic output regulation of a class of nonlinear systems,” Systems &
Control Letters, vol. 200, p. 106079, 2025.

[20] A. Isidori, L. Marconi, and A. Serrani, Robust Autonomous Guidance:
An Internal Model Approach. London: Springer-Verlag, 2003.

[21] A. Isidori, Lectures in Feedback Design for Multivariable Systems.
Switzerland: Springer International Publishing, 2017.

[22] C. De Persis, R. Postoyan, and P. Tesi, “Event-triggered control from
data,” IEEE Transactions on Automatic Control, vol. 69, no. 6, pp. 3780-
3795, 2023.

[23] P. Rapisarda, H. J. van Waarde, and M. Camlibel, “Orthogonal poly-
nomial bases for data-driven analysis and control of continuous-time
systems,” IEEE Transactions on Automatic Control, vol. 69, no. 7, pp.
43074319, 2023.

[24] Y. Ohta and P. Rapisarda, “A sampling linear functional framework for
data-driven analysis and control of continuous-time systems,” in 2024
IEEE 63rd Conference on Decision and Control, 2024, pp. 357-362.

[25] A. Bosso, M. Borghesi, A. Iannelli, G. Notarstefano, and A. R. Teel,
“Derivative-free data-driven control of continuous-time linear time-
invariant systems,” European Journal of Control, p. 101309, 2025.

[26] B. Anderson, “Adaptive identification of multiple-input multiple-output
plants,” in 1974 IEEE Conference on Decision and Control including
the 13th Symposium on Adaptive Processes. 1EEE, 1974, pp. 273-281.

[27] G. Kreisselmeier, “Adaptive observers with exponential rate of conver-
gence,” IEEE Transactions on Automatic Control, vol. 22, no. 1, pp.
2-8, 1977.

[28] K. Narendra, Y.-H. Lin, and L. Valavani, “Stable adaptive controller
design, part II: Proof of stability,” IEEE Transactions on Automatic
Control, vol. 25, no. 3, pp. 440-448, 1980.

[29] S. A. A. Rizvi and Z. Lin, “Reinforcement learning-based linear
quadratic regulation of continuous-time systems using dynamic output
feedback,” IEEE Transactions on Cybernetics, vol. 50, no. 11, pp. 4670—
4679, 2019.

[30] K. S. Narendra and A. M. Annaswamy, Stable Adaptive Systems.
Englewood Cliffs, NJ: Prentice-Hall, 1989.

[31] V. Andrieu and L. Praly, “On the existence of a Kazantzis—
Kravaris/Luenberger observer,” SIAM Journal on Control and Optimiza-
tion, vol. 45, no. 2, pp. 432-456, 2006.

[32] P. Bernard, V. Andrieu, and D. Astolfi, “Observer design for continuous-
time dynamical systems,” Annual Reviews in Control, vol. 53, pp. 224—
248, 2022.

[33] D. G. Luenberger, “Observing the state of a linear system,” IEEE
Transactions on Military Electronics, vol. 8, no. 2, pp. 74-80, 1964.

[34] P. J. Antsaklis and A. N. Michel, Linear Systems. Boston, MA:
Birkhauser, 2006.

[35] E. Davison, “The robust control of a servomechanism problem for linear
time-invariant multivariable systems,” IEEE Transactions on Automatic
Control, vol. 21, no. 1, pp. 25-34, 1976.



IEEE TRANSACTIONS AND JOURNALS TEMPLATE

[36] J. Lofberg, “YALMIP : A toolbox for modeling and optimization
in MATLAB,” in In Proceedings of the CACSD Conference, Taipei,
Taiwan, 2004.

[37] M. ApS, The MOSEK optimization toolbox for MATLAB manual.
Version 10.2, 2024. [Online]. Available: https://docs.mosek.com/10.2/
toolbox/index.html

[38] A. Bosso and M. Borghesi, “IMPACT4Mech/continuous-time_data-
driven_control,” 2025, version v2.0 (GitHub release); Zenodo record
pending update. [Online]. Available: https://doi.org/10.5281/zenodo.
15186632

[39] G. C. Walsh and H. Ye, “Scheduling of networked control systems,”
IEEE Control Systems Magazine, vol. 21, no. 1, pp. 57-65, 2001.

[40] A. Pyrkin and A. Isidori, “Adaptive output regulation of right-invertible
MIMO LTI systems, with application to vessel motion control,” Euro-
pean Journal of Control, vol. 46, pp. 63-79, 2019.

[41] M. Denham, “Canonical forms for the identification of multivariable
linear systems,” IEEE Transactions on Automatic Control, vol. 19, no. 6,
pp. 646-656, 1974.

[42] A. Serrani, A. Isidori, and L. Marconi, “Semiglobal robust output
regulation of minimum-phase nonlinear systems,” International Journal
of Robust and Nonlinear Control: IFAC-Affiliated Journal, vol. 10, no. 5,
pp- 379-396, 2000.

[43] F. R. Gantmacher, The Theory of Matrices.
Publishing Company, 1960, vol. 1.

New York, NY: Chelsea

Alessandro Bosso (Member, IEEE), received
the Ph.D. degree in automatic control from the
University of Bologna, Bologna, ltaly, in 2020.
He has been a Visiting Scholar with The Ohio
State University, OH, USA, with the University
of California, Santa Barbara, CA, USA, and with
LAAS-CNRS, Toulouse, France. He is currently
a Tenure-Track Researcher with the Department
of Electrical, Electronic, and Information Engi-
‘ W neering, University of Bologna. His research in-

) terests include nonlinear adaptive control, hybrid
dynamical systems, and the control of mechatronic systems. Dr. Bosso
was the recipient of a Marie Sktodowska-Curie Postdoctoral Fellowship.

Marco Borghesi received the master’s degree
in automation engineering and the Ph.D. degree
in biomedical, electrical, and systems engineer-
ing from the University of Bologna, Bologna,
Italy, in 2021 and 2025, respectively. In 2024,
he was a Visiting Scholar with the University of
Stuttgart. He is currently a Postdoc with CASY,
Department of Electrical, Electronic, and Infor-
mation Engineering, University of Bologna. His
research interests include adaptive control, sys-
tem theory, optimal control, and reinforcement

learning.

Andrea lannelli (Member, IEEE) is an Assistant
Professor in the Institute for Systems Theory and
Automatic Control at the University of Stuttgart.
He completed his B.Sc. and M.Sc. degrees in
Aerospace Engineering at the University of Pisa
and received his PhD from the University of
Bristol. He was also a postdoctoral researcher
in the Automatic Control Laboratory at ETH
Zurich. His main research interests are centered
around robust and adaptive control, uncertainty
quantification, and optimization algorithms for
sequential decision-making. He serves the community as Associated
Editor for the International Journal of Robust and Nonlinear Control and
as IPC member of international conferences in the areas of control,
optimization, and learning.

Giuseppe Notarstefano (Member, |IEEE), re-
ceived the Laurea degree “summa cum laude”
in electronics engineering from the Universita
di Pisa, Pisa, Italy, in 2003, and the Ph.D. de-
gree in automation and operation research from
the Universita di Padova, Padua, ltaly, in 2007.
From June 2016 to 2018, he was an Associate
Professor and previously, from February 2007 to
June 2016, an Assistant Professor, Ricercatore,
with Universita del Salento, Lecce, ltaly. He is
a Professor with the Department of Electrical,
Electronic, and Information Engineering “G. Marconi,” Alima Mater Stu-
diorum, Universita di Bologna, Bologna, ltaly. He has been Visiting
Scholar with the University of Stuttgart, University of California Santa
Barbara, and University of Colorado Boulder. His research interests
include distributed optimization, cooperative control in complex net-
works, applied nonlinear optimal control, and trajectory optimization
and maneuvering of aerial and car vehicles. Dr. Notarstefano served
as Associate Editor for IEEE Transactions on Automatic Control, IEEE
Transactions on Control Systems Technology, and IEEE Control Sys-
tems Letters. He was also part of the Conference Editorial Board of
IEEE Control Systems Society and EUCA. He was the recipient of an
ERC Starting Grant.

Andrew R. Teel (Fellow, IEEE), received his
A.B. degree in Engineering Sciences from Dart-
mouth College in Hanover, New Hampshire, in
1987, and his M.S. and Ph.D. degrees in Elec-
trical Engineering from the University of Califor-
nia, Berkeley, in 1989 and 1992, respectively.
After receiving his Ph.D., he was a postdoc-
toral fellow at the Ecole des Mines de Paris in
Fontainebleau, France. In 1992 he joined the
faculty of the Electrical Engineering Department
at the University of Minnesota, where he was an
assistant professor until 1997. Subsequently, he joined the faculty of
the Electrical and Computer Engineering Department at the University
of California, Santa Barbara, where he is currently a Distinguished
Professor and director of the Center for Control, Dynamical systems,
and Computation. His research interests are in nonlinear and hybrid
dynamical systems, with a focus on stability analysis and control design.
He has received NSF Research Initiation and CAREER Awards, the
1998 IEEE Leon K. Kirchmayer Prize Paper Award, the 1998 George
S. Axelby Outstanding Paper Award, and was the recipient of the first
SIAM Control and Systems Theory Prize in 1998. He was the recipient of
the 1999 Donald P. Eckman Award and the 2001 O. Hugo Schuck Best
Paper Award, both given by the American Automatic Control Council,
and also received the 2010 IEEE Control Systems Magazine Outstand-
ing Paper Award. In 2016, he received the Certificate of Excellent
Achievements from the IFAC Technical Committee on Nonlinear Control
Systems. In 2020, he and his co-authors received the HSCC Test-of-
Time Award. He served as Editor-in-Chief for Automatica from 2017
through 2025, and is a Fellow of the IEEE and of IFAC.



